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Activation of HIV-1 proviruses increases
downstream chromatin accessibility

Raven Shah,1,2 Christian M. Gallardo,3 Yoonhee H. Jung,4 Ben Clock,5 Jesse R. Dixon,5 William M. McFadden,1,2

Kinjal Majumder,6 David J. Pintel,7 Victor G. Corces,4 Bruce E. Torbett,3,8 Philip R. Tedbury,1,2

and Stefan G. Sarafianos1,2,9,*

SUMMARY

It is unclear how the activation of HIV-1 transcription affects chromatin structure.
We interrogated chromatin organization both genome-wide and nearby HIV-1
integration sites using Hi-C and ATAC-seq. In conjunction, we analyzed the tran-
scription of the HIV-1 genome and neighboring genes. We found that long-range
chromatin contacts did not differ significantly between uninfected cells and those
harboring an integrated HIV-1 genome, whether the HIV-1 genome was actively
transcribed or inactive. Instead, the activation of HIV-1 transcription changes
chromatin accessibility immediately downstream of the provirus, demonstrating
that HIV-1 can alter local cellular chromatin structure. Finally, we examined HIV-1
and neighboring host gene transcripts with long-read sequencing and found pop-
ulations of chimeric RNAs both virus-to-host and host-to-virus. Thus, multiomics
profiling revealed that the activation of HIV-1 transcription led to local changes
in chromatin organization and altered the expression of neighboring host genes.

INTRODUCTION

HIV-1 is a retrovirus that targets immune cells including T cells,1,2 macrophages,3 and dendritic cells,4 es-

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

RNA genome into the targeted cellular chromatin.5 Prior to integration, HIV nuclear import is likely driven

by interactions with capsid (CA) core6–8 and host factors that facilitate nuclear entry of the pre-integration

complex (PIC). The PIC, containing HIV-1 integrase and the viral cDNA genome, interacts with nuclear

factors such as the cellular cofactor lens epithelium-derived growth factor (LEDGF/p75), which help direct

the PIC to intronic sites in genes with accessible chromatin for integration.5,9,10 Post-integration, the virus

exploits cellular transcriptional machinery to express viral mRNAs required for viral replication.

The transcription of integrated HIV-1 genomes (provirus) is regulated by viral and cellular factors.11–16

These include- but are not limited to-the chromatin environment into which the provirus has integrated,17

transcriptional orientation of the provirus relative to its proximal host genes,18 and occupancy of the HIV-1

50 LTR promoter by host transcription factors.19 Since chromatin environment, transcriptional orientation,

and accessibility are regulated by nuclear topology, the association between integration site selection and

higher-order nuclear organization are of particular interest.10,20,21 Consistent with this possibility, HIV-1

integration sites are enriched in the vicinity of cellular super-enhancers (SE), intricate chromatin structures

that drive expression of critical regulatory gene networks.22 Additionally, integration site analysis and live-

cell imaging showed that HIV-1 cDNA traffics to nuclear speckles, ultimately integrating into nuclear struc-

tures dubbed Speckle-Associated Domains (SPADs).9 SPADs and SE networks are generally found in highly

structured genomic compartments with elevated transcriptional activity.23 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 these higher-order chromatin structures affect HIV-1 tran-

scription and to what extent the HIV-1 provirus alters the nuclear environment and transcriptome, globally

or in the vicinity of the integration site.

ChromosomeConformation Capture (3C)-basedmethods have facilitated the study of the spatial organiza-

tion of the genome. Basedon the chemical cross-linkingof distally located cellular sites that are closely asso-

ciated in 3D space, these technologies have enabled us to dissect the structure of the nucleome. Among its
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many iterations, the 3C-based method, Hi-C, enables the interrogation of the global contact network of all

cellular genomic sites, revealing the intricate hierarchal organization of nuclear chromatin.24–30 Simulta-

neously, Assay for Transposase-Accessible Chromatin using sequencing (ATAC-seq) has facilitated the

genome-wide identification of open chromatin sites.31–33 Overlaying Hi-C and ATAC-seq have revealed

that the genome is segregated into two self-associating compartments (compartment A and B) with differ-

ential chromatin accessibility states. Compartment A is mainly composed of euchromatin and localized to-

ward the nuclear interior, while compartment B is mainly composed of heterochromatin34–36 and enriched

toward the nuclear periphery.37,38 Euchromatin is highly accessible to nuclear factors and packed with his-

tones marked with active epigenetic modifications, promoting RNA polymerase occupancy and transcrip-

tional activity, whereas, heterochromatin contains densely packed nucleosomes with repressive epigenetic

modifications and is often transcriptionally silent.39 The discovery of A and B compartments provided an

early example of the role that the spatial position of a gene can play in the regulation of its expression.

A further level of organization is provided by Topologically Associating Domains (TADs), structural

genomic units formed by the coalescence of multiple loops over a distinct section of the linear chromo-

some, that vary in size from �40 kb to 1 Mb28,40,41 and are characterized by sharp boundaries that isolate

them from the adjacent TAD (32-33). In doing so, cis-regulatory sequences that are far apart on the chro-

mosome may be brought close together as a part of a TAD.42 Protein complexes at TAD boundaries insu-

late these domains from one another, permitting the formation of discrete epigenetic environments and

providing an additional level of transcriptional control. Interphase chromatin is highly dynamic, and as

the transcriptional state of TAD changes, chromatin contacts within the domain are altered, remodeling

chromatin architecture.36 The dynamic formation and dissolution of TADs is mediated by the action of

CCCTC-binding factor (CTCF) in coordination with the cohesin complex.33,41,43,44 This dynamic nature of

chromatin reorganization plays an important role in gene regulation in cells. As an example, T cell activa-

tion induces large-scale nuclear reorganization, repositioning SE networks proximate to the nuclear pore

and dramatically altering cellular transcriptional patterns and cellular function.22,23

Viral pathogens that enter the host cell’s nucleus also exploit the regulatory mechanisms that maintain

chromatin states and genome topology. Integration into heterochromatin mediated by knock-down of

the Human Silencing Hub (HUSH) complex has been shown to repress retroviral transcription, demon-

strating position-effect variegation of viral gene expression.45–47 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 asso-

ciates with repressive nuclear compartments during latency and with active compartments during viral tran-

scriptional activation, with its own transcription regulated alongside that of the host.48 Conversely, Human

T-cell leukemia virus type 1 (HTLV-1) integration directly restructures host chromatin upon integration. The

HTLV-1 genome contains a CTCF binding site that drives the formation of chromatin loops and dysregu-

lation of local host gene transcription.49–51Similarly, bovine leukemia virus (BLV) was shown to dysregulate

host chromatin looping via the formation of virus-host chromatin loops, which influenced proviral transcrip-

tional status and latency.15 Through applications of a viral chromosome conformation capture assay to

measure virus-host chromatin interactions, the parvovirus minute virus of mice (MVM) genome was shown

to closely interact with host chromatin conformation. MVM DNA is found at previously identified TADs that

are packaged in Type A chromatin and accrue DNA damage early in S phase, facilitating the establishment

of MVM replication centers in their vicinity.52–55 Some of these cellular sites of DNA damage are fragile sites

where DNA breaks are generated by transcription-replication conflict and have previously been shown to

serve as sites for the localization of Human Papillomavirus.56 Although the MVM genome is bound by

CTCF, this cis-element is involved in the processing of virally generated mRNA transcripts, consistent

with newly uncovered role of CTCF in RNA processing.52,57,58 White spot syndrome virus (WSSV) globally

influences cellular chromatin structure by decreasing the compaction of chromatin through activity of viral

protein 9 (VP9).59 During influenza A virus (IAV) infection, viral NS1 protein induces cellular readthrough

transcription to displace cohesin fromCTCF sites on the host genome, thereby converting Type B compart-

ments into Type A compartments.60 Therefore, although proper host chromatin organization is essential

for proper gene regulation, it is vulnerable to exploitation and manipulation by a broad spectrum of viral

pathogens through diverse mechanisms.

Host chromatin influences HIV-1 transcription via epigenetic marks and integration site interactions (trans-

acting factors and long-range chromatin interactions). Studies suggest that the chromatin functional state
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(active vs. repressed) and the location of the provirus within the nucleus are important for HIV-1 gene regu-

lation.22,61–63 An important recent study also demonstrated that chromatin could restructure proximate to

transcriptionally active HIV-1 proviruses,64 and another previous study showed that the integrated HIV-1

genome forms a transcription-dependent gene loop structure between the 50 LTR promoter and 30 LTR
poly(A) signal, further suggesting chromatin state and structure affect proviral transcription.65 Many impor-

tant questions remain regarding how HIV-1 directly influences structure and function of host chromatin.

Unlike HTLV-1, the HIV-1 genome does not appear to contain a CTCF binding-site50; and, although

HIV-1 integration can perturb the transcription of the cellular gene into which the provirus is inte-

grated,18,66,67 the impact of HIV-1 on host chromatin organization has not been directly investigated.

In this work, we have examined chromatin interactions in uninfected T cells, T cells harboring an inactive

HIV-1 provirus, and T cells harboring an actively transcribing HIV-1 provirus; we have considered changes

in long-range chromatin interactions globally and changes local to the HIV-1 integration site. Additionally,

we interrogated chromatin accessibility around sites of HIV-1 integration via ATAC-seq. By pairing these

high-resolution chromatin mapping methods with RNA-seq, we evaluated how HIV-1 affects chromatin

structure and host transcription, demonstrating HIV-induced chromatin remodeling that is highly localized

to neighboring regions downstream of the viral genome.

RESULTS

Description of inducible J-Lat cellular models for multiomics profiling studies

The methods used to study chromatin structure cannot be reliably applied to single cells and consequently

would be difficult or impossible to apply, in combination with integration site mapping and transcription

analysis, to a heterogeneous mixture of cells, such as would be produced by de novo infection of cells;

therefore, in our studies, we required clonal cell lines with known proviral integration sites. Additionally,

to compare the effect of HIV-1 integration into the transcription of the integrated genome, we required

a cell system where HIV-1 transcription can be regulated. For these reasons, we selected well-established

J-Lat cell lines. Clonal J-Lat models are derived from Jurkat T cells latently infected with an HIV-1 provirus

carrying a long terminal repeat (LTR)-driven GFP reporter; HIV-1 transcription can be activated by treat-

ment with stimulating agents such as TNF-a or PMA/ionomycin.68,69 Following stimulation, J-Lat cells

can be sorted into HIV-inactive (GFP-) and -active (GFP+) populations for downstream studies (cell-sorting

scheme in Figure S1). To probe how HIV-1 transcriptional orientation ((5’ / 30) or (3’ )50)) relative to the

flanking host gene and how local nuclear environment impacts HIV-1 transcription, we used two J-Lat cell

lines, both containing proviruses in canonical integration sites (intron within transcriptionally active

gene)20,62: in the J-Lat 10.6 model, the provirus is 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 tran-

scriptional orientation (Figures 1A and 1B).68,70 Assessment of occupancy of active epigenetic markers

(H3K27ac, Pol2, BRD4) and presence of higher-order chromatin structures (SPADs and super-enhancers)

near these respective J-Lat integration sites was performed utilizing publicly available NGS datasets of Ju-

rkat T cells (ATAC- and ChIP-seq). In addition, we overlaid predicted Jurkat super-enhancer sites and

SPADs found in K562 cells (See materials availability and STAR Methods). Our analysis found that there

is a high enrichment of active epigenetic markers, putative SE networks, and SPADs within 500 kilobases

(kb) of the J-Lat 10.6 provirus. These findings suggested that within this model, HIV-1 has integrated

into a very transcriptionally active environment, yet HIV-1 remains transcriptionally repressed. Markers

associated with active chromatin are less abundant within 500 kb of the J-Lat 8.4 provirus, suggesting

that this provirus may be in a less transcriptionally active environment (Figure 1C). In the case of these

twomodels, local proviral epigenetic landscape was a good predictor of HIV-1 transcriptional competency,

as the J-Lat 10.6 cells not only activated more frequently following TNF-a stimulation but also demon-

strated significantly higher levels of transcription (>10-fold) and GFP output compared to the J-Lat 8.4

model (Figure 1D). Thesemodels provide identical HIV-1 proviruses in two distinct chromatin environments

for our downstream studies.

Hi-C profiling to map the chromatin contact network of HIV-infected cells

To evaluate the impact of proviral transcription on higher-order chromatin structure, we performed Hi-C

assays in wild-type (WT) Jurkat and J-Lat model T-cell lines. First, we characterized the native local 3D

genome folding in the Jurkat cell line (Figure 2A and 2B). We obtained �680 million contacts in the WT

Jurkat cells, sufficient for analysis of the 3D chromatin folding at �5 kb resolution. We then examined

the chromatin interaction profiles in the vicinity of the two proviral integration site-harboring genes in

ll
OPEN ACCESS

iScience 25, 105490, December 22, 2022 3

iScience
Article



J-Lat 10.6 and 8.4 cell lines (SEC16A and FUBP1, respectively). In both cases, in WT Jurkat T cells (absence

of virus), these genes are located within TADs. There are chromatin looping events several kilobases (kb)

from HIV-1 integration sites. In the J-Lat 10.6 cells, this is a loop surrounding the NOTCH1 gene (>10 kb

from HIV-1), while in the 8.4 cells, this is a loop surrounding the PTGFR gene (>500 kb from HIV-1).

Next, to examine the impact of proviral integration and transcription on 3D chromatin folding in the nu-

cleus 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 the activation of HIV-1 transcription with TNF-a (Figure 2C). For the J-Lat

10.6 cell line, we obtained 823 and 641 million contacts in the untreated and TNF-a treated conditions,

respectively. J-Lat cells are sorted post-treatment to isolate HIV-inactive and -active cell populations. In

Figure S2, we show that J-Lat cells that are treated with TNF-a, but do not activate, still undergo canonical

TNF-signaling with an increase in expression of the NF-kB subunits. All cell populations, therefore, appear

to have responded to TNF-stimulus, albeit not all exhibit HIV-1 activation. In the J-Lat 8.4 cell line, we ob-

tained 578 and 549 million contacts for the untreated and treated conditions, respectively. Mapped reads

and quality control statistics of all Hi-C libraries for this study are shown in Figure S3. Examining the patterns

of chromosome folding at the sites of integration we observe only modest differences in chromatin struc-

ture in the context of integration or proviral activation (Figure 2D). In both the 10.6 and 8.4 cell lines, there

were no major changes in chromatin interaction frequency at either the sites of integration, or in the down-

stream loops proximal to each gene. We do observe subtle differences at specific loci. For example, the

loop downstream of 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 2E).

Figure 1. Variability in chromatin environments at HIV-1 sites of integration

(A) Table adapted from Symons et al. 2018,70 displaying HIV-1 site of integration in J-Lat 10.6 and 8.4 models.

(B) Schematic depicting the orientation of HIV-1 provirus and respective host gene in J-Lat 10.6 and 8.4 models.

(C) Epigenomic profile of chromatin environment in WT Jurkat cells within 500 kb of HIV-1 integration sites in J-Lat 10.6 and J-Lat 8.4 models. ATAC-seq

(blue; Jurkat T cells), ChIP-seq against H3K27ac (Jurkat T cells), Pol2 (Jurkat T cells), and BRD4 (black tracks; Jurkat T cells), and speckle-associated domains

(SPADs) in K562 cells and predicted super-enhancers in Jurkat T cells (both red tracks). Accession numbers of these sequencing datasets can be found in

materials availability and STAR Methods. HIV-1 marker (green) denoting the exact sites of integration is not to scale. Sequencing tracks are visualized using

Integrated Genomics Viewer (IGV).71

(D) Flow cytometric analysis of J-Lat activation potentials. Cells are treated with TNF-a. HIV-active cells are GFP+. Jurkat T cells (no reporter provirus; black)

serve as a gating control.
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In addition, at the FUBP1 site on chromosome 1, the FUBP1 gene does show increased interactions with an

upstream region near theMIGA1 gene (Figure 2F), but these differences are modest and there are no other

notable changes in chromatin interaction frequency at the FUBP1 locus. Reconstruction of compartments A

or B via eigenvector analysis revealed the provirus in both J-Lat models in nuclear Compartment A in both

inactive and active transcriptional states; the lack of change in the nuclear compartment is consistent with

minimal changes in the chromatin interaction network around HIV-1 integration sites. In summary, 3D

genome organization was preserved following HIV-1 integration or proviral transcriptional activation. In

addition to the conservation of the 3D chromatin organization around HIV-1 proviruses, we do not observe

any significant global changes in the chromatin architecture of HIV-infected cells relative to the uninfected

WT Jurkat T cells.

Profiling chromatin accessibility and transcription at HIV-1 integration sites reveal a unique

chromatin signature associated with active proviruses

To understand how HIV-1 integration and transcription affect the functional state of chromatin around inte-

gration sites, we applied ATAC-seq to our WT Jurkat and J-Lat T cell models pre- and post-activation of

transcription. ATAC-seq reads displayed in Figure 3 were filtered for shorter reads (1-115 bp), as performed

previously,33 to improve the resolution of ATAC reads at HIV-1 integration sites. The majority of these short

reads map to gene transcriptional start sites. Read distribution is shown in Figure S3. ATAC-seq read den-

sity is associated with open chromatin, as such, active promoters typically generate distinct peaks, along

with corresponding ChIP-seq read density peaks for epigenetic markers of active chromatin, such as

H3K27ac, BRD4, and Pol2; accordingly, markers of active transcription were found associated with the

two host promoters (INPP5E and SEC16A) either side of the HIV-1 provirus in the J-Lat 10.6 model (Fig-

ure 3A). Following the activation of proviral transcription in the J-Lat 10.6 model, we saw both the expected

increased chromatin openness (ATAC-seq) at the 50 LTR and an overall increase in chromatin accessibility

extending through the HIV-1 genome and over ten kilobase pairs into the host sequence downstream of

the 30 LTR; the most prominent changes in chromatin openness were in the 30 LTR and approximately

one kilobase downstream of the 30 LTR (Figures 3A-3C). In the J-Lat 8.4 model, the transcription-induced

changes in chromatin openness were less dramatic. There was little to no change in ATAC-seq read density

observed within the proviral chromatin, even at the 50 LTR; however, we observed a modest increase in

chromatin accessibility downstream of the 30 LTR (Figures 3C and S6). In control Jurkat T cells, lacking an

HIV-1 provirus, no equivalent increase in chromatin accessibility was observed at the locus corresponding

to the region downstream of the 30 LTR in J-Lat 10.6 or 8.4 models following treatment with TNF-a

(Figures 3B and S6; zoomed out view of J-Lat 8.4 chromatin (ATAC-seq) and transcriptional environment),

suggesting that phenotype is associated with HIV-1 transcription. Quantification of normalized reads at

ATAC peaks at nearby host gene promoters, the HIV-1 provirus, and at the junction between HIV-1 and

the host genome is shown in Figures 3D and 3E, further demonstrating that the most prominent change

in chromatin accessibility following HIV-1 activation is localized downstream of the HIV-1 genome. This

increased chromatin accessibility was found downstream of the HIV-1 genome in both J-Lat models but

is not typically associated with the transcription of host genes. Chromatin accessibility of constitutively

active house-keeping genes such as GAPDH reveals the most accessible chromatin concentrated at the

50 gene promoter and not the 30 end of the gene (Figure S7). The increase in chromatin accessibility

Figure 2. Minimal changes in integration site higher-order chromatin structure upon HIV-1 transcriptional activation

(A) Hi-C interaction map in wild-type Jurkat T-cells of the region on chr9 where the 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 heatmap is the location of genes at the locus, including SEC16A.

(B) 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.

(C) Schematic showing the experimental design of Hi-C in the context of HIV-1 transcriptional induction. TNF-a is added for 24 h 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.

(D) 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).

(E) Comparison of the SEC16A locus in the J-Lat 10.6 cell line. The heatmap shows the untreated conditions in the upper right-hand half of the heatmap, and

the activated population in the lower left-hand. Dashed lines mark a loop downstream of 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) and -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).

(F) Comparison of the FUBP1 locus in the J-Lat 8.4 cell line. The heatmap shows the untreated conditions in the upper right-hand half of the heatmap, 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) and -active (yellow) conditions of pixels

within the dashed line (p = 0.0.44, Wilcoxon).
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downstream of actively transcribing HIV-1 chromatin appears to be a distinctive feature and not observed

with highly and or inducibly expressed cellular genes.

We next applied RNA-seq to measure the transcription of viral and host genes before and after the activa-

tion of HIV-1 transcription. Comparing activated and inactive cells in both the J-Lat 10.6 and 8.4 models, we

observed an increase in read density downstream of the 30 LTR in both models following HIV-1 activation

(Figure 3B in J-Lat 10.6 and S6 in J-Lat 8.4). The strandedness or polarity of the host RNA fragments corre-

sponding to this flanking region are in the same transcriptional orientation as the respective HIV-1 genome

(both 3’ ) 5’), consistent with prior reports that HIV-driven transcription can run into the cellular

Figure 3. ATAC- & RNA-seq read density at HIV-1 integration sites to profile local HIV-host chromatin environment and transcription

(A) 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 enhancer

and promoter marks (H3K27ac, Pol2, and BRD4) are overlaid to demarcate close host promoters (INPP5E & SEC16A).

(B) Close-up of the highlighted region in panel (A), visualizing ATAC-seq and RNA-seq (Illumina) read density of the flanking host genome (reads aligned to a

human reference genome (hg38)). Sequencing tracks to the left are upstream of HIV-1, flanking the 50 LTR, and tracks to the right are downstream. The

highlighted regions in ATAC and RNA density demarcate regions of increased read pileup or density directly downstream of the activated provirus. The

sequencing tracks in black are of uninfected Jurkat T cells +/� TNF-a to visualize what the native chromatin and transcriptional state is in the absence of the

provirus. The host gene, SEC16A, has a 3’ ) 5’ orientation, whereas HIV-1 has the opposite 5’ / 3’ transcriptional orientation.

(C) ATAC read density at the proviral site of integration in the J-Lat 10.6 and 8.4models. Reads were mapped to a custom reference genome that includes the

HIV-1 proviral genome. The red dotted boxes highlight changes in ATAC density downstream from the HIV 30 LTR. HIV-1 and host transcriptional start sites

(TSS) are shown to bring attention to the transcriptional orientation of HIV-1 and the respective host genes in both J-Lat models.

(D and E) Quantification of differential ATAC read density at provirus, flanking cellular genome, and proximal host promoters (SEC16A and INPP5E 50

promoters) in the J-Lat 10.6 cells (inactive vs. active states). Differential peak analysis is performed from a merged dataset from two biological replicates for

each condition. Common peaks across the two biological replicates were selected and used to normalize the dataset using MAnorm.72 Normalized peaks

from the merged datasets were used for differential peak analysis. All ATAC- and RNA-seq experiments were performed with two biological replicates.

ATAC-seq replicates for J-Lat 10.6 cells are shown in Figure S5.
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genome.18,66,67 In Jurkat T cells, we found that there was no difference in gene expression +/� TNF-a at the

SEC16A and FUBP1 loci. In addition, there is no change in chromatin accessibility within the regulatory

regions of nearby host genes, further suggesting changes in chromatin organization are localized to the

provirus and the region directly downstream of the 30 LTR following HIV-1 transcriptional activation. Based

on the comparison of J-Lat 10.6 and 8.4 cells toWT Jurkat T cells, and of the provirus to host genes either at

nearby loci, exhibiting similar expression levels or that are induced by TNF-a treatment, run-on transcrip-

tion is more commonly a feature of HIV-1 transcription than of host gene transcription. We observe similar

levels of HIV-driven read-through in J-Lat cells treated with either TNF-a or PMA/I (Figure 3B). In Figure S8,

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, transcriptional read-through is not detectable

or thus does not occur or occurs at very low frequency. We performed similar analysis quantifying read den-

sity downstream of the 30 UTR of the top quartile of highly expressed genes in our RNA-seq analysis and did

not find evidence of read-through, suggesting that the transcription read-through present at HIV-1 integra-

tion sites is a signature of HIV-1.

Proviral transcriptional read-through observed regardless of the orientation of HIV-1 relative

to the flanking host gene

To visualize transcriptional read-through at HIV-host intergenic boundaries, we applied stranded single-

molecule RNA FISH (smRNA FISH), monitoring the expression of positive (+) and antisense (�) HIV-1

RNA73,74 with or without activation. Imaging inactive J-Lat 10.6 cells revealed antisense HIV-1 (�) RNA

(Figures 4A and S9). The HIV-1 (�) RNA was exclusively nuclear, suggesting it cannot be translated into

HIV-1 antisense protein (ASP).75–77 Following the activation of the J-Lat 10.6 cells, we observed HIV-1 (+)

RNA as expected, and the loss of most of the HIV-1 (�) RNA staining. As the DNA probes can anneal to

complementary RNA and DNA, we confirmed the staining was predominantly RNA by RNase treatment.

This removed the entire (+) RNA signal and left just a single HIV-1 DNA focus in the cell, presumed to

be the integrated provirus (Figure 4A). We found similar results in J-Lat 8.4, albeit the HIV-1 (+) RNA was

present prior to activation (Figures 4A and S9). Note, however, that although there was HIV-1 (+) RNA in

the cytoplasm of J-Lat 8.4 cells, there was no detectable GFP or HIV-1 protein expression, suggesting

that the RNA was not capable of being translated and did not reflect authentic HIV-1 genomic RNA or

mRNA.78 Since we found HIV-1 (�) RNA in the inactive J-Lat 10.6 cells, where the provirus and SEC16A

are in opposite orientations, and found HIV-1 (+) RNA in the inactive J-Lat 8.4 cells, where the provirus

and FUBP1 are in the same orientation, we suspect the HIV-1 RNA staining represents chimeric RNAs

that are the by-product of host-driven transcription, originating at the SEC16A or FUBP1 promoter (in

J-Lat 10.6 and J-Lat 8.4, respectively) continuing through the HIV-1 genome. A similar observation of

host-driven transcriptional read-through has been reported previously, where ‘‘transcriptional interfer-

ence’’ was proposed to suppress proviral transcription via the convergence of Pol2 originating at the

host promoter with Pol2 originating at the HIV-1 50 LTR.18 The authors used semi-quantitative RT-qPCR

assays to quantify differential transcriptional read-through products in these studies using clonal J-Lat

systems.18

To confirm the presence of the virus-host chimeric RNAs suggested by smRNA FISH imaging, we used

long-read Nanopore sequencing to identify hybrid transcripts and changes in viral and host RNA

splicing.79,80 In the inactive J-Lat 8.4 cells, we found host-driven chimeric transcripts consistent with our

smFISH data (Figure 4B). Approximately 1-5% of the total HIV-1 transcripts sequenced from the activated

J-Lat 10.6 and 8.4 models were chimeric RNAs (Figure 4B). A schematic of transcriptional read-through

occurring at HIV-host gene boundaries is depicted in Figure 4C. In both cases of HIV- or host-driven tran-

scriptional read-through, we can capture these complex virus-host hybrid RNAs. Long-read Nanopore

sequencing enabled the identification of the transcriptional start and end sites of the chimeric transcripts

in the 8.4 model for both transcriptionally active and inactive cells. In the inactive 8.4 cells, the chimeric

RNAs were originating from the flanking host promoter (FUBP1). In active J-Lat 8.4 cells, we saw that tran-

scription originated at the HIV-1 50 LTR and terminated at the 30 UTR and poly-adenylation (poly(A)) site of

the FUBP1 gene (Figure 5). We found that in both J-Lat models, activation of proviral transcription did not

affect the overall abundance of local host gene transcripts (Figure 6). However, isoform analysis comparing

SEC16A and FUBP1 transcripts in the presence and absence of HIV-1 integration identified a subset of tran-

scripts that appear to have prematurely terminated when both the provirus and host gene are in the same

orientation; the HIV-1 provirus is located in an intron of FUBP1 and is usually removed when the intron is

spliced out of the pre-mRNA, however, in some instances transcription appears to have ended when the
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Figure 4. smFISH to visualize transcriptional read-through at HIV-host genomic boundaries

(A) Visualization of HIV-1 (+) RNA, and (�) RNA via single-molecule FISH (smFISH). The oligonucleotide hybridization probe shown in red targets template

HIV-1 cDNA (3’ ) 50) 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 and -active cells is shown for J-Lat 10.6 and 8.4 models. RNase-treatment control. Scale bars represent 10 mm.

(B) Normalized read counts of total HIV and chimeric HIV-host RNAs using long-read Nanopore sequencing. Normalized read counts were averaged across

four biological replicates/condition (HIV-inactive and -active) for both the J-Lat 10.6 and 8.4 cells. Chimeric RNAs were defined by identifying ‘‘multi-

mappers,’’ reads that align to both hg38 and custom HIV-1 reference genome.

(C) Schematic of transcriptional read-through at HIV-host junctions. The red nascent transcript in the J-Lat 10.6 inactive cells indicates the 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 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.
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RNA Pol2 complex encountered termination sites within the HIV-1 genome, preventing the completion of

the FUBP1 transcript (Figure 5, S6, and S11B; all in J-Lat 8.4 model).83,84 Similarly, intergenic splicing ap-

pears to have generated chimeric transcripts where an FUBP1 exon splice donor combined with an

acceptor sequence in the HIV-1 genome and again transcription prematurely terminated within the HIV

genome (Figure 5), such transcripts are consistent with previous reports.66 This effect is also apparent using

Illumina-based RNA-seq, where expression of full-length FUBP1 in our J-Lat 8.4 is significantly attenuated

in both HIV-inactive and -active cells relative to uninfected Jurkat T cells (Figure S6). There is little to no

detectable FUBP1 exon expression downstream of the HIV-1 provirus in the J-Lat 8.4 model relative to un-

infected Jurkat T cells, demonstrating that HIV-1 can function as a ‘‘gene trap,’’ interfering with expression

of a cellular gene if HIV-1 and the host gene into which it integrated are in the same orientation. Accord-

ingly, this effect was not observed in the J-Lat 10.6 model (Figures 3B and S11A), where HIV-1 and the host

gene (SEC16A) are in the opposite orientation. CDK9 or cyclin-dependent kinase 9 levels, a factor critical

for RNA Pol2 transcriptional initiation, elongation, and termination,81 are also similar across conditions,

suggesting CDK9 is not a limiting factor for proviral transcriptional activation in these models. While our

analyses support the notion of HIV- and host-driven transcriptional read-through at the HIV-host boundary,

as previously reported,18,66 our findings indicate that HIV-1 integration and proviral activation only

modestly alter local host RNA splicing patterns and transcriptional output (Figures S11 and 6, respectively).

DISCUSSION

The HIV-1 genome integrates into that of its host and, from that point on, transcription of viral RNA is

carried out by host transcriptional machinery. The nucleus is a heterogeneous environment, and it is

Figure 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) and -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 (FUPB1 30 UTR/poly(A) site). HIV-1 and cellular transcript variants are shown below the mapped sequencing

reads (HIV-1 = black, FUBP1 = blue). The HIV-1 and FUBP1 sequences are in the 3’ ) 5’ transcriptional orientation.
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increasingly understood that the architecture and organization of chromatin is a key factor in the regulation

of host gene expression. Thus, chromatin organization is a significant factor when attempting to under-

stand both regulation of HIV-1 transcription 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 these relationships. In our work, we have investigated the nuclear environment

around two distinct proviral integration sites, characterizing the epigenome and transcriptome at 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 integration sites allowed us

to determine how HIV-1 can influence the cellular chromatin environment and identify signatures associ-

ated with transcriptionally active HIV-1 proviruses and the changes induced in host chromatin by the

virus. Previous studies have demonstrated that another retrovirus, HTLV-1, can alter cellular chromatin

structure following integration via induction of CTCF-mediated looping, disrupting local transcriptional

patterns.49–51 The HTLV-1 genome contains a CTCF binding site that mediates long-range chromatin inter-

actions with the host genome, leading to significant chromatin remodeling. By contrast, HIV-1 does not

contain an obvious CTCF binding site, and our Hi-C analysis found that, unlike HTLV-1, HIV-1 does not

induce large-scale genome reorganization either globally or local to the integration site (Figure 2). These

findings suggested that major chromatin restructuring is not associated with HIV-1 integration. Interest-

ingly, analysis of chromatin accessibility revealed that the activation of HIV-1 transcription increased chro-

matin accessibility downstream of the HIV-1 genome, extending 1-10 kb into the cellular chromatin in both

J-Lat models. Since this increased chromatin accessibility was not observed in the absence of HIV-1 inte-

gration (WT Jurkat T cells +/� TNF-a), with highly expressed or induced cellular genes, our results suggest

that this is an HIV-induced effect. However, we cannot conclude whether the effector is an HIV-1 protein,

RNA, or genome motif. Additionally, although the chromatin opening was more pronounced in the J-Lat

10.6 model than J-Lat 8.4, with only two models to compare, we cannot determine whether the differences

in chromatin opening are a consequence of the level of proviral transcription or the local chromatin envi-

ronment. Finally, as both cell lines used in this study were selected for the properties of being first, latent,

and second, reactivatable, we cannot exclude the possibility that the observed chromatin opening is

directly related to these selected properties. Nevertheless, this observation is contrary to the conventional

understanding of the relationship between chromatin accessibility and transcription (active genes typically

exhibit open chromatin at the promoter but not through the body of the gene or downstream of it85–88), the

main questions remaining relate to mechanism, and whether this chromatin opening is induced by a ma-

jority of integrated proviruses, or a subset latent proviruses that are amenable to reactivation.

Figure 6. Total mRNA reads for genes proximate to HIV-1 integration sites

mRNA reads for HIV-1 and cellular genes (GAPDH and genes within 100 kb of J-Lat 10.6 (SEC16A, INPP5E,NOTCH1, PMPCA) or 8.4 (FUBP1,DNAJB4,NEXN,

GIPC2) integration sites). CDK9 or cyclin-dependent kinase 9 is critical for Pol2 transcription, initiation, elongation, and termination.81 Post-read alignment,

assembled mRNA transcripts were selected vs. total reads by cross-referencing to hg38 (human) and custom HIV-1 annotation files (See STAR Methods) to

generate read count matrices for protein-coding transcripts and lncRNAs. Jurkat T cells +/� TNF (no HIV-1 integration; black) were also assessed to

collectively evaluate the role HIV-1 integration, TNF stimulation, and HIV-1 transcriptional state has on the local cellular RNA landscape. Differential analysis

of normalized mRNA read-counts (FPKM) was performed using DESeq2.82 *** = p value % 0.001.
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Extensive studies of HIV-1 gene regulation have identified nuclear factors that can affect proviral transcrip-

tion. The HIV-1 provirus can be silenced by repressive epigenetic marks at the Nuc-0 and Nuc-1 nucleo-

somes flanking the HIV-1 50 LTR, reducing the accessibility of the proviral promoter to host transcription

factors.89 Furthermore, repressive chromatin marks such as H3K9me3, H3K27me3, and CpG methylation

are also enriched at latent or transcriptionally inactive proviruses.13,63,90–94 In contrast, active proviruses

are associated with open chromatin and active epigenetic markers at the 50 LTR.13,95–97 The relationship

between chromatin functional state, HIV-1 integration preference, and HIV-1 transcriptional competency

have been established9,22,62,63,97; in this study, we expand our understanding by revealing how integrated

HIV-1 can restructure the local nuclear environment.

In addition to addressing chromatin structure, we further characterized chimeric HIV-host RNAs and the

transcriptional landscape in the vicinity of integrated HIV-1 in the J-Lat 8.4 and 10.6 models. Data from

both short- (Illumina) and long- (Nanopore) read RNA-seq methodologies indicated that HIV-1 integration

has minimal impact on the local transcription landscape; however, retroviral integration can promote

expression of abnormal isoforms of the specific gene into which HIV is integrated. Although we did not

see significant perturbations to local cellular transcription in the presence of integrated HIV-1 proviruses,

whether active or inactive, it is conceivable that HIV-1 can contribute to aberrant transcription of host

genes, depending on the site of integration (e.g., HIV-1 can block the formation of functional RNAs or pro-

mote expression of an abnormal gene product).

Expression of chimeric HIV-host RNAs66,98,99 has a notable resemblance to stress-induced transcriptional

readthrough100–102 and chromatin remodeling following lytic Herpes Simplex Virus 1 (HSV-1) infec-

tion.103,104 HIV-1 transcription is highly efficient following assembly of the Tat/TAR transactivation axis,13

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 dou-

ble-stranded DNA virus, hijacks the transcription 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 via the disruption of transcrip-

tional termination at the 30 UTR of cellular genes.100–102 These transcripts, termed ‘‘Downstream-of-Genes’’

or DoGs, are also induced by cellular stress105 and are not translated, evident by their absence within

polysome fractions.103 Further studies have demonstrated that transcriptional read-through of host genes

during lytic HSV-1 infection also coincides with an increase in chromatin accessibility downstream of the 30

UTR of the disrupted host gene. These changes in chromatin accessibility and transcriptional patterns are

analogous to our findings following the activation of HIV-1 transcription, however, while HSV-1-induced

effects are observed in a subset of stress-responsive genes, the HIV-1-induced effects are far more specific,

localized to the site of HIV-1 integration and not dependent on the local gene having a propensity toward

increased chromatin accessibility or transcription readthrough. While cellular transcription may occasion-

ally fail to terminate, basal levels of transcriptional read-through are found well below the 1-5% of HIV-1

read-through products that we report in this study and that have been reported previously,100–102 suggest-

ing that the propensity of HIV-1 to open chromatin and generate transcription run-through products may

mimic that of host stress response genes.

Recent studies have demonstrated an association between cellular stress responses and latency reversal

(activation of HIV transcription),106,107 with stress-inducing conditions increasing HIV-1 reactivation fre-

quency. Other studies have implicated the integration of HIV-1 near specific host genes in the formation

highly proliferative clones.108–110 Combined with our findings, these studies collectively suggest that there

is a significant interplay between virus and host, mediated through cellular stress pathways and chromatin

structure. The capacity of HIV-1 to behave analogs to a stress-responsive element that may integrate into,

and influence the function of, diverse host genes may be an important component in understanding the

role of the HIV-1 integration site in both virus and host outcomes.

Limitation of study

Our work investigates the long-standing question of the impact of HIV-1 integration on the host cellular

genome, cellular 3D chromatin organization, and cellular gene expression using an integrative approach.

In this study, we used two well-defined HIV-1 latency models: J-Lat 10.6 and 8.4. These twomodels enabled

us to assess how HIV-1 orientation relative to the host gene affects cellular chromatin state and transcrip-

tion. However, this study was limited to only two cellular models. While the use of clonally expanded
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models enabled us to interrogate defined HIV-1 integration sites at high-resolution using multiple NGS-

based approaches, future studies will aim to expand upon this work using primary cell models following

bulk de novo infection. A limiting factor using primary cellular models is that NGS-based studies will

need to be multiplexed with single-cell integration site identification. If individual integration sites can

be mapped, single-cell sequencing may not provide the resolution to observe subtle changes in local tran-

scriptional patterns and chromatin state at retroviral integration sites. Therefore, we used clonal models

and bulk sequencing for these studies, which enabled us to identify subtle molecular changes at the

HIV-1 genome (increase in chromatin accessibility downstream active HIV-1).

Another limitation of the study is the resolution of Hi-C data in the context of investigating changes in chro-

matin structure in the presence of HIV-1 integration. We generated high-quality Hi-C libraries that were

sequenced at sufficient depth (> billion reads/library) to enable us to conclude that major chromatin reor-

ganization is not a prerequisite for HIV-1 transcriptional activation. However, we do not have the resolution

to confidently assess direct HIV-host chromatin interactions using Hi-C, as the HIV-1 genome is small rela-

tive to host chromatin domains. Measuring HIV-host chromatin interactions may be important with the

consideration that Jurkat T cells are known to be hypotetraploid,111 which may obscure assessing the

impact individual HIV-1 integration events have on their local chromatin structure using the Jurkat-derived

J-Lat models. However, overall, very little to no alteration in chromatin organization and chromatin looping

around the sites of integration in both J-Lat models makes us confident that changes in direct HIV-host

chromatin interactions are also minimal following HIV-1 transcriptional activation in the 10.6 and 8.4

models.
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Chemicals, peptides, and recombinant proteins

RPMI 1640 medium Gibco 11875093

TNF-a Genscript Z01001

Phorbol 12-myristate/ionomycin eBioscience 00-4970-03

poly-d-lysine Gibco A3890401

40,60-diamino-2-phenylinndole (DAPI) Advanced Cell Diagnostics 320858

Prolong Gold Antifade Invitrogen P36930

Critical commercial assays

2x KAPA HiFi mix Kapa Biosystems KK2601

RNeasy Plus mini kit Qiagen 74134

TrueSeq Stranded Total RNA sample

preparation kit

Illumina 20020596

Super-Script IV Reverse Transcriptase ThermoFisher 18090010

Monarch PCR and DNA Cleanup Kit New England Biosciences T1030S

Native Barcoding kit Oxford Nanopore Technologies EXP-NBD104, EXP-NBD114

Ligation Sequencing Kit Oxford Nanopore Technologies SQK-LSK109

RNAscope Fluorescent Multiplex Assay Advanced Cell Diagnostics 320850

RNA Clean & Concentrator Zymo Research R1013

Deposited data

Hi-C data This study GSE189178

ATAC-seq data This study PRJNA764194

RNA-seq data This study PRJNA771201

ChIP-seq (Jurkat; H3K27ac) GEO GSM2691418

ChIP-seq (Jurkat; BRD4) GEO GSM2218755

ChIP-seq (Jurkat; Pol2) GEO GSM1850204

TSA-seq (K562 cells; SPADs) GEO GSM3111194

Experimental models: Cell lines

Jurkat E6-1 cells NIH AIDS Reagent Program catalog #ARP-177

J-Lat 8.4 full-length cells NIH AIDS Reagent Program catalog #9847

J-Lat full-length 10.6 cells NIH AIDS Reagent Program catalog #9849

Oligonucleotides

HIV-1 (+) RNA (HIV-nongagpol-C3) Advanced Cell Diagnostics 317711-C

HIV-gagpol-C1 Advanced Cell Diagnostics 317701

Software and algorithms

FlowJo v10.8 FlowJo, LLC https://www.flowjo.com/solutions/flowjo

Juicer Durand et al., 2016112,113 http://www.aidenlab.org/software.html

Hiccups Rao et al., 201435 https://www.bioinformatics.babraham.ac.uk/

projects/hicup/

Bowtie2 Langmead and Salzberg, 2012114 http://bowtie-bio.sourceforge.net/bowtie2/

index.shtml

Samtools Li et al., 2009115 http://samtools.sourceforge.net/
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the Lead Contact, Stefan Sarafianos (stefanos.sarafianos@emory.edu).

Materials availability

No new materials or reagents were generated in this study.

Data and code availability

Raw fastq datasets (Illumina and Nanopore) generated as part of this study can be downloaded from NCBI

Sequence Read Archive (SRA) under the following study accessions: ATAC-seq (PRJNA764194), RNA-seq

(PRJNA771201), and Hi-C (GSE189178). Custom scripts were used to separate ATAC-seq reads into subnu-

cleosomal size ranges. This analysis is included in Figures 3 and S4–S7. These scripts are available upon

request. The following publicly mined sequencing datasets were obtained from NCBI SRA: ChIP-seq data-

sets from Jurkat T cells include H3K27ac (GSM2691418), Pol2 (GSM1850204), and BRD4 (GSM2218755) and

TSA-seq dataset of SPADs (GSM3111194) in K562 cells. Any additional information required to reanalyze

the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

The following reagents were obtained though the AIDS Research and Reference Reagent Program, Divi-

sion of AIDS, NIAID, NIH: J-Lat 10.6 and 8.4 cells from Dr. Eric Verdin, and Jurkat (E6-1) Cells, ARP-177,

contributed by ATCC from Dr. Arthur Weiss. No in vivo animal studies or human studies were performed

for this work.

Continued
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Bedtools Quinlan et al., 2010116 https://sourceforge.net/projects/bedtools/

Picard Broad Institute https://broadinstitute.github.io/picard/

HISAT2 Kim et al., 2019117 http://daehwankimlab.github.io/hisat2/

StringTie Pertea et al., 2015118 https://ccb.jhu.edu/software/stringtie/

DEseq2 Love et al., 2014119 https://bioconductor.org/packages/release/

bioc/html/DESeq2.html

MACS2 Liu et al., 2014120 https://pypi.org/project/MACS2/

MAnorm Shao et al., 201272 http://bioinfo.sibs.ac.cn/zhanglab/MAnorm/

MAnorm.htm

R programming language (Version R-4.2.1) www.r-project.org http://cran.r-project.org/bin/windows/base

dbSuper Khan et al., 2016121 https://asntech.org/dbsuper/

Guppy Basecaller version 4.2.3+8aca2af Oxford Nanopore Technologies https://github.co/nanoporetech/rerio

Re-form Tool web portal used to generate

custom reference files (hg38 with J-Lat

integration)

https://reform.bio.nyu.edu/ https://reform.bio.nyu.edu/

FLAIR isoform analysis pipeline Tang et al., 2020122 https://github.conm/BrooksLabUCSC/flair

Minimap2 Li, 2018123 https://github.con/ih3/minimap2

Integrated Genomics Viewer (IGV) Thorvaldsdóttir et al., 201371 https://software.broadinstitute.org/

software/igv/

Other

40 mm cell strainer Corning 431750

Long-read RNA-seq performed using MinION

Mk1B using an FLO-MIN106D flow cell

Oxford Nanopore Technology R.9.4.1

HybEZ oven Advanced Cell Diagnostics PN 321710/321720

ll
OPEN ACCESS

iScience 25, 105490, December 22, 2022 19

iScience
Article

mailto:stefanos.sarafianos@emory.edu
https://sourceforge.net/projects/bedtools/
https://broadinstitute.github.io/picard/
http://daehwankimlab.github.io/hisat2/
https://ccb.jhu.edu/software/stringtie/
https://bioconductor.org/packages/release/bioc/html/DESeq2.html
https://bioconductor.org/packages/release/bioc/html/DESeq2.html
https://pypi.org/project/MACS2/
http://bioinfo.sibs.ac.cn/zhanglab/MAnorm/MAnorm.htm
http://bioinfo.sibs.ac.cn/zhanglab/MAnorm/MAnorm.htm
http://www.r-project.org
http://cran.r-project.org/bin/windows/base
https://asntech.org/dbsuper/
https://github.co/nanoporetech/rerio
https://reform.bio.nyu.edu/
https://reform.bio.nyu.edu/
https://github.conm/BrooksLabUCSC/flair
https://github.con/ih3/minimap2
https://software.broadinstitute.org/software/igv/
https://software.broadinstitute.org/software/igv/


METHOD DETAILS

Cell culture of T cell lines

Jurkat E6-1 cells (NIH AIDS Reagent Program catalog #ARP-177) are a human T-cell lymphoma derived cell

line.124 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 cells that are latently infected with the pack-

aged retroviral construct HIV-R7/E-/GFP, a full-length HIV-1 minus env and nef.68 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.

Activation of clonal J-Lat cells

Compounds used for activation in HIV-inducible cell lines included: (1) 10 ng/mL TNF-a (Genscript,

Piscataway, NJ, USA) and (2) 40.5 nM phorbol 12-myristate 13-acetate with 670 nM ionomycin (PMA/I)

(eBioscience, San Diego, CA, USA). Cells were treated for 24 h prior to collection for NGS-based, flow cy-

tometric, and smFISH assays. Treatment conditions were based on parameters previously described.125

Flow cytometry and sorting 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-a or PMA/I and the numbers of GFP + cells following

treatment were quantified. Gates for GFP + cells were set by assessing the fluorescence profiles of unin-

fected Jurkat T cells. FlowJo v10.8 software was used for data analysis. Gating strategy is depicted in

Figure S1.

Fluorescence-activated cell sorting (FACS) 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 mm cell strainer (Corning, 431570). Final cell concentrations were �5 3 106 cells/mL

in PBS prior to sorting.

In situ Hi-C library preparation & analysis

Hi-Cwas performed using the in situmethod with theMboI enzyme as previously described.35 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-a. About two million cells per library 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.29 After alignment, con-

tact files were generated and processed into hic or cool files using the Juicer112,113 or cooler pipelines,

respectively. Loop calling was performed using hiccups.35

Assay for transposase-accessible chromatin using sequencing (ATAC-seq)

ATAC-seq was performed using the OMNI-ATAC protocol.32 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 buffer 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 h, and genomic DNAwas isolated via phe-

nol:chloroform:isoamyl alcohol and EtOH precipitation. Library amplification was done with 2x KAPA HiFi

mix (Kapa Biosystems) and 1.25 mM 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 gener-

ated with two biological replicates per condition sampled.

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

(See ‘‘Reference alignment of Nanopore-seq datasets’’ for description of reference genome assembly) us-

ing Bowtie2.114 Reads were aligned using default parameters except -X 2000 -m 1. PCR duplicates were

removed using Picard Tools (https://broadinstitute.github.io/picard/). To adjust for fragment size, we

aligned all reads as (+) strands offset by +4 bp and (�) strands offset by �5 bp.31 The reads corresponding

to Tn5 hypersensitive sites andmononucleosomes were separated by filtering for fragments 50-115 bp and
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180-247 bp in length, respectively.33 MACS2 was used for peak calling for Tn5 hypersensitive sites.120 Qual-

ity-control (QC) data was visualized via ggplot2 in the R programming language and through ngs.plot.126

Differential peaks between HIV-inactive and -active populations was performed using MAnorm.72

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 R40 million

read pairs per sample.

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 were mapped using HISAT2.117 HTseq was used to quantify RNAs based on anno-

tations.82 StringTie was used for transcript assembly118 and for quantification of different isoforms. Differ-

ential expression analysis was performed using DESeq2119 with read counts normalized to fragments per

kilobase of transcript per million mapped reads (FPKM).82

Nanopore RNA-sequencing library preparation and sequencing/base-calling

Total RNAwas isolated from cell pellets (�50,000 cells) using the RNeasyMini Kit (QIAGEN, 74134), accord-

ing to the manufacturer’s instructions, with elution in nuclease-free water. Total RNA was treated with the

CASPR reagent at a concentration of 2 mg/mL for 30 min at room temperature in the dark, followed by RNA

cleanup with RNA Clean & Concentration (Zymo Research, R1013) and elution in nuclease-free water.127

Reverse Transcription was carried out with Super-Script IV Reverse Transcriptase (ThermoFisher,

18090010) in 20 mL volume with the following components and final concentrations: 1X Reaction Buffer,

0.5 mM dNTPs, 2U RNAse OUT, 1 mM Oligo-d(T) primer, 5 mM DTT, and 200 U Super-Script IV Reverse

Transcriptase. Primer was annealed to CASPR-treated template RNA in the presence of dNTPs by heating

to 65�C for 5 min, followed by snap cooling to 4�C for at least 2 min. The remaining components were

added after a snap-cool step, then incubated at 50�C for 1.5 h, and heat inactivated at 85�C for 5 min. Sec-

ond-strand synthesis was 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 h.

DNA was then isolated with Monarch PCR and DNA Cleanup Kit (NEB, T1030S), and eluted in 0.1X TE.

Quality control and yield of double-stranded cDNA was determined with NanoDrop spectrometer.

Double-stranded cDNA samples were barcoded with the Native Barcoding kit (Oxford Nanopore Technol-

ogies, EXP-NBD104, EXP-NBD114), and library prepped using the Ligation Sequencing Kit (ONT,

SQK-LSK109). Samples were sequenced with MinION Mk1B using an FLO-MIN106D flow cell (R.9.4.1).

Reads were basecalled with Guppy Basecaller version 4.2.3+8aca2af with high accuracy mode.

Long-read nanopore sequencing analysis

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 con-

taining 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 Re-form Tool web portal (https://reform.bio.nyu.edu/) at the following hg38 positions and

R7 orientations according to validated integration sites: 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 70.

For extraction of HIV-host chimeric reads and analysis of HIV-host readthrough products, Nanopore reads

weremapped to the R7 HIV reference genome usingminimap2123 withmap-ont preset and –secondary=no

option. R7-mapped reads were extracted from sam output using samtools view with following options
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-h -F4 and converted to FASTQ using samtools bam2fq.115 R7-mapped reads were aligned to unmodified

UCSC hg38 reference usingminimap2 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 mapped to both R7 HIV and hg38 references. For readthrough analysis, HIV/host chimeric reads

weremapped to the custom hg38 reference containing R7 HIV sequence usingminimap2with splice preset

and –secondary=no option. Mapped reads were extracted using samtools view with -F4 -h options and

sorted using samtools sort. Sorted bam outputs were indexed with samtools sort and visualized using Inte-

grative 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.122 Reads were mapped to the UCSC hg38

reference using FLAIR align module using option -p, followed by splice junction correction using the cor-

rect module with option -c and using hg38 gtf annotation file. Resulting bed files from FLAIR correct step

were parsed to extract isoforms that overlap with FUBP1 and SEC16A genes, the genes containing the

HIV-1 integration sites in J-Lat 8.4 and 10.6, respectively. For this purpose, a bed file was generated con-

taining 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 -wa and -a to extract all isoform that intersect with the query re-

gions, with resulting intersect bed file concatenated according to treatment.116 The FLAIR collapsemodule

was used with default settings to create a transcript model for FUBP1 and SEC16A isoforms following treat-

ment with HIV-1 activating agents. These transcript models were 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 mod-

ule was 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 (NCBI GEO), reads were mapped using Bowtie2114 to hg38.

PCR duplicates were removed using Picard Tools. MACS2120 was used to call peaks using default param-

eters 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.23 Predicted SE networks were obtained from

dbSuper.121

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 1,500 rpm for 5 min. These cells were resuspended in 50 mL 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 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 recog-

nizes HIV-1 (+) RNA (HIV-nongagpol-C3; ACD; 317711-C) and HIV-gagpol-C1 (317,701) diluted in hybridi-

zation 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 previously.73,74 HIV-1 (�) RNA or cDNA was labeled with ATTO 550, and

HIV-1 (+) RNA was labeled with Alexa 647. Nuclei were counter-stained with 40,60-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 using a Nikon C2 confocal microscope with 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.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Analysis pipelines for Hi-C, ATAC-seq, ChIP-seq, and RNA-seq are presented in detail in the respective

Method details section. For Hi-C analysis, single replicate libraries were generated per condition, with

each library consisting of over one billion sequencing reads. Quality control analysis of the Hi-C libraries

shown in Figure S3 indicates cis:trans interaction ratios representative of high quality Hi-C datasets. Quality

control of ATAC-seq datasets is shown in Figure S4, where we plot size distribution of ATAC reads. For

ATAC-seq, each condition was performed in biological duplicate. Publicly mined ChIP-seq datasets

were used to assess protein and histone mark occupancy at defined HIV-1 integration sites. Enriched peaks

within ChIP-seq datasets were called using MACS2120 with default parameters and using the respective

ChIP-seq IgG dataset as control. Long-read RNA-seq experiments were performed in biological triplicate

per condition and subjected to a custom analysis pipeline outlined in detail in the respective Method de-

tails section.

Several libraries/packages of R v4.2.1 were used to generate quality control plots for Hi-C and ATAC-seq

shown in Figures S3 and S4, such as ‘ggplot2’ and ‘ngs.plot’. DESeq2119 was used for data normalization of

RNA-seq datasets and quantification of differential splicing (Figure S11). For visualization of read pile-up of

the NGS datasets, we used Integrated Genomics Viewer (IGV).71 Other details on statistics applied for spe-

cific analysis are provided in the respective figure legends.
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