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ABSTRACT The relationship between spatiotemporal distribution of HIV-1 proviruses
and their transcriptional activity is not well understood. To elucidate the intranuclear
positions of transcriptionally active HIV-1 proviruses, we utilized an RNA fluorescence in
situ hybridization assay and RNA stem loops that bind to fluorescently labeled bacterial
protein (Bgl-mCherry) to specifically detect HIV-1 transcription sites. Initially, transcrip-
tionally active wild-type proviruses were located closer to the nuclear envelope (NE) than
expected by random chance in Hela (~14 wm) and CEM-SS T cells (~0.9 um). Disrupting
interactions between HIV-1 capsid and host cleavage and polyadenylation specificity factor
(CPSF6) resulted in localization of proviruses to lamina-associated domains (LADs) adjacent
to the NE in Hela cells (~0.9 - 1.0 um); however, in CEM-SS T cells, there was little or no
shift toward the NE (~0.9 um), indicating cell-type differences in the locations of transcrip-
tionally active proviruses. The distance from the NE was not correlated with transcriptional
activity, and transcriptionally active proviruses were randomly distributed throughout the
Hela cell after several cell divisions, indicating that the intranuclear locations of the chromo-
somal sites of integration are dynamic. After nuclear import HIV-1 cores colocalized with nu-
clear speckles, nuclear domains enriched in pre-mRNA splicing factors, but transcriptionally
active proviruses detected 20 h after infection were mostly located outside but near nuclear
speckles, suggesting a dynamic relationship between the speckles and integration sites.
Overall, these studies establish that the nuclear distribution of HIV-1 proviruses is dynamic
and the distance between HIV-1 proviruses and the NE does not correlate with transcrip-
tional activity.
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tion of the vDNA into the host cell genome are critical steps in HIV-1 replication (1). Lens
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epithelium-derived growth factor (LEDGF)/p75, a protein that binds to nucleosomes of
transcriptionally active genes, binds to HIV-1 integrase and directs integration into tran-
scriptionally active and highly spliced genes (2-4). The HIV-1 integrase-LEDGF/p75 inter-
action facilitates HIV-1 replication because integration into transcriptionally active genes
directly influences the level of HIV-1 gene expression and virus production. The HIV-1
capsid binds to cleavage and polyadenylation specificity factor 6 (CPSF6), a host protein
that is one subunit of a cleavage factor required for 3’ RNA cleavage and polyadenyl-
ation, which promotes integration into euchromatin (5-9). Although the mechanism by
which CPSF6 influences integration targeting is not known, CPSF6 mediates the nuclear
import of intact viral cores (1, 10), and potentially facilitates the transport of the viral
cores to the site of integration prior to uncoating (6, 9).

Lamina-associated domains (LADs) are heterochromatin-rich regions near the nuclear
lamina and are typically associated with transcription repressive chromatin and low gene
expression (11). It is presumed that HIV-1, like other lentiviruses, must avoid the repres-
sive heterochromatin areas located near the nuclear envelope (NE) immediately follow-
ing nuclear import, and transport to the transcriptionally active chromatin regions.
Recent evidence indicates that HIV-1 integrates into nuclear speckle-associated genomic
domains (12). Nuclear speckles are membrane-free subcompartments that are enriched
in splicing factors, transcription factors, and chromatin remodeling factors (reviewed in
reference [13]). Nuclear speckles are located in interchromatin nuclear space and contain
few, if any, genes but are often formed near highly active transcription sites (reviewed in ref-
erence [14]). It was recently reported that unintegrated vDNA localizes to nuclear speckles
(15), but the location of integrated vDNAs was not determined. An understanding of the nu-
clear positioning of HIV-1 integration, and the viral and host factors involved in integration site
selection is critical for elucidating this fundamental aspect of HIV-1 replication.

Previous studies have sought to determine the nuclear location of HIV-1 reverse tran-
scription complexes/preintegration complexes (RTCs/PICs) and HIV-1 integration. We and
others used various fluorescent protein-tagged viral proteins, including integrase and
capsid, or fluorescent protein-tagged host restriction factors that specifically incorporate
into virions, including APOBEC3F (A3F) and APOBEC3G, to track HIV-1 into the nuclei of
infected cells (1, 16-23). Other studies have visualized HIV-1 nucleic acid using various
approaches, including fluorescence in situ hybridization assays (6, 9, 24, 25), incorporation of
a fluorescently labeled thymidine analog, 5-ethynyl-2’-deoxyuridine (EdU) into nascent
vDNA using click chemistry (26-28), and immunofluorescence detection of repair foci for
double-strand DNA breaks specifically induced in the HIV-1 provirus by heterologous expres-
sion of the I-Scel endonuclease (23, 29). We previously estimated that only 1 of ~50 RTCs/
PICs in infected cells results in provirus formation and productive infection (17), indicating a
low particle-to-infectivity ratio. However, most previous studies have not specifically deter-
mined the nuclear location of the RTCs/PICs that lead to productive infection, and the
nuclear positioning of noninfectious RTCs/PICs may not reflect the nuclear positioning of
infectious RTCs/PICs. Additionally, many studies that visualized HIV-1 DNA (vDNA) did
not discriminate between integrated vDNA and unintegrated vDNA. Unintegrated vDNA
is not likely to significantly contribute to HIV-1 replication (reviewed in reference 30)
because of low transcriptional activity due to NP220-mediated repression (31, 32).

Here, we developed and validated a next-generation fluorescence in situ hybridization
approach to detect HIV-1 RNA (33) and used a previously described RNA stem-loop tech-
nology (21, 34) to specifically detect transcriptionally active proviruses (here referred to as
“active proviruses”) and provide further evidence that HIV-1 preferentially integrates into
genes located near (~1.4 um) the nuclear periphery. We find that the nuclear positioning
of active proviruses is influenced by the CA-CPSF6 interaction, but the degree to which
CA-CPSF6 influences this nuclear positioning is cell-type dependent. We also observe that
the integrase-LEDGF/p75 interaction was less important for nuclear positioning of active
proviruses but was more critical for HIV-1 transcription than CPSF6. Finally, we demonstrate
the utility of manipulating HIV-1 integration into different chromatin regions to provide new
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FIG 1 Detection of integrated and unintegrated HIV-1 DNA 24 hpi using DNAscope. (A) Schematic of
an HIV-1 specific DNAscope in situ hybridization assay. 78 pairs of Z probes target the minus-strand
HIV-1 DNA. After a cascade of hybridization events, probes labeled HRP (brown circles) bind the amplifier
probes and catalyze the deposition of Cy3.5 fluorophores (red circles) for single-copy detection of HIV-1
DNA. (B) Hela cells were infected with an amount of virus that leads to ~30% of cells expressing GFP
reporter 48 hpi (MOl = 0.3) in the presence of a DMSO control (left), integrase inhibitor raltegravir (RAL;
middle), and reverse transcriptase inhibitor nevirapine (NVP; right) and fixed at 24 hpi. HIV-1 DNA (red) was
detected by DNAscope and cell nuclei were counterstained using DAPI (blue). Scale bar, 10 uwm; inset scale
bar, 1 um. (C) The number of nuclear HIV-1 DNA spots were determined for cells treated with the DMSO
control, RAL, or NVP. Each dot represents a nucleus; lines indicate mean; statistical significance was
determined using Mann-Whitney U tests. ****, P < 0.0001; **, P < 0.01.

insights into the three-dimensional organization of the human genome and transcription
activity.

RESULTS

Development of a method to detect HIV-1 DNA. To detect vDNA, Hela cells treated
with the DMSO control, integrase inhibitor raltegravir (RAL), or reverse transcriptase inhibitor
(NVP) were infected with a single-cycle HIV-1 GFP reporter virus at a multiplicity of infection
(MOQI) of 0.3 (~30% gfp positive cells 48 h after infection). At 24 h postinfection (hpi), vDNA
was detected using an HIV-specific DNAscope in situ hybridization assay (33). Briefly, the
branched DNA in situ hybridization technique utilizes 78 pairs of Z probes that specifically
target HIV-1 minus-strand DNA (Fig. 1A and B). The Z probe pairs anneal to adjacent target
sequences, ensuring amplification of target-specific signals. After a cascade of hybridization
events, in which the penultimate step is the hybridization of horseradish peroxidase (HRP)-
labeled probes to the amplifier probes, the covalent deposition of Cy3.5 fluorophore adja-
cent to the probes is catalyzed by HRP allowing single-molecule detection of vDNA. An aver-
age of 2.1 vDNA foci/nucleus was detected in the control cells (Fig. 1C; range from 0 to 11),
indicating that only 1 in ~7 nuclear vDNAs leads to GFP reporter expression. The average
number of vDNA foci/nucleus was only slightly lower for RAL-treated cells compared to con-
trol cells (1.7 versus 2.1, respectively; range from 0-8), indicating unintegrated vDNA can be
efficiently detected 24 hpi. As expected, very few NVP-treated cells (1 of 226) contained a
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single vDNA focus. The large size of the vDNA foci (Fig. 1B) resulting from the large amount
of Cy3.5 fluorophore deposited adjacent to the vDNA, and the inability to discriminate
between integrated and unintegrated VDNA, precluded the determination of intranuclear
locations of integrated proviruses. Nevertheless, these results showed that DNAscope can
be used to efficiently detect vDNA in infected cells with single-molecule sensitivity.

Development of a method to specifically detect active proviruses. HIV-1 RNA
(VRNA) was detected at the single-molecule level using the RNAscope in situ hybridization
assay with a series of 78 pairs of Z probes that specifically target plus-strand VRNA (Fig. 2A,
top). Hela cells were infected with single-cycle HIV-1 GFP reporter virus at an MOI of 0.05
and VRNA was detected 24 hpi. Infected cells expressing various levels of vVRNA could be
observed 24 hpi (Fig. 2A, bottom). Although VRNA was detected using probes labeled with
Alexa Fluor 488, a fluorescent dye which has a similar emission spectrum as GFP, the expres-
sion of the GFP reporter did not interfere with vVRNA detection because the GFP protein was
damaged with formalin fixation, precluding its detection. The percentage of cells expressing
VRNA at 24 hpi (~4.0%; Fig. 2B) was similar to the percentage of cells that expressed the
GFP reporter 48 hpi (~3.7%; Fig. 2C). Treatment of the cells with NVP or RAL significantly
decreased the proportion of cells expressing VRNA (Fig. 2B) and GFP reporter (Fig. 2C), indicat-
ing that both reverse transcription and integration was required for detection of VRNA when
the cells were infected at a low MOI. Upon close inspection, a single, bright focus containing
multiple RNAs could be readily detected in most cells expressing VRNA (Fig. 2D and E). To
determine if the bright foci were HIV-1 transcription sites (TS) and not sites of VRNA aggrega-
tion, VRNA and vDNA was simultaneously detected in a Hela clone containing two proviruses
(Fig. 2F). The average number of observed vDNA foci/nucleus (1.8) was similar to the expected
number of VDNA foci/nucleus (2.0), indicating a high efficiency of DNA detection
(90%; Fig. 2G). The percentage of putative HIV-1 TSs that colocalized with vDNA was high
(83%; Fig. 2H) and similar to the vDNA detection efficiency (90%), indicating that most, if
not all, of the bright nuclear foci are HIV-1 TSs.

Intranuclear localization of active proviruses at 24 hpi and 5 dpi. To determine
the nuclear positions of active proviruses, we measured the distance between each HIV-1 TS
and the nuclear boundary in Hela cells 24 hpi using a custom MATLAB program. The radial
distances between the HIV-1 TSs and the NE, defined by the sharp decrease in DAPI signal,
were significantly smaller than the radial distances between random positions (see Materials
and Methods for determination of random positions) in the nucleus and the NE (~1.4 um
versus ~1.7 um, respectively; P < 0.0001; Fig. 2I). These results indicate the active proviruses
are located closer to the nuclear periphery than would be expected if they were randomly
distributed in the nucleus. These distances were similar to our previous measurements of
the distance between A3F-YFP- and integrase-YFP-labeled HIV-1 RTCs/PICs and the NE
shortly after nuclear import (~1.4 wm) (21), indicating viruses are at or near the target site
of integration shortly after nuclear import. Next, we measured the distance between HIV-1
TSs and the NE at 5 dpi after multiple rounds of cell division (Fig. S1). The distances between
the HIV-1 TSs and the NE at 5 dpi were significantly larger than the distances measured at
24 hpi (~1.8 um; P < 0.0001; Fig. 2I). These results are consistent with a previous report
indicating proviruses were randomly distributed 13 dpi, (23). In this previous study, the ran-
domly distributed proviruses were detected whether or not they were transcriptionally
active. The distances between HIV-1 TSs and the NE at 5 dpi in cells treated with aphidicolin
(APC), an inhibitor of nuclear DNA replication that blocks cell division, were similar to the dis-
tances measured at 24 hpi. These results provide direct evidence that cell division is required
for the change in locations of active proviruses away from the NE. We also determined the
distances between the host gene glyceraldehyde 3-phosphate dehydrogenase (GAPDH) TSs
and the NE and found that these distances were similar to the distances of HIV-1 TS and NE
5 dpi (Fig. 2I). Taken together, these results indicate that the intranuclear positions of chro-
matin regions that are targets for integration and harbor active proviruses can be dynamic
and change after cell division.

LEDGF/p75 is a ubiquitous nuclear protein that binds to HIV-1 integrase and facilitates
HIV-1 replication by directing integration into genes that are transcriptionally active and
highly spliced (2-4). We visualized HIV-1 TSs 24 hpi in a previously described Hela cell line

January/February 2022 Volume 13 Issue 1 €03256-21

mBio’

mbio.asm.org 4


https://mbio.asm.org

Intranuclear Positions of HIV-1 Proviruses Are Dynamic mBio’

(@)

A B
(+) strand 5’ § ? ? ? ? 3 6 — 6 —

HIV-1 RNA 5 2 .
EIVERSVY 24 hpi A ? 38
DAPI o4 o 4
& [
Nl :
N3 >
>2- £ 2+
T =
21 8 1- o
C
i 0 0 i
| g e | T
MOI = 0.05 Control RAL NVP Control RAL NVP
D E

_r HIV-1 RNA
HIV-1 RNA at the transcription DAP

site labeled with probes

Provirus s HIV-1 DNA

HIV-1 RNA

Nuclear envelope

G HIV-1 DNA detection H
2.0+ efficiency = 90% 2 100 ns
? <80
= c z
8 1.5 %’_o
3 521
pd D =
o 1.0+ c L
- £ p 40+
> N
T 0.5 % -(C_j 204
X
0.0 T T 0 I I
Observed Expected Observed Expected
No. cells analyzed: 147 No. TS analyzed: 145
! an di J
100 Median distance
< to NE (um) n
% 80 —— ~24 hpi 1.4 175
c *kkk
%,_ 50 —— 5dpi ~ ns 1.8 319
PN Iy /A 5 dpi (APC) sxlns 1.5 98
= —— GAPDH 2.2 90
2 204 4/ Random 1.7 175
jun } .
O O '.
T T T T T 1

0o 1 2 3 4 5 6
Distance between HIV-1 TS and NE (um)

FIG 2 Detection of HIV-1 RNA and HIV-1 transcription sites (TSs) using RNAscope. (A) Hela cells were infected with an amount of virus that leads to ~5%
of cells expressing GFP reporter 48 hpi (MOl = 0.05) and fixed 24 hpi. HIV-1 RNA was detected by RNAscope, an RNA in situ hybridization assay which uses
probes labeled with Alexa Fluor 488 (green); cell nuclei were counterstained using DAPI (blue). Scale bar, 40 um; inset scale bar, 10 um. (B and C) The
percentage of HIV-1 RNA* cells ~24 hpi (B) and percentage of GFP* cells ~48 hpi (C) was determined for cells treated with the DMSO control, RAL, or
NVP. Data are mean * SD; statistical significance was determined using Welch's t-tests. (D) Schematic showing HIV-1 RNA at the TS labeled with FISH
probes in a nucleus counterstained with DAPI. Red line indicates the closest distance in 3 dimensions between the center of the HIV-1 TS and the edge of
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in which LEDGF/p75 was deleted using CRISPR/cas9 (HeLa:LKO [21]). We observed some
infected cells that expressed HIV-1 RNA and had a detectable TS, while other cells expressed
HIV-1 RNA but did not have a detectable TS (Fig. 3A). A lower percentage of infected Hela:
LKO cells (i.e., HIV-1 RNA expressing) had detectable TSs compared to infected control HelLa
cells (29% versus 64%, respectively; Fig. 3B). Since the detection of TSs requires active tran-
scription at the time of fixation, proviruses in VRNA+ cells that are transcriptionally silent at
the time of fixation due to stochastic nature of transcription (35, 36) will not be detected.
These observations suggest that proviruses in the HeLa:LKO cells are more likely to be tran-
scriptionally silent at the time of fixation. The nuclear locations of proviruses that were never
transcriptionally active (VRNA-) could not be detected in this assay.

The median distance between the HIV-1 TSs and the NE in HelLa and HeLa:LKO cells
was similar (~1.4 um; P > 0.05; Fig. 3C), indicating that chromatin regions that are targets
for integration in the presence or absence of LEDGF/p75 and harbor active proviruses are
located a similar distance from the nuclear periphery. The fluorescence intensity of HIV-1
TSs, which is expected to directly correlate with the number of nascent vVRNAs at the TS, was
significantly lower in HeLa:LKO cells compared to Hela cells, as expected from our previous
studies (Fig. 3D; [21]). These results indicate that the fluorescence intensity of the TS can be
used as a semiquantitative measurement of proviral transcription activity.

Some studies have suggested a functional link between the radial position of a
gene and its activity; those that are located toward the interior of the nucleus tend to be
more transcriptionally active compared to genes closer to the NE (reviewed in reference 37).
However, it has also been demonstrated that alteration of the radial position of genes does
not affect expression, and that many genes do not undergo positional changes when their
expression levels are modulated (reviewed in reference 37). Therefore, we performed a linear
regression analysis to determine the relationship between the HIV-1 TS fluorescence inten-
sity and the distance between the HIV-1 TS and the NE (Fig. 3E). The results indicated that
there was no correlation between the HIV-1 TS fluorescence intensity and their distance to
the NE at 24 hpi (r = 0.08, P > 0.05), 5 dpi (r = 0.05, P > 0.05), 24 hpi in HelLa:LKO cells
(r=0.04, P > 0.05), or 5 dpi in APC-treated cells (r = —0.13, P > 0.05). There was also no
correlation between GAPDH TS fluorescence and their distance to the NE (r = 0.01, P > 0.05).
Consistent with previous observations (38), there was wide variation in the distances from the
GAPDH TSs and the NE (0.5 wm to 5.8 wm; Fig. 3E), indicating that the intranuclear locations
of at least some genes are not fixed and can be altered after cell division. Thus, the radial
distance between HIV-1 proviruses or the GAPDH gene and the NE is not correlated with
transcription activity.

The CA-CSPF6 interaction influences the intranuclear location of integration.
CPSF6 is a nuclear host factor that binds to the HIV-1 capsid (39) and disruption of CA-CPSF6
interactions alters the target sites of HIV-1 integration (5-8). Similar to HIV-1 encoding
WT CA, HIV-1 TSs could also be detected 24 h after infection for the CPSF6-binding capsid
mutants N74D (5) and A77V (40), as previously described (1) (Fig. 4A). The fluorescence inten-
sities of the HIV-1 TSs for the N74D and A77V mutants were similar to the WT, indicating that,
unlike integration in the absence of LEDGF/p75, integration with impaired CA-CPSF6 interac-
tion does not affect HIV-1 transcription levels (Fig. 4B). These results are consistent with previ-
ous observations that CA-CPSF6 binding mutants (N74D or A77V) have similar infectivities as
WT (1, 40). To elucidate the role of CPSF6 in nuclear positioning of active proviruses, we first
determined the distance between the HIV-1 TS and the NE for N74D and A77V capsid mutants

FIG 2 Legend (Continued)
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the DAPI signal (NE). (E) Detection of HIV-1 TS 24 hpi. Scale bar, 10 um; inset scale bar, 2 um. The contrast of the inset was adjusted to show the HIV-1 TS.
(F) Simultaneous detection of HIV-1T RNA and DNA. HIV-1 RNA and DNA were simultaneously detected in a clonal population of cells derived from a single
infected cell containing two HIV-1 proviruses. The images show that HIV-1 TSs colocalize with HIV-1 DNA. Scale bar, 40 um; inset scale bar, 10 um. (G) The
DNA detection efficiency (90%) was calculated by dividing the observed number of HIV-1 DNA nuclear spots/cell (1.8) by the expected number of HIV-1
DNA nuclear spots/cell (2.0). (H) The percentage of putative HIV-1 TSs that colocalized with HIV-1 DNA. P value is from Fisher’s exact test; ns, not significant
(P > 0.05). (I) Cumulative frequency distribution of distances (um) between HIV-1 TS detected 24 hpi and NE, HIV-1 TS detected 5 dpi and NE, HIV-1 TS
detected in aphidicolin (APC)-treated cells 5 dpi and NE, GAPDH TS and NE, and random intranuclear positions and NE; median distances are indicated by
red dotted line. Statistical significance was determined using Kolmogorov-Smirnov tests. The sample number (n) indicates number of TSs analyzed. (J)
Detection of HIV-1 RNA and HIV-1 TSs by FISH 5 dpi. Scale bar, 20 wm; inset scale bar, 2 um. The contrast of the inset was adjusted to show the HIV-1 TS.

P < 0.0001; **, P < 0.01; %, P < 0.05.
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FIG 3 Detection of HIV-1 TSs in LEDGF knockout cells and determination of HIV-1 TS fluorescence intensities. (A) HeLa:LEDGF/p75 knockout (LKO) cells
were infected and fixed 24 hpi. HIV-1 RNA was detected by FISH probes labeled with Alexa Fluor 488 (green) and cell nuclei were counterstained using
DAPI (blue). Scale bar, 10 um. (B) The percentage of infected cells with detectable HIV-1 TSs. Parental Hela cells or HeLa-LEDGF knockout (LKO) cells were
infected with an amount of virus that leads to ~5% of cells expressing GFP reporter 48 hpi (MOl = 0.05) and fixed 24 hpi. HIV-1 TSs were detected by RNA
FISH and cell nuclei were counterstained using DAPI. Statistical significance was determined using a Welch’s t test. (C) Cumulative frequency distribution of
distances (um) between HIV-1 TS and NE in Hela and Hela:LKO cells detected 24 hpi and between random intranuclear positions and NE. Statistical
significance was determined using Kolmogorov-Smirnov tests. The sample number (n) indicates number of HIV-1 TSs analyzed. The HIV-1 TSs for HelLa cells
24 hpi and random positions are replotted from Fig. 2I (D) The normalized fluorescence intensity of the HIV-1 TSs in Hela and HelLa:LKO cells. Lines are
mean =* SD; P values are from Welch’s t-tests. (E) Linear regression analysis of TS fluorescence intensity and distance between TSs and NE for HIV-1 TSs in
Hela cells ~24 hpi, HeLa:LKO cells 24 hpi, Hela cells 5 dpi, and APC-treated Hela cells 5 dpi and GAPDH TSs in Hela cells. The Pearson correlation
coefficient (r) was determined. ****, P < 0.0001; ***, P < 0.001; *, P < 0.05; ns, not significant (P > 0.05).

detected at 24 hpi (Fig. 4C). The TSs for the N74D and A77V CA mutants were located much
closer (~0.9 -1.0 um) to the nuclear periphery compared to WT virus (~1.3 wm), indicating
that impairment of CA-CPSF6 interactions results in HIV-1 integration into chromatin regions
that are closer to the NE (Fig. 4C). We also determined whether the nuclear location of the
active proviruses for the N74D and A77V CA mutants changed after cell division. The distance
between the HIV-1 TS and the NE for the N74D and A77V CA mutants was shifted toward the
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FIG 4 Effect of CA-CPSF6 binding on the intranuclear positions of active proviruses. (A) Detection of
HIV-1 RNA and HIV-1 TSs by RNAscope using probes labeled with Alexa Fluor 488 (green) 24 hpi of
Hela cells with HIV-1 containing capsid mutations N74D or A77V. The nuclei were stained with DAPI
(blue). Scale bar, 10 um; inset scale bar, 2 um. The contrast of the insets was adjusted to show the
HIV-1 TS. (B) Normalized fluorescence intensity of the HIV-1 TSs derived from WT, N74D, or A77V virus
in Hela cells. Lines are mean * SD; Statistical significance was determined using Welch’s t-tests. (C
and D) Cumulative frequency distribution of distances (um) between HIV-1 TS and NE for WT,
N74D, and A77V virus in Hela cells detected 24 hpi (C) and 5 dpi (D). Statistical significance was
determined using Kolmogorov-Smirnov tests. ****, P < 0.0001; ***, P < 0.001; *, P < 0.05; ns, not significant

(P > 0.05).
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interior of the nucleus at 5 dpi (1.2-1.4 wwm at 5 dpi versus 0.9-1.0 um at 24 hpi), although the
positions of the proviruses were still significantly more peripheral than WT HIV-1 TSs (Fig. 4D).
These results are consistent with a report indicating that lamina-associated domains (LADs)
interact either with the NE or the outer surface of nucleoli, and that ~30% of the chromo-
somal regions defined as LADs are at the nuclear periphery during interphase (41). In sum-
mary, the active proviruses derived from virus harboring CA mutants with impaired binding to
CPSF6 have similar levels of transcriptional activity but are more likely to be located closer to
the NE than WT proviruses.

Intranuclear positioning of active proviruses in T cells. Next, we sought to deter-
mine the intranuclear positioning of active proviruses in T lymphocytes, the natural target of
HIV-1 infection. However, detecting RNA in nonadherent T cells using the RNAscope assay
without perturbing their normal cell morphology is challenging. Therefore, we utilized a previ-
ously described RNA stem-loop technology (21, 34) to specifically detect VRNA. The HIV-1 ge-
nome was engineered with 18 copies of a stem-loop structure (BgISL) in place of the vif and
vpr genes (Fig. 5A, top). Infection of cells expressing a fluorescently labeled bacterial BglG pro-
tein (Bgl-mCherry) results in the specific labeling of VRNA containing BgISL and detection of
HIV-1 TSs under certain imaging conditions (Fig. 5A, bottom). Typically, low laser power imag-
ing conditions are used to facilitate the observation of the HIV-1 TS, which contains multiple
copies of VRNA. Under these conditions, the vVRNAs that move away from the TS have signals
that are below the limit of detection. To determine if the detection of HIV-1 TSs by RNAscope
or the BgISL assays yield similar results, we compared the distances between HIV-1 TSs and
the NE in Hela cells 24 hpi (Fig. 5B). The distribution of distances between the HIV-1 TSs
and the NE determined using each technique was similar (median distances of ~1.3 and
~14 um, respectively; P > 0.05). These results indicate that both techniques provide
almost identical measurements of the distance between active proviruses and the NE.

Next, we generated a CEM-SS T cell line that stably expresses Bgl-mCherry (CEM-SS:
Bgl-mCherry). CEM-SS T cells are frequently used for HIV-1 infection and replication
studies (42-45). These cells were infected with HIV-1 containing BgISL (and a gfp reporter
gene in place of nef) and the HIV-1 TSs were visualized by live-cell imaging 24 hpi (Fig. 1C).
The HIV-1 TSs derived from virus containing WT CA were located near the nuclear periphery
(~0.9 wm) and were significantly more peripheral than would be expected if they were ran-
domly distributed in the nucleus (~1.6 wm; Fig. 5D). Interestingly, the distances between the
active proviruses and the NE in Hela cells are larger than the distances measured in CEM-SS
cells (~1.3 versus ~0.9 um), but this could be explained in part by the larger nucleus size of
Hela cells compared to CEM-SS cells (average radius of 7.6 um and 64 um, respectively;
Fig. 5E). The average distance between the active proviruses and the NE in Hela cells repre-
sents ~17% of the distance to the center of the nucleus (1.3 um/7.6 wm = 0.17). Similarly, the
average distance between the active proviruses and the NE in CEM-SS cells is ~14% of the dis-
tance to the center of the nucleus (0.9 um/6.4 um = 0.14). However, the normalized distances
between the HIV-1 TS and the NE in HelLa and CEM-SS cells were significantly different
(P = 0.0255), suggesting that factors other than nuclear size, such as differences in chromatin
organization, may contribute to differences in intranuclear positioning of actives proviruses.

We also determined the distance between each HIV-1 TS and the NE for the N74D
and A77V CA mutant viruses; unlike the results in Hela cells, these distances were similar
(~0.9 um) to the locations of HIV-1 TSs derived from WT virus (Fig. 5D). These observations
indicated that the chromosomal regions that are targets of integration and harbor active
proviruses for the N74D, A77V, and WT viruses are located a similar distance from the NE.
We previously observed that WT viral cores, but not N74D and A77V viral cores, enter the
nucleus of CEM-SS T cells (1); these results indicate that although the uncoating location of
WT and N74D/A77V viral cores may differ in CEM-SS cells, the vDNA integrates into chroma-
tin located close to the nuclear periphery.

Active proviruses do not colocalize with nuclear speckles. We sought to deter-
mine the role of nuclear speckles at two different time points during the early stage of
HIV-1 infection. Nuclear speckles were identified by indirect immunostaining of the nu-
clear splicing factor SC35 (Fig. 6A), a protein that is highly enriched in nuclear speckles
(reviewed in reference 13). To determine whether HIV-1 cores localize to nuclear speckles

January/February 2022 Volume 13 Issue 1 €03256-21

mBio’

mbio.asm.org 9


https://mbio.asm.org

Burdick et al. mBio’

B
Bgl-mCherry
- BgISL 100
(+) strand 5’ 3 s
HIV-1 RNA 2 80 . .
= Median distance
HIV-1 RNA at .the transcription site 3 60 HIV-1 TS detected by:  to NE (um) n
Iabngd with Bgl-mCherry L FISH 14 175
Tl 2 407 ns
; ; 3 2 —— Bgl-mCherry 1.3 76
> -
Provirus IS
&
0 T T T T 1
0o 1 2 3 4 5 6
Nuclear envelope Distance between HIV-1 TS and NE (um)
C
CEM-SS T cell

N74D ATTV

Bgl-mCherry
gfp reporter

5
H
H
H
H
H

O
m

7.6x1.0 6.4%0.9

9 100 Median distance 104 : :
2 80 QR ' toNE (um) n g 8-
s | W - : —— WT 24 hpi 0.9 110 P
: =]
o> 60 o 5 64
) —— N74D 24 hpi | [ns 0.8 154 @ :
= *kkk 7))
Y 1 -1 .
ERR —— A77V 24 hpi wors; 0.9 152 é 4 :
E d*kkk S _
é’ 204 4 Random 1.6 306 z 2
>
o 0 T T T T T T T 1 0 T T
0 1 2 3 4 HeLa CEM-SS:
Distance between HIV-1 TS and NE (um) Bgl-mCherry

FIG 5 Detection of HIV-1 TSs in CEM-SS T cells. (A) Schematic showing HIV-1 RNA containing Bgl-G stem-loops (BglISL) that are bound to Bgl-mCherry (top)
and HIV-1 RNA at the TS labeled with Bgl-mCherry (bottom). Bgl-mCherry protein that is not bound to HIV-1 RNA is diffusely distributed in the nucleus and
can be used to define the nuclear boundary. (B) Cumulative frequency distribution of distances (um) between HIV-1 TSs and NE for HIV-1 RNA in Hela
cells detected by RNAscope detected 24 hpi or for HIV-1 RNA containing BgISL in Hela cells expressing Bgl-mCherry 24 hpi. (C) CEM-SS T cells expressing
Bgl-mCherry were infected with WT, N74D, or A77V virus containing BgISL and HIV-1 TSs were detected 24 hpi. Scale bar, 10 um; inset scale bar, 2 um. (D)
Cumulative frequency distribution of distances (um) between HIV-1 TSs detected 24 hpi and NE for WT, N74D, and A77V virus and between random
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tests. ****, P < 0.0001; *, P < 0.05; ns, not significant (P > 0.05).

prior to uncoating, Hela cells were infected with HIV-1 virions labeled with a mCherry
fluid-phase marker, similar to labeling viral cores with a GFP fluid-phase marker as recently
reported by us and others (10, 46, 47). Briefly, infectious mCherry-labeled HIV-1 virions were
generated using a modified HIV-1 Gag-pol vector containing an mCherry that was inserted
between matrix (MA) and CA and complementation with WT Gag-pol (1:2 ratio) to generate
infectious virions. During virion maturation, mCherry is fully processed by HIV-1 protease;
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HIV-1 cores and nuclear speckles in Hela cells 6 hpi. HelLa cells were infected with mCherry-labeled HIV-1 virions, fixed at 6 hpi, and then nuclear speckles
were analyzed by indirect immunostaining of SC35. Three HIV-1 cores that colocalize with SC35 signal (panel A) and an HIV-1 core that does not colocalize
with SC35 signal (panel B). (D) Detection of HIV-1 TS and nuclear speckles in HelLa cells 20 hpi. Hela cells expressing Bgl-mCherry were infected with HIV-1
containing BglISL, fixed at 20 hpi, and then nuclear speckles were visualized by immunostaining of SC35. Panel shows HIV-1 TS that does not colocalize
with SC35 signal. For (C) and (D), scale bar, 10 um; inset scale bar, 1T um. (E) The percentage of HIV-1 cores and HIV-1 TS that colocalize with nuclear
speckles from four and three independent experiments (open circles), respectively. A total of 2,679 HIV-1 cores and 98 HIV-1 TS were analyzed. Statistical
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speckles. Statistical significance was determined using a Mann-Whitney test; **, P < 0.01.

some mCherry is trapped between the viral membrane and the mature viral core and some
mCherry is trapped within the mature viral core (Fig. 6B). Viral cores labeled with mCherry
were detected inside the infected cell nuclei at 6 hpi (Fig. 6C), consistent with our previous
observation that viral cores labeled with a GFP fluid-phase marker could be readily detected
in infected cell nuclei (10). To identify HIV-1 TSs, Hela cells expressing Bgl-mCherry were
infected with HIV-1 virions containing BgISL and HIV-1 TSs were detected at 20 hpi (Fig. 6D).
A majority of nuclear HIV-1 cores (57.6%) colocalized with nuclear speckles. These results are
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consistent with recent observations that HIV-1 RTCs/PICs frequently colocalized with nuclear
speckles (12, 15). However, very few active proviruses (7.6%) colocalized with nuclear speck-
les (Fig. 6E). The average distance between active proviruses and the nearest nuclear speckle
(~0.9 um) was smaller than the average distance between random positions and the near-
est nuclear speckle (~1.4 uwm). Thus, consistent with recent reports (12, 48), the results indi-
cated that active proviruses are located closer to nuclear speckles than would be expected if
the proviruses were randomly distributed in the nucleus (Fig. 6F). In summary, these findings
indicate that although viral cores localize to nuclear speckles prior to uncoating, active provi-
ruses are located adjacent to nuclear speckles.

DISCUSSION

Determining the intranuclear positions of active proviruses may provide insight into
how HIV-1 selects suitable genomic targets for integration and the relationship between the
position of proviruses in the cell nucleus and their transcription activity. Here, we observed
that the transcriptional activity of proviruses was not correlated with their radial positioning
inside the nucleus at early (24 hpi) or late (5 dpi) time points. Our results showed that active
proviruses are positioned near the nuclear periphery shortly after infection, and that host fac-
tors LEDGF/p75 and CPSF6 have different effects on the nuclear positioning and transcrip-
tional activity of proviruses. In LEDGF/p75-depleted Hela cells, the radial position of active
proviruses was not altered, but their transcription activity was significantly reduced, whereas
when capsid-CPSF6 interaction was disrupted by CA mutations, the radial position of active
proviruses in Hela cells was much closer to the NE but their transcriptional activity was not
significantly altered. Taken together, these results indicate that the local chromatin environ-
ment of the proviruses, but not their radial nuclear positioning, is likely to provide greater
insight into the regulation of HIV-1 transcription and the mechanism of HIV-1 latency.

We detected active proviruses using two different methods that have their own advan-
tages and limitations. The RNA stem-loop technology is suitable for live-cell imaging to
determine the dynamics of HIV-1 transcription from single proviruses but requires the inser-
tion of multiple RNA stem loops in the viral genome. RNAscope can be used to detect WT
HIV-1 genomes but is limited to fixed cells and requires extensive sample processing, which
can perturb cell morphology. One caveat of these two detection methods is that we could
not determine the positions of transcriptionally inactive proviruses, which may be different
than the positions of active proviruses. However, our previously published observations
argue against the hypothesis that the intranuclear positions of transcriptionally inactive and
active proviruses at 24 hpi are different. We previously showed that viral cores labeled with
fluorescent proteins are localized ~ 1.4 um from the NE at 6 hpi (17, 21). Furthermore, the vi-
ral cores remain at these locations for several hours, uncoat, and the released vDNA integra-
tes into nearby chromatin (1), indicating that the distribution of all integration sites is likely
to be similar to that of viral cores at 6 hpi. Finally, the distribution of active proviruses is simi-
lar to that of viral cores at 6 hpi (1). Since the distribution of viral cores is similar to the distri-
bution of all integration sites and the distribution of active proviruses, we believe the distri-
bution of inactive proviruses is not likely to be different from that of active proviruses. We
also previously observed that the viral cores in the nuclei of LEDGF/p75 KO cells were on av-
erage located the same distance from the NE as in unmodified HeLa cells (21). Since integra-
tions occur close the locations of the viral cores (1), we believe the data suggest that LEDGF/
p75 KO did not significantly alter the locations of integrations but did reduce the level of
HIV-1 transcription from infected cells (cells expressing HIV-1 RNA).

Interestingly, in contrast to Hela cells, there was little or no change in the radial
positioning of active proviruses in CEM-SS cells after disruption of the CA-CPSF6 interaction.
Although the proviruses derived from the N74D mutant were ~50 nm closer to the NE than
WT proviruses (P < 0.05), the proviruses derived from the A77V mutant were not significantly
different from WT with respect to the distance from the NE (P > 0.05). These observations sug-
gest that the preferred sites of integration in CEM-SS cells for the WT and CPSF6-binding-de-
fective active proviruses were located a similar distance away from the NE. Whether this differ-
ence between Hela and CEM-SS cells is due to differences in chromatin organization or
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nucleus size is unclear at this time. In addition, the disruption of the CA-CPSF6 interaction did
not have a detectable effect on the level of HIV-1 transcription even though integration pri-
marily occurs in or near LADs (7, 8), which are regions of chromosomes typically associated
with lower gene expression (reviewed in reference 49). These results suggest that, in the ab-
sence of CA-CPSF6 interaction, HIV-1 integrates into the transcriptionally active chromatin
areas of LADs, presumably in a LEDGF/p75-dependent manner. Alternatively, HIV-1 integrates
in the repressive chromatin within LADs but can somehow overcome the suppression of the
chromatin environment near the proviruses. Nevertheless, the similar levels of transcriptional
activity of mutant and WT proviruses are consistent with their similar infectivities (1, 40).

We previously estimated that only a small number of RTCs/PICs enter the nucleus,
indicating that nuclear import is a major block to infection (17, 21). Here, we estimate that
only 1in ~7 vDNAs inside the nucleus will lead to productive infection, indicating that only
a fraction of RTCs/PICs that initiate reverse transcription and enter the nucleus lead to pro-
ductive infection. Indeed, not all vDNAs inside the nucleus are expected to integrate, since
unintegrated forms of HIV-1 DNA such as linear DNA and 1- or 2-long terminal repeat circles
can be readily detected (reviewed in reference 30). Other possibilities for the failure of the
viruses to lead to productive infection include a defect in nuclear HIV-1 core uncoating (1),
incomplete DNA synthesis (incomplete RT products of sufficient size would be detected in
the highly sensitive in situ hybridization assay), failure to integrate, or integration into regions
of the genome that are not conducive to HIV-1 gene expression.

Some studies have reported a pan-nuclear distribution of vDNA (6, 9), while other
studies have reported peripheral distribution (16, 23, 25). The different interpretations
are likely due to differences between the methods used to analyze the results. In some
studies, the nucleus was partitioned into three zones of roughly equal area and then
the colocalization of vDNA foci within these zones was determined. In these studies,
transcriptionally active and inactive integrated and unintegrated VDNA were examined,
whereas in our studies, only transcriptionally active integrated vDNA was analyzed. In addition,
the fact that nuclei are not perfect spheres, the number of zones chosen, and subtle differen-
ces in the way the zones are defined (6, 9, 50) could lead to different interpretation of the
results. Here, like some other studies (16, 20, 23, 29), we compared the distances between the
proviruses and the nucleus boundary directly to the distances obtained from random posi-
tions inside the nucleus; therefore, we were able to determine if the proviruses are closer to
the NE than would be expected by random chance. We previously observed that after enter-
ing the nucleus HIV-1 cores do not move far from their point of nuclear entry (~23 um),
remain near the NE (~1.4 um), and that their movement is significantly restricted and indistin-
guishable from the restricted movement of genes (21), indicating the vDNA integrates into
chromatin that is located near the point of nuclear entry.

Previous genome-wide HIV-1 integration site studies have shown that a large proportion
of actively transcribed genes are targeted by HIV-1 for integration (51, 52). Our results indi-
cate that HIV-1 prefers to integrate into genes that are located near the nuclear periphery at
the time of infection, but the locations of these genes change as a result of cell division. Our
observation that gene positions are dynamic is consistent with previous studies showing
that gene positions vary substantially from cell to cell (38, 53). Thus, although HIV-1 prefers
to integrate into genes that are located near the nuclear periphery, the dynamic nature of
genes in a large population of cells allows for most of the genomic sites of integration to be
located at this preferred distance from the NE in some infected cells.

We observed that most HIV-1 cores inside the nucleus colocalize with nuclear speckles
but that most HIV-1 TSs do not. It is important to note that our previous results suggest that
HIV-1 TSs become detectable several hours after integration (1). Therefore, the active provi-
rus could have separated from the nuclear speckles between integration and TS detection.
Alternatively, it is possible that uncoating occurs within nuclear speckles but that integration
occurs in genes located adjacent to nuclear speckles; the low density of genes in this inter-
chromatin space relative to other regions of the nucleus (reviewed in reference 13) and the
absence of transcribing genes inside nuclear speckles (54) may result in few targets available
for integration inside nuclear speckles. Given the dynamic nature of nuclear speckles, HIV-1
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cores and/or the PICs released from the capsids may exit the nuclear speckle and integrate
into the nearby chromatin. Future studies will be required to further elucidate the role of nu-
clear speckles in uncoating, integration site selection, and transcription.

Overall, these studies support a model in which WT viral cores enter the nucleus
and penetrate to an average distance of ~1.4 um, uncoat and integrate into nearby
sites in a LEDGF/p75-dependent manner. The results of these studies also explain the
seemingly paradoxical observations that the preferred sites of integration are located
near the nuclear periphery, and yet genome-wide integration site analysis shows that
HIV-1 integrates throughout the human genome (51, 52). The observation that the
locations of active proviruses become random after a few cell divisions indicates that
the subset of genes located at the ~1.4 um distance from the NE are different in each
cell, and that the entire genome is available for HIV-1 integration at this preferred pen-
etration distance in a population of cells. It has been suggested that CPSF6 plays a role
in localizing the viral core to nuclear speckles near the sites of integration (9, 12); other
unidentified host factors may also facilitate viral core localization near sites of integra-
tion as well as the selection of chromosomal sites for integration by the PIC after its
release from the capsid. These studies also show that the distance from the NE to the
integration site is cell-type dependent and does not correlate with proviral transcrip-
tion activity. Thus, the local chromatin organization, and not the radial positioning of
proviruses, has a greater influence on proviral transcription activity. ldentification of
intact proviruses from elite controllers that were integrated into genomic regions con-
taining centromeric satellite DNA and other heterochromatic regions (55) strongly sug-
gests that selection of integration sites that enable proviral transcription is an essential
step in HIV-1 replication.

MATERIALS AND METHODS

Cell lines and reagents. HeLa (American Type Culture Collection [ATCC CCL-2]), HeLa:LEDGF/p75
knockout (LKO) (21), and Human embryonic kidney 293T cells (ATCC CRL-3216) were maintained as pre-
viously described. CEM-SS cells (NIH AIDS Reagent Program, Division of AIDS, NIAID, NIH; gift from Dr.
Peter L. Nara; Catnumber 776) were maintained in Roswell Park Memorial Institute (RPMI) 1640 medium
(CellGro, Manassas, VA) supplemented with 10% fetal calf serum (HyClone, Logan, UT) and 1% penicillin-
streptomycin (penicillin 50 U/ml and streptomycin 50 wg/ml; Lonza, Walkersville, MD). To generate the
CEM-SS:Bgl-mCherry cell line, CEM-SS cells were transduced with the lentiviral vector pLVX-TRE3G-Bgl-
mCherry (1), which expresses a truncated bacterial protein BglG that is fused to mCherry at the C termi-
nus and contains a nuclear localization signal (Bgl-mCherry) from a doxycycline-inducible promoter, and
Tet-On 3G (Clontech, Mountainview, CA), which expresses the transactivator protein. The transduced
cells were maintained in complete media containing puromycin (0.5 xg/ml; Thermo Fisher Scientific)
and G418 Sulfate (200 wg/ml; Sigma-Aldrich). Doxycycline (Sigma-Aldrich; 1 xg/ml) was added for 24 h
prior to imaging to induce Bgl-mCherry expression. Aphidicolin (Abcam, Waltham, MA, Cat. number
142400) was used at a final concentration of 10 wg/ml. NVP and RAL were obtained through the NIH
AIDS Reagent Program and were used at final concentrations of 5 uM and 10 uM, respectively.

HIV-1 constructs and infections. HIV-1 particles were prepared by cotransfection of 293T cells with
the HIV-1-derived replication-defective vector pHDV-EGFP kindly provided by Derya Unutmaz (New York
University) (56), which is deficient for envelope glycoprotein gene (env) and the accessory genes vif, vpr,
vpu, and nef, and can only complete a single cycle of replication. HCMV-G (57), which expresses the G
glycoprotein of vesicular stomatitis virus (VSV-G), was used to produce VSV-G-pseudotyped HIV-1 par-
ticles. In some instances, 293T cell lines generated by transduction with pHDV-EGFP were transfected
with HCMV-G to generate VSV-G pseudotyped HIV-1 particles. The HIV-1 derived vectors pHGFP-BgISL,
pHGFP(N74D)-BglISL, and pHGFP(A77V)-BgISL, which are HIV-1 vectors containing either WT CA, N74D
CA, or A77V CA and express a gfp reporter gene (in place of nef) and contain BgISL in place of vif/vpr
were previously described (1). HIV-1 virions labeled with mCherry fluid-phase marker were prepared by
cotransfection of 293T cells with HIV Gag-imCherry, which is a vector that was created by replacing the
GFP in HIV Gag-iGFP [NIH AIDS Reagent Program, Division of AIDS, NIAID, NIH: gift from Dr. Benjamin
Chen; Catnumber 12457] with mCherry, and pH-GFP (1), which is an HIV-1 vector that contains a gfp re-
porter gene and does not express env, at a 1:2 ratio. For DNAscope and RNAscope, Hela cells (3 x 10%)
were seeded onto Lab-Tek Il CC2 8-well chambered slides (VWR; Cat. number 62407-025) the day before
infection and virus was added directly to the cells. For immunostaining experiments, HelLa cells (3 x 10%)
were seeded onto ibiTreated w-slides (Ibidi) the day before infection and virus was added directly to the
cells. The CEM-SS:Bgl-mCherry cells were seeded into ibiTreated u-slides (100,000 cells/well) that were
pretreated with poly-L-lysine (Sigma-Aldrich; Cat.number P8920).

To determine virus infectivity, cells were infected with titrations of gfp reporter virus, fixed at 48 h
postinfection with 2% paraformaldehyde (PFA in 1X PBS), and the percentage of GFP™" cells was deter-
mined by flow cytometry. For RNAscope, cells were infected with an HIV-1-derived GFP reporter virus at
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a multiplicity of infection (MOI) of 0.05 (~5% GFP positive cells 48 hpi). For DNAscope (described below),
cells were infected with an HIV-1-derived GFP reporter virus at an MOI of 0.3 (~30% GFP positive cells 48 hpi).
The infected cells were fixed with 10% neutral buffered formalin (NBF) for 30 min at room temperature (RT).
The NBF was removed and the chamber was carefully removed, leaving the fixed cells on the microscope slide.
Cells were dehydrated and permeabilized by successive treatments of increasing Ethanol (EtOH) (50% EtOH for
5 min at RT, 70% EtOH for 5 min at RT, then 100% EtOH for 5 min at RT). The slides (in 100% EtOH) were stored
at —20°C or processed immediately.

Detection of HIV-1 and GAPDH RNA using RNAscope. To detect HIV-1 RNA, the RNAscope Fluorescence
Multiplex reagent kit (Advanced Cell Diagnostics, Inc; Cat. number 320850) was used, with some modifications.
The slides were rehydrated in 70% EtOH for 2 min at RT, 50% EtOH for 2 min at RT, and in 1X phosphate-buf-
fered saline (PBS) for 10 min at RT. For some experiments, the cells were fixed with 4% PFA (in 1X PBS) for
10 min at RT or 10% NBF for 30 min at RT followed by permeabilization with 0.25% TritonX-100 in 1X PBS for
10 min at RT. The cells were pretreated with Protease Ill (1:15 dilution in 1X PBS) for 10 min at RT, then rinsed
2X in 1X PBS. For detection of HIV-1 RNA, cells were incubated with probe V-HIV1-CladeB (Cat. number
416111,78 pairs of “double-Z” probes that target regions 854-8291 of pNL4-3 sequence [GenBank: AF324493.2])
diluted 1:3 in blank buffer for 2 h at 40°C, followed by 2 x 2 min washes in 1X Wash Buffer. For detection of
GAPDH RNA, cells were incubated with probe Hs-GAPDH (Cat. number 310321) diluted 1:3 in blank buffer for 2 h
at 40°C, followed by 2 x 2 min washes in 1X Wash Buffer. For signal amplification, samples were treated with
Amplification Probe-1 (Amp-1) for 30 min at 40°C (followed by 2 x 2 min in 1X Wash Buffer), Amp-2 for 15 min
at 40°C (followed by 2 x 2 min in 1X Wash Buffer), Amp-3 for 30 min at 40°C (followed by 2 x 2 min in 1X Wash
Buffer), and Amp-4 for 15 min at 40°C (followed by 2 x 2 min in 1X Wash Buffer). The cells were counterstained
with DAPI for 30 sec at RT. A number 1.5 coverslip was mounted to the slides using ProLong Gold Antifade
Mountant (ThermoFisher; Cat. number P36930) and the coverslip was sealed using nail lacquer. The samples
were stored in the dark at 4°C until imaging.

Detection of HIV-1 DNA using DNAscope. To detect HIV-1 DNA, the RNAscope 2.5 HD reagent kit-
Brown (Advanced Cell Diagnostics, Inc; Cat. number 322300) was used (33), with some modifications. After
rehydration, samples were treated with hydrogen peroxide for 10 min at RT (followed by 2 x 2 min in distilled
H,O [dH,0]), boiled in 1X Target Retrieval Reagent for 30 min (followed by 2 x 2 min in dH,0), and treated
with Protease IIl (1:5 dilution in 1X PBS) for 15 min at 40°C (followed by 2 x 2 min in dH,0). For hybridization,
the cells were incubated with probe V-HIV1-CladeB-sense (Cat. number 425531; probes that are the anti-sense
of the probes used to detect HIV-1 RNA) for 18 h at 40°C, followed by 2 x 2 min washes in 0.5X Wash Buffer.
For signal amplification, samples were treated with 2.5 HD Amp-1 for 30 min at 40°C (followed by 2 x 2 min in
0.5X Wash Buffer), 2.5 HD Amp-2 for 15 min at 40°C (followed by 2 x 2 min in 0.5X Wash Buffer), 2.5 HD Amp-
3 for 30 min at 40°C (followed by 2 x 2 min in 0.5X Wash Buffer), 2.5 HD Amp-4 for 15 min at 40°C (followed
by 2 x 2 min in 0.5X Wash Buffer), 2.5 HD Amp-5 for 30 min at RT (followed by 2 x 2 min in 0.5X Wash Buffer),
and 2.5 HD Amp-6 for 15 min at RT (followed by 2 x 2 min in 0.5X Wash Buffer). The samples were placed in
Tris Buffered Saline + Tween 20 (0.05% vol/vol; TBS-Tween) immediately before development. The samples
were incubated with a tyramide signal amplification (TSA) Plus Cyanine 3.5 working solution (1:1000 TSA stock
solution in 1X amplification diluent; Perkin-Elmer) for 5 min at RT and plunged in 0.5X Wash Buffer to stop the
reaction. A final wash with 1X TBS-Tween and then 1X PBS. The cells were counterstained with DAPI for 30 sec
at RT. A number 1.5 coverslip was mounted to the slides using ProLong Gold Antifade Mountant and the cov-
erslip was sealed using nail lacquer. The samples were stored in the dark at 4°C until imaging.

Simultaneous detection of HIV-1 RNA and DNA. The HIV-1 DNA was first detected using the
DNAscope assay described above up to the step of the final wash in 1X PBS. Then, HIV-1 RNA was
detected using the RNAscope assay described above, except that probe V-HIV1-CladeB-C3 (Cat. number
416111-C3) was used. The cells were counterstained with DAPI for 30 sec at RT. A number 1.5 coverslip
was mounted to the slides using Prolong Gold Mount and the coverslip was sealed using nail lacquer.
The samples were stored in the dark at 4°C until imaging.

Detection of nuclear speckles. Nuclear speckles were identified by indirect immunostaining of
SC35, a protein that is highly enriched in nuclear speckles (reviewed in reference 13). Cells were fixed with 4%
PFA for 10 min at RT and permeabilized using 1X PBS + 0.25% TX-100 for 10 min at RT (followed by 2 x 2 min
in Immunofluorescence Staining Wash Buffer [IWB; 1X PBS + 0.1% TX-100]). For blocking, cells were incubated
with IWB + 3% bovine serum albumin (BSA; Sigma-Aldrich; Cat. number A7638) for 1 h at RT. Cells were incu-
bated with mouse anti-SC35 antibody diluted 1:1000 in IWB + 1% BSA (Sigma-Aldrich; Cat. number S4045) and
rabbit anti-Lamin A/C diluted 1:1000 in IWB + 1% BSA (Sigma-Aldrich; Cat. number L1293) for 1 h at RT (followed
by 3 x 2 min washes in IWB + 1% BSA). For detection, cells were incubated with anti-rabbit AlexaFluor405-
conjugated secondary antibody diluted 1:1000 in IWB + 1% BSA (ThermoFisher; Cat. number A-31556) and
anti-mouse AlexaFluor488-conjugated secondary antibody diluted in 1:1000 in IWB + 1% BSA (ThermoFisher,
Cat. number A-11001) for 1 h at RT (followed by 3 x 2 min washes in IWB + 1% BSA). Cells were stored in 1X
PBS and imaged immediately or the next day.

Microscopy and image processing. Confocal z-stacks of the infected cells (~34 slices with 0.2 um
step size) were acquired using either a LSM710 laser scanning confocal microscope (Zeiss) equipped with 405-
nm (DAPI), 488-nm (FITC/GFP), and 561-nm (Cy3.5) lasers for illumination and a Plan-Apochromat 63x NA-1.40
oil objective or a Nikon Eclipse Ti-E microscope equipped with a Yokogawa CSU-X1 spinning disk unit and
405-nm (DAPI), 488-nm (FITC/GFP), and 594-nm (mCherry) lasers for illumination, and a Plan-Apochromat 100x
N.A. 149 oil objective. Images were captured on the Nikon microscope using a TwinCam system (Cairn,
Faversham, UK) equipped with a 565-nm splitter and two iXon Ultra (Andor, Belfast, UK) cameras. The Nikon
microscope was also equipped with a Tokai Hit microscope stage top incubator (Tokai, Japan) and was used
for all live-cell imaging experiments. Images of the infected cells were examined using Nikon Elements, ZEN
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lite, or ImagelJ. For display, a pixel-averaging filter was applied to the images and the contrast was adjusted;
unmodified images were used for intensity analyses.

The distance between the HIV-1 TS and the nucleus boundary (i.e., NE) was determined using a cus-
tom MATLAB program. Briefly, the HIV-1 TSs were first identified manually and then their x, y and z posi-
tions were further refined by three-dimensional gaussian fitting. The three-dimensional nucleus bound-
ary was determined using the DAPI or diffuse Bgl-mCherry signal (Bgl-mCherry contains a nuclear
localization signal; thus, most of the Bgl-mCherry localized inside the nucleus) using the confocal z-sli-
ces. The three-dimensional distance between the HIV-1 TS and the nearest point at the nucleus bound-
ary was determined. To determine the distance between random positions inside the nucleus and the
NE, random coordinates (x, y and z) were generated using a custom MATLAB program and the three-
dimensional distance between each random position inside the nucleus and the nearest point at the nu-
cleus boundary was determined. If the proviruses were randomly distributed in the nucleus, the distan-
ces between the proviruses and the NE would be similar to the distances between random positions
and the NE. Cumulative frequency distributions were used to analyze the distances between the HIV-1
TS (or random positions inside the nucleus) and the NE. The local background-subtracted pixel inten-
sities of the HIV-1 TS were determined.

To determine colocalization of HIV-1 cores labeled with mCherry content marker and HIV-1 TS with
nuclear speckles, a mask of the nuclear speckles was first generated using the SC35 immunostaining sig-
nal (Fig. 6A). Next, the positions of the HIV-1 cores or HIV-1 TS were used to determine colocalization
with the nuclear speckles mask. To determine the distance between random positions inside the nucleus
and nuclear speckles, random coordinates (x, y) were generated using a custom MATLAB program. Next,
the two-dimensional distance between each random position inside the nucleus and the nearest nuclear
speckle boundary was determined.

To determine the level of photobleaching of the Alexa Fluor 488-labeled probes, 15 z-stacks (34
images/z-stack with 0.2-um step size) were consecutively acquired of infected cells that had been fixed
24 hpi and stained for HIV-1 RNA using RNAscope. The HIV-1 TS fluorescence intensity was determined
for 10 different HIV-1 TSs (Fig. S2). The results indicated that photobleaching of Alexa Fluor 488-labeled
probes was minimal for a single z-stack and was only detectable after the 3rd z-stack (8% decrease in flu-
orescence intensity from 1st z-stack to 4th z-stack; P = 0.0374). Importantly, fluorescence intensities of
TSs were determined using images of cells that had been acquired using a single z-stack; therefore, the
fluorescence intensities of samples were minimally affected by photobleaching.

Statistics. The Welch's unpaired t test and paired t test were used to analyze parametric data. The
Mann-Whitney U test was used to analyze nonparametric data and the Kolmogorov-Smirnov test was used
to analyze cumulative frequencies. A Fisher's exact test was used to analyze 2 x 2 contingency tables. All
statistical tests were performed in Prism 8 (GraphPad Software, San Diego, CA). P values < 0.05 were con-
sidered significant.

SUPPLEMENTAL MATERIAL
Supplemental material is available online only.
FIG S1, EPS file, 0.5 MB.
FIG S2, EPS file, 0.6 MB.
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