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HIV-1 latency-reversing agents.
\.

(Bacl(ground: FACT proteins SUPT16H and SSRP1 are identified as host factors that restrict HIV-1 replication.
Results: Biochemical and genetic evidences that SUPT16H and SSRP1 affect HIV-1/HTLV-1 transcription and latency are

Conclusion: SUPT16H and SSRP1 suppress transcription of HIV-1/HTLV-1, and their presence may promote HIV-1 latency.
Significance: Identification of host factors necessary for HIV-1 latency is critical, which may benefit the development of novel
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Our functional genomic RNAi screens have identified the
protein components of the FACT (facilitates chromatin tran-
scription) complex, SUPT16H and SSRP1, as top host factors
that negatively regulate HIV-1 replication. FACT interacts spe-
cifically with histones H2A/H2B to affect assembly and disas-
sembly of nucleosomes, as well as transcription elongation. We
further investigated the suppressive role of FACT proteins in
HIV-1 transcription. First, depletion of SUPT16H or SSRP1
protein enhances Tat-mediated HIV-1 LTR (long terminal
repeat) promoter activity. Second, HIV-1 Tat interacts with
SUPT16H but not SSRP1 protein. However, both SUPT16H and
SSRP1 are recruited to LTR promoter. Third, the presence of
SUPT16H interferes with the association of Cyclin T1 (CCNT1),
a subunit of P-TEFb, with the Tat-LTR axis. Removing inhibi-
tory mechanisms to permit HIV-1 transcription is an initial and
key regulatory step to reverse post-integrated latent HIV-1 pro-
viruses for purging of reservoir cells. We therefore evaluated the
role of FACT proteins in HIV-1 latency and reactivation. Deple-
tion of SUPT16H or SSRP1 protein affects both HIV-1 tran-
scriptional initiation and elongation and spontaneously re-
verses latent HIV-1 in U1/HIV and J-LAT cells. Similar effects
were observed with a primary CD4+ T cell model of HIV-1
latency. FACT proteins also interfere with HTLV-1 Tax-LTR-
mediated transcription and viral latency, indicating that they
may act as general transcriptional suppressors for retroviruses.
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We conclude that FACT proteins SUPT16H and SSRP1 play a
key role in suppressing HIV-1 transcription and promoting viral
latency, which may serve as promising gene targets for develop-
ing novel HIV-1 latency-reversing agents.

The global rate of HIV-1 infection and the number of AIDS-
related deaths have dramatically declined because of expanding
access to highly active antiretroviral therapy (HAART).> How-
ever, HIV-1 epidemic remains unsolved, and there is still no
cure for HIV-1 infection, as well as a lack of valid HIV-1 vac-
cines (1). The HAART regimen remains the most effective
treatment, but this only blocks active HIV-1 replication, leaving
residual viraemia in most AIDS patients (2, 3). Viral loads read-
ily rebound once the antiretroviral regimen is interrupted. Also,
lifelong HAART is associated with significant adverse effects
and increases the risk of multiple end organ diseases.

Ultrasensitive measurements confirm that residual viraemia
is present with <50 copies/ml in the plasma of HAART -treated
patients, initiating from a small set of cells harboring latent
HIV-1 (4). Resting memory CD4+ T cells are the major, well
defined latent reservoir, although other cells, including macro-
phages and hematopoietic stem cells, are permissible for low
HIV-1 replication. HIV-1 infects activated CD4+ T cells and
leads to their rapid death through cytopathic effects. Rarely
(1/10°), HIV-infected CD4+ T cells revert to a resting memory
state, leading to silence of HIV-1 gene expression (5). In these
resting cells, a comprehensive set of changes in the cellular
environment prevents viral gene expression, and multiple cel-

2The abbreviations used are: HAART, highly active antiretroviral therapy;
HDAC, histone deacetylase; RIGER, RNAi gene enrichment ranking; LTR,
long terminal repeat; SAHA, suberoylanilide hydroxamic acid; NT, nontar-
geting; qPCR, quantitative PCR; IP, immunoprecipitation; mlgG, mouse
1gG; BRD4, bromodomain-containing protein 4.
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lular mechanisms facilitate HIV-1 latency, mostly through sup-
pression of transcription. Cell surface receptors that inhibit T
cell proliferation and differentiation, including PD-1, CTLA-4,
and TIM-3, are turned on as negative feedback during T cell
activation (6, 7). Key transcriptional initiating factors (NF-«B,
NFAT) for HIV-1 gene expression are excluded from the
nucleus. The P-TEFb (CDK9/Cyclin T) protein complex
required for HIV-1 Tat-mediated RNA polymerase II activa-
tion is sequestered in the 7SK small nuclear ribonucleoprotein
complex as an inactive form by HEXIM1 (8). The HIV-1 cDNAs
tend to integrate within actively transcribed host genes in rest-
ing CD4+ T cells from HIV-1-infected individuals (9). In this
scenario, transcriptional interference may occur that promotes
HIV-1 latency (10, 11). Epigenetic regulation of the proviral 5’
long terminal repeat (LTR) region places another layer to con-
trol HIV-1 latency, which includes the events of chromatin
modification and nucleosome reorganization by recruiting his-
tone deacetylases (HDACs), histone methyltransferases, and
DNA methyltransferases coordinately to silence the viral pro-
moter (12, 13).

Thus, persistent HIV-1 latency is the major obstacle for
HIV-1 elimination. Reversing HIV-1 latency for eradication
requires the reactivation of integrated proviruses to induce a
cytopathic effect to the reservoir cells, followed by reinforced
HIV-specific immune responses to purge these cells. To reacti-
vate latent HIV-1 proviruses, the cellular restrictive mecha-
nisms suppressing HIV-1 transcription should be removed. A
pharmacological approach seems effective for this purpose.
Epigenetic suppression is reversed by inhibiting chromatin
remodeling enzymes, such as HDACs, histone methyltrans-
ferases, and DNA methyltransferases. The HDAC inhibitors
are currently one of the most promising HIV-1 latency-revers-
ing agents, such as vorinostat (suberoylanilide hydroxamic acid
(SAHA)) (14, 15). The NF-«B pathway is turned on by activat-
ing protein kinase C. Several drugs, such as TNF-a (16), pros-
tratin (17), and bryostatin (18), are currently under investiga-
tion for treating HIV-1 latency through this mechanism.
P-TEFbD is activated by some small compounds to trigger its
release from the inhibitory form in the 7SK small nuclear ribo-
nucleoprotein complex, which allows more accessibility to
HIV-1 Tat protein, such as hexamethylene bisacetamide (19)
and disulfiram (20). However, most of these drugs are less
potent when used individually in the in vitro resting CD4+ T
cells or in vivo settings of clinical trials. Recently, it was uncov-
ered that the size of the latent HIV-1 reservoir is much larger
than previously estimated (21), which indicates the require-
ment of a combinatory regimen including a set of drugs target-
ing multiple steps of HIV-1 latency so that all integrated provi-
ruses are reactivated.

Understanding the host restrictive machineries that facilitate
HIV-1 latency will help identify new gene targets for HIV-1
anti-latency therapy. Using comprehensive RNAi functional
genomic screens, our group recently identified a set of host
factors that suppress HIV-1 transcription and promote its
latency, including BRD4 (bromodomain-containing protein 4),
which we have thoroughly studied previously (22, 23). Surpris-
ingly, we also found that siRNAs targeting the two protein com-
ponents of the FACT (facilitates chromatin transcription) com-
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plex, SUPT16H and SSRP1, significantly increase HIV-1
intracellular replication. Both components were ranked as top
hits for HIV-1 restriction factors. The FACT protein complex is
a well studied histone chaperone that removes the H2A-H2B
dimer to facilitate polymerase II-driven transcription by desta-
bilizing nucleosome structure and depositing core histones
back afterward (24, 25). It seems that FACT proteins play an
opposite role (negative versus positive) in regulating HIV-1
transcription as opposed to transcriptional regulation of host
genes (25, 26). Their activity in HIV-1 transcription and latency
needs further characterization. This will provide insight into
the general functions of FACT in regulating transcription and
the complex host mechanisms involving FACT proteins that
modulate HIV-1 latency. By targeting these proteins, more
effective novel latency-reversing agent regimens can be
designed for HIV-1 anti-latency therapy.

Experimental Procedures

Cells and Plasmids—HEK293 and HEK293T cells were main-
tained in DMEM supplemented with 10% FBS. The monocytic
THP89GFP cells were kindly provided by David Levy (New
York University) (27), which were cultured in complete
medium (RPMI 1640, 10% EBS, 1X glutamine, 1X MEM non-
essential amino acid solution, 20 mmol/liter HEPES). U1/HIV,
J-LAT A2, and MT-2 cells were obtained from the National
Institutes of Health AIDS reagent repository and cultured in
RPMI 1640 medium with 10% FBS. Primary CD4" Helper
T cells were purchased (Sanguine Biosciences, Lonza).
pCDNA-Tat, pQCXIP-FLAG-Tat, HIV-LTR-luciferase, and
pRL-TK-Renilla vectors were described previously (22).
HTLV-1 LTR-luciferase, BC12-Tax, and pB-His,-Tax, were
kindly provided by Chou-Zen Giam (Uniformed Services Uni-
versity of the Health Sciences) (28). pCDNA-V5-SSRP1 was
constructed through Gateway® LR cloning technology using
pDONR223-SSRP1 entry vector and pPCDNA-DEST40 destina-
tion vector (Life Technologies). SUP16H, SSRP1, or nontarget-
ing (NT) shRNAs were cloned into pAPM lentiviral vector (29)
or pINDUCER10 vector (30), using Xhol and EcoRI sites.

Small Molecules—Prostratin (SC-203422) and SAHA (sc-
220139) were purchased (Santa Cruz Biotechnology). Com-
pounds were used at the following concentrations: Prostratin (1
uM) and SAHA (0.5 um). Drug-treated cells were cultured in
the presence of compounds for 24 h and subjected to flow
cytometry assays on a FACSCalibur flow cytometer (Becton
Dickinson), and results were acquired using BD CellQuest soft-
ware and analyzed using FlowJo vx.0.7 program. Puromycin
and doxycycline for cell treatment were purchased from Fisher
Scientific. Propidium iodide for cell cycle assay was purchased
from MP Biomedicals and used according to the manufactu-
rer’s manual.

Viruses—Lentviruses were produced by transfecting plas-
mids in HEK293T cells using TransIT®-293 transfection re-
agent (Mirus). VSV-G pseudotyped HIV-1 NL4 -3 viruses were
produced by co-transfecting pCG-VSV-G vector (22) with
HIV-1 NL4-3-Luc (dEnv) plasmid (pNL4-3.Luc.R™.E,
National Institutes of Health AIDS reagent repository, no.
3418). pAPM or pINDUCER10 shRNA expression vectors were
transfected in HEK293T cells with packaging vectors psPAX2
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and pMD2.G (Addgene) (22). Cell supernatants containing len-
tiviruses were harvested and filtered though 0.45-um filters
(Millipore). Viruses were stored in aliquots at —80 °C for later
use. To generate cell lines for stable expression of shRNAs,
lentiviruses were transduced into cells (HEK293, J-LAT A2,
U1/HIV, THP89GEFP, or MT-2 cells). At 72 h post-transduc-
tion, puromycin (1 pug/ml) was added to the medium for stable
selection.

Antibodies—The following antibodies were used in this
study: mouse anti-SUPT16H (A-1), mouse anti-SSRP1 (D-7),
rabbit anti-Cyclin T1 (CCNT1, H-245), rabbit anti-GAPDH
(FL-335), goat anti-mouse IgG-HRP, and goat anti-rabbit IgG-
HRP (Santa Cruz Biotechnology); mouse anti-V5 (Invitrogen);
rabbit anti-FLAG (Rockland); mouse anti-FLAG (Sigma); and
unlabeled rabbit and mouse IgGs (Southern Biotech). Mono-
clonal mouse anti-Tax antibody (4C5) was kindly provided by
Chou-Zen Giam (Uniformed Services University of the Health
Sciences).

Luciferase Reporter Assays—HEK293 cells that stably express
SUPT16H or SSRP1 or NT shRNA were infected with VSV-G
pseudo-typed HIV-1 NL4-3-Luc (dEnv) viruses. At 24 h
postinfection, the luciferase unit was measured using the One-
Glo® luciferase assay system (Promega) and normalized to total
cell numbers. To measure the HIV-1 LTR activity, HEK293
cells that stably express SUPT16H or SSRP1 or NT shRNA were
transfected with HIV-1 LTR-luciferase, pRL-TK-Renilla, and
pCDNA-Tat vectors. At 48 h post-transfection, luciferase and
Renilla units were measured using the Dual-Glo® luciferase
assay system (Promega), and the relative luciferase unit was
calculated. For HTLV-1 study, these cells were transfected with
HTLV-1 LTR-luciferase, pRL-TK Renilla, and BC12-Tax vec-
tors (28). At 48 h post-transfection, the relative luciferase unit
was measured. All results were collected on a Luminoskan
Ascent Microplate Luminometer (Thermo).

Co-immunoprecipitation—Co-immunoprecipitation assays
followed the previously described protocol (31) with minor
changes. Briefly, HEK293 cells in 10-cm tissue culture dishes
were transfected with pQCXIP-FLAG-Tat. At 48 h post-trans-
fection, cells were harvested and lysed in 1 ml of 1X radioim-
mune precipitation assay buffer (50 mm Tris-HCI, pH 7.4, 150
mM NaCl, 1% Nonidet P-40, 0.25% sodium deoxycholate, 1 mm
EDTA, and protease inhibitor mixture; Pierce). Cell lysate was
sonicated briefly, and the debris was spun down. The superna-
tant was transferred to a new tube and precleared by incubating
with 50 ul of protein A/G beads (Pierce) for 2 h at 4 °C. The
beads were removed, and the lysate was split equally for incu-
bating with 2 ug of mouse anti-FLAG or IgG (mlIgG) control
antibody with rotation for overnight at 4 °C. 25 ul of protein
A/G beads were added to each sample and incubated for
another 2 hat4 °C. The beads were washed three times with 1X
radioimmune precipitation assay buffer and precipitated. Pro-
tein samples were eluted in 1 X NuPAGE® LDS sample buffer
(Life Technologies), and analyzed by SDS-PAGE and Western
blots for endogenous SUPT16H or SSRP1. Similar assays were
performed for Tax by transfecting pB-Hisg,-Tax in HEK293
cells. To investigate the effect of SUPT16H on Tat-P-TEFb
interaction, pQCXIP-FLAG-Tat was transfected in HEK293
cells stably expressing SUPT16H or NT shRNA. Cell lysate was
SASBMB
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immunoprecipitated using mouse anti-FLAG or mlIgG anti-
body. Protein samples were analyzed by SDS-PAGE and West-
ern blots for endogenous CCNT1. We also transfected
pCDNA-V5-SSRP1 with or without pQCXIP-FLAG-Tat in
HEK293 cells. Cell lysate was immunoprecipitated using mouse
anti-V5 or mlgG antibody. Protein samples were analyzed by
SDS-PAGE and Western blots for FLAG-Tat or endogenous
SUPT16H.

Chromatin Immunoprecipitation—ChIP assays followed the
previously described protocol (32) with minor changes. Briefly,
HEK293 cells in 10-cm tissue culture dishes were infected with
VSV-G pseudo-typed HIV-1 NL4-3-Luc (dEnv) viruses. At
48 h postinfection, the cells were cross-linked using 0.5% form-
aldehyde. After quenching the cross-linking reaction with 125
mM glycine, the cells were washed with cold 1X PBS and lysed
in 1X CE buffer (10 mm HEPES-KOH, pH 7.9, 60 mm KCl, 1 mm
EDTA, 0.5% Nonidet P-40, 1 mm DTT, and protease inhibitor
mixture). Cell lysate was centrifuged at 700 X g for 10 min at
4 °C to pellet the nuclei. Nuclei pellet was resuspended in 1X
SDS lysis buffer (1% SDS, 10 mM EDTA, 50 nm Tris-HCL, pH 8.1,
and protease inhibitor mixture) to a final concentration of 3 X
107 cells/ml, and nuclear lysate was sonicated for 2 min using
Fisher Scientific™ model 505 sonic dismembrator (1-s on and
1-s off cycles at 50% impulse) to fragment DNA to an average
size of ~ 500 bp. Cellular debris was spun down, and the super-
natant was diluted 10-fold with 1X ChIP dilution buffer (0.01%
SDS, 1% Triton X-100, 1.2 mm EDTA, 16.7 mm Tris-HCI, pH
8.1, 150 nm NaCl, and protease inhibitor mixture) and incu-
bated with 5 g of antibodies against SUPT16H, SSRPI,
CCNT1, or control mIgG or rabbit IgG antibody, with rotation
overnight at 4 °C. 50 ul of protein A/G beads were pre-equili-
brated with 0.5 mg/ml BSA (Fisher Scientific) and 0.125 mg/ml
calf thymus DNA (Trevigen) for 1 h at 4 °C and then added to
each sample for incubation for another 2 h at 4 °C. Beads were
collected, washed once each with low salt buffer (0.1% SDS, 1%
Triton X-100, 2 mm EDTA, 20 mm Tris-HCI, pH 8.1, 150 mm
NaCl), high salt buffer (0.1% SDS, 1% Triton X-100, 2 mMm
EDTA, 20 mm Tris-HCI, pH 8.1, 500 mm NacCl), and LiCl buffer
(0.25 M LiCl, 1% Nonidet P-40, 1% sodium deoxycholace, 1 mm
EDTA, 10 mm Tris-HCI, pH 8.1) and twice with 1X TE buffer
(10 mm Tris-HCI, pH 8.1, 0.1 mm EDTA). Immunoprecipitated
protein-DNA complexes were eluted twice with fresh elution
buffer (1% SDS, 0.1 M NaHCO,) for 1 h and 15 min, respectively,
at room temperature. Eluates and nuclear lysates (“input”) were
heated at 65 °C for overnight to reverse cross-links in the pres-
ence of 0.2 M NaCl. Samples were then treated with 1 ul of 20
mg/ml proteinase K (Life Technologies), 10 ul of 2 M Tris-HCl
(pH 6.5), and 10 wl of 0.5 M EDTA for 2 h at 50 °C. Released
DNA was extracted by phenol/chloroform, precipitated by eth-
anol, and resuspended in 100 ul of water. 5 ul of each sample
was used for semiquantitative PCR using primer sets for ampli-
fying the LTR or nefregion of HIV-1 genome. To investigate the
effect of SUPT16H on P-TEFb LTR association, HEK293 cells
stably expressing SUPT16H or NT shRNA were infected with
VSV-G pseudo-typed HIV-1 NL4-3-Luc (dEnv) viruses and
subjected to ChIP assays using rabbit CCNT1 or rabbit IgG
antibody.

JOURNAL OF BIOLOGICAL CHEMISTRY 27299



SUPT16H and SSRP1 Regulate Latency of HIV-1 and HTLV-1

A . B SUPT16H
RIGER analysis of HIV host factors _—
kDa shNT sh1 sh2
16 CCNK Restriction 250~ b
$a BRD4 \A - -~ SUPT16H
’ SUPT16H Q: 130-
1.2 FACT{ SSRP1 ~ 55—
NELFCD ~— GAPDH
. | o o e
8
& C SSRP1
= kba  ShNT  shi sh2
100-|
72 | m—— SSRP1
Dependency BB
Ranking of host genes 36 GAPDH
D E F G
3
2 . 25 2
3 25 e ? % *
5 x s 16 * 3 2 3 16
5 2 S o o
= =2 124 215 % 1.2
215 2 2 =
E’ 1 2 e E ! g e
& ® [
2 o5 & 041 T o5 T 04
® ehNT  sh h . o P 0 g S
s sh1 sh2 shNT  sh1 sh2 6,1,) %0, '5,1,/\ 6@&
SUPT16H SSRP1 > %,

FIGURE 1. Depletion of FACT proteins increases HIV-1 transcription. A, RIGER method was applied to analyze screens performed using multiple orthologous
RNAI reagents. Genes were ranked in order of their RIGER scores, from lowest to highest. RIGER analysis of these screens recognized several known host
restriction factors (CCNK, BRD4, and NELFCD), as well as new ones, such as SUPT16H and SSRP1 FACT proteins. Band C, shRNAs (sh1, sh2) targeting SUPT16H
or SSRP1 in lentiviral pAPM vector were transduced in HEK293 cells. HEK293 cells stably expressing shRNAs were lysed, separated by SDS-PAGE, and analyzed
by Western blots using anti-SUPT16H (B) or anti-SSRP1 (C) antibody. GAPDH protein level was determined using an anti-GAPDH antibody to indicate equal
loading of protein samples. The results were one representative from three independent experiments. D and E, HEK293 cells depleted of FACT proteins were
infected with VSV-G pseudo-typed HIV-1 NL4-3-Luc (dEnv) viruses. At 24 h postinfection, the cells were subjected to measurement of luciferase activity that
was normalized by cell numbers. F and G, vectors of HIV-1 LTR-luciferase, pTK-Renilla, and pCDNA-Tat were co-transfected in HEK293 cells stably expressing
shSUPT16H (F) or shSSRP1 (G). At 48 h post-transfection, luciferase activity was measured and normalized to the Renilla signal. The relative light unit (RLU) of
shSUPT16H (F) or shSSRP1 (G) expressing cells was normalized to shNT cells. The results throughout are the means of three independent experiments = S.D.

*,p < 0.05 using Student’s t test.

Real Time Quantitative PCR—To measure ShRNA-mediated
gene depletion or level of viral transcripts, total RNA was
extracted from cells that stably express shRNAs using the
RNeasy mini kit (Qiagen) and subsequently reverse transcribed
using random hexamers (0.1 um) and iScript™ cDNA synthe-
sis kit (Bio-Rad). The gene-specific primers in Table 1 (0.1 um
each) were mixed with reverse transcribed cDNA templates
and iTaq™ Universal SYBR® Green supermix (Bio-Rad). The
qPCR was performed on the CFX Connect™ real time PCR
detection system (Bio-Rad), in a 20-ul volume using the follow-
ing program: 95 °C for 1 min and 40 cycles of 95 °C for 15 s and
60 °C for 30 s. GAPDH was used as an internal control.

Generation of Primary CD4+ T Cell Model of HIV-1
Latency—To investigate the role of FACT protein in HIV-1
latency in primary cells, we used the primary cell model
established by Dr. Vicente Planelles’s group (33, 34) with
slight modifications. Briefly, naive CD4™ T cells (Sanguine
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Biosciences, Lonza) were stimulated with anti-human CD3
and anti-human CD28 antibodies (eBioscience) precoated
on a Nunc-Immuno MaxiSorp plate (Thermo Scientific).
Cells were incubated with complete medium supplemented
with 10 ng/ml of TGF-B, 2 ug/ml of anti-human IL-12, and 1
pg/ml of anti-human IL-4 (R & D Systems) for 3 days. After
activation, shRNA transduction was performed by spinocu-
lation of cells with pINDUCER10-shNT/shSUPT16H/
shSSRP1 lentiviruses at 1,741 X gfor 2 h at 37 °C. The cells were
then resuspended in complete medium supplemented with 100
IU/ml of rIL-2 and kept in culture for 4 days. The medium was
changed every 2 days. On day 7, cells were infected with VSV-G
pseudotyped HIV-1 NL4-3-Luc (dEnv) viruses and selected
with puromycin (1 pg/ml) for stable transduction of
pINDUCER10 shRNAs. The cells were kept in culture for
another 10 days and then treated with doxycycline (0.1 pg/ml)
for 4 days to induce shRNA expression. On day 21, cells were
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FIGURE 2. FACT proteins associate with Tat-LTR. A, HEK293 cells were transiently transfected with a pQCXIP-FLAG-Tat vector. At 48 h post-transfection, cells
were lysed for IP assays using an anti-FLAG or a mIgG antibody. Cell lysate and precipitated protein samples were separated by SDS-PAGE. Protein levels of
SUPT16H, SSRP1, or FLAG-Tat were determined by Western blots using their respective antibody. B, IP assays were performed for HEK293 cells that were
co-transfected with pCDNA-V5-SSRP1 and pQCXIP-FLAG-Tat vectors. At 48 h post-transfection, cells were lysed and incubated with an anti-V5 or migG
antibody. Protein level of V5-SSRP1 or FLAG-Tat in cell lysate and precipitated samples was determined using their respective antibody. C and D, HEK293 cells
were infected with VSV-G pseudo-typed HIV-1 NL4-3-Luc (dEnv) virus. At 48 h postinfection, cells were cross-linked using formaldehyde, and nuclei were
isolated and lysed. Nuclear lysate was sonicated, precleared, and subjected to ChIP assays using anti-SUPT16H (C), anti-SSRP1 (D), or mlgG antibody. Precipi-
tated DNA samples were released, extracted, and analyzed by semiquantitative PCR using primer sets amplifying the HIV-1 LTR promoter or nef region. E, the
aforementioned cells were subjected to ChlP assays using anti-CCNT1 or rabbit IgG (rlgG) antibody. F, pPCDNA-V5-SSRP1 vector, with pQCXIP-FLAG-Tat or the
empty vector, was transfected in HEK293 cells. Co-immunoprecipitation assays were performed for these cells using an anti-V5 antibody. Precipitated protein

samples were separated by SDS-PAGE and analyzed for SUPT16H by Western
dent experiments.

analyzed by the luciferase reporter assays. An aliquot of acti-
vated CD4+ T cells were subjected to transduction, selection,
and induction of pINDUCER10 shRNAs, and these cells were
further used for RNA extraction to measure SUPT16H or
SSRP1 depletion by reverse transcription and real-time qPCR.
This study was approved by University of Rochester Medical
Center Institutional Review Board for Protection of Human
Subjects (no. RSRB00053667).

Results

RNAi Screens Identify FACT Proteins as Top HIV-1 Restric-
tion Factors—We identified FACT proteins, SUPT16H and
SSRP1, as top host restrictive modulators of HIV-1 replication,
using multiple orthologous RNAI reagents coupled with inte-
grated analytical tools (23). To calculate a gene-specific enrich-
ment score based on the rank distribution of each individual
RNAIi reagent among all three screens performed by our group
(Silencer Select, esiRNA, and SMARTpool), we used the RNAi
gene enrichment ranking (RIGER) method that denotes the
likelihood that the selected gene plays a role in the phenotype of
interest (35, 36). We generated the average RIGER score (RIGER3)
from three RIGER integrative approaches (the second best,
weighted sum, and Kolmogorov-Smirnov) and ranked genes from
the most likely host dependence factors to host restriction factors
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blot. The results throughout were from one representative from three indepen-
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FIGURE 3. SUPT16H interferes with association of P-TEFb with Tat-LTR. A,
HEK293 cells stably expressing shSUPT16H (sh2) or shNT were transiently
transfected with a pQCXIP-FLAG-Tat vector and subjected to IP assays using
an anti-FLAG antibody. Endogenous CCNT1 protein level in cell lysate and
precipitated samples were analyzed by Western blots using an anti-CCNT1
antibody. B, ChIP assays were performed against CCNT1 in shSUPT16H (sh2)
or shNT expressing HEK293 cells that were infected with VSV-G pseudo-typed
HIV-1 NL4 -3-Luc (dEnv) viruses. The results throughout were from one rep-
resentative from three independent experiments.
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according to the RIGER3 score (Fig. 14). Both FACT components, Depletion of FACT Proteins Enhances HIV-1 LTR Promoter
SUPT16H and SSRP1, were ranked as top HIV-1 restriction fac-  Activity—To confirm the effect of FACT proteins on HIV-1
tors, among which were several known HIV-1 restriction factors  replication, two sequence-unique shRNAs targeting SUPT16H

including CCNK (37), BRD4 (22), and NELFCD (38). or SSRP1 were synthesized and cloned in the pAPM lentiviral
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expression vector (29). SUPT16H or SSRP1 shRNAs were
transduced in HEK293 cells, which were subjected to selection
of shRNA stable expression. HEK293 cells expressing NT
shRNA were created as a negative control. The NT shRNA
expression in these cells did not affect the luciferase activity
from VSV-G pseudo-typed HIV-1 NL4-3-Luc (dEnv) viruses
as well as the HIV-1/HTLV-1 LTR-luciferase constructs (data
not shown). The endogenous SUPT16H or SSRP1 protein
expression was mostly silenced by their respective shRNA (Fig.
1, B and C). These cells were infected with VSV-G pseudo-
typed HIV-1 NL4 -3-Luc (dEnv) viruses and then subjected to
luciferase assay at 24 h postinfection. Depletion of SUPT16H or
SSRP1 clearly permitted better HIV-1 replication in HEK293
cells (Fig. 1, D and E). Furthermore, the HIV-1 LTR-luciferase
assay showed that depletion of FACT proteins enhanced the
HIV-1 Tat-mediated activation of the LTR promoter (Fig. 1, F
and G). In this assay as well as following experiments, we used
one of the two shRNAs targeting SUPT16H or SSRP1 (shRNA2
for SUPT16H and shRNA1 for SSRP1).

Tat Interacts with SUPT16H but Not SSRP1—We further
confirmed the interaction of Tat with endogenous SUPT16H
using an immunoprecipitation (IP) approach. The pQCXIP-
FLAG-Tat vector was transiently transfected in HEK293
cells. At 48 h post-transfection, the cell lysate was prepared
and subjected to IP experiments using a mouse anti-FLAG
antibody or a control mIgG. Endogenous SUPT16H was
readily co-precipitated with FLAG-Tat (Fig. 24). However,
SSRP1 seemed not to associate with FLAG-Tat in this IP
assay (Fig. 24). Co-transfection of pCDNA-V5-SSRP1 and
pQCXIP-FLAG-Tat for IP experiments still failed to detect
their protein interaction (Fig. 2B). These results indicate that
Tat may associate with the FACT complex through
SUPT16H. Furthermore, exogenous expression of FLAG-
Tat did not interfere with the association of V5-SSRP1 with
endogenous SUPT16H (Fig. 2F).

FACT Proteins Associate with the HIV-1 LTR Promoter—
Because SUPT16H binds with Tat, we speculated that FACT
proteins may be recruited to the HIV-1 LTR promoter. We
used ChIP coupled with PCR assays to determine the occu-
pancy of FACT proteins on the HIV-1 LTR promoter. HEK293
cells were infected with VSV-G pseudo-typed HIV-1 NL4 -3-
Luc (dEnv) viruses and then subjected to ChIP experiments
using anti-SUPT16H, anti-SSRP1, or mIgG antibody. Co-pre-
cipitated DNA samples were extracted and analyzed using the
primers that amplify the HIV-1 5° LTR promoter. Both
SUPT16H and SSRP1 undoubtedly associated with LTR pro-
moter (Fig. 2, C and D). The results indicate that although
SSRP1 has no direct contact with Tat, both SUPT16H and

TABLE 1
Primers and shRNA oligonucleotides used for this study
Primers Sequences
LTR_for 5'-CGA GAG CTG CAT CCG GAG TA-3’
LTR rev 5'-TTG GCG TAC TCA CCA GIC GC-3’
NEF_for 5'-GGA ATG GAT GAC CCT GAG AG-3’
NEF_rev 5'-CCA CGT GAT GAA ATG CTA GG-3'

5'-CGG GCA GCA TTA CTT ACA GA-3'
5'-TTC AGT CAA TCG CCT CTT TG-3'

SUPT16H_for
SUPT16H_rev

SSRP1_for 5'-ATT CAA CCC AGG TGA AGA GG-3'
SSRP1_rev 5'-GTT TCC GCT TCT TCT CAT CC-3’
GAPDH_for 5'-GCC TCT TGT CTC TTA GAT TTG GTC-3’
GAPDH_rev 5'-TAG CAC TCA CCA TGT AGT TGA GGT-3’
GAG_for 5'-GAC GCT CTC GCA CCC ATC TC-3'
GAG_rev 5'-CTG AAG CGC GCA CGG CAA-3’
GAG/POL 5'-CCC TCC AGT TAC GAT TTC CA-3'
(HTLV-1)_for
GAG/POL 5'-GGC TTG GGT TTG GAT GAG TA-3'
(HTLV-1)_rev

5'-GTT AGA CCA GAT CTG AGC CT-3'
5'-GTG GGT TCC CTA GTT AGC CA-3'
5'-TGG GAG CTC TCT GGC TAA CT-3'
5'-TGC TAG AGA TTT TCC ACA CTG A-3'
5'-CAC AAA CGC TCT CAT CGA CAA G-3'

Initiation_for
Initiation_rev
Elongation_for
Elongation_rev
Non-targetin (NT)
shRNA
SUPT16H shRNA-1
SUPT16H shRNA-2
SSRP1 shRNA-1
SSRP1 shRNA-2

5'-GGA AGA ACT TTG ATA TGG TAA T-3’
5'-GGG CTC TAA CCG TGG TTC CAG A-3'
5'-ACC GAG AGA AGA TCA AGT CAG A -3
5'-CGC GAT GAC TCA GGA GAA GAA A-3'

SSRP1 are recruited to HIV-1 LTR promoter. Our ChIP cou-
pled with PCR experiments for CCNT1 illustrated that CCNT1
associated with LTR promoter as well (Fig. 2E).

SUPT16H Interferes with HIV-1 Transcriptional Elongation
through P-TEFb—P-TEFb, comprised of cyclin-dependent
kinase 9 (CDK9) and cyclin T1 (CCNT1), is a critical host factor
that plays a key role in HIV-1 Tat-mediated transcription.
CCNT1 has been shown to directly interact with Tat (39),
which recruits P-TEFb to the LTR promoter to activate the
promoter-proximal paused polymerase (40). We postulate that
presence of SUPT16H may interfere with the association of
P-TEFb with Tat-LTR and thus produce an inhibitory effect on
HIV-1 transcription. We transiently transfected pQCXIP-
FLAG-Tat in HEK293 cells that stably express shSUPT16H
(sh2) and measured the interaction of FLAG-Tat and endoge-
nous CCNT1 protein. Depletion of SUPT16H dramatically
increased the interaction between FLAG-Tat and CCNT1 in
HEK?293 cells (Fig. 34). Consistently, depletion of SUPT16H
increased the occupancy of CCNT1 at the LTR promoter (Fig.
3B). We further determined whether FACT proteins affect
transcription of latent HIV-1. The U1/HIV monocytic cell line
is one of the most studied models of HIV postintegration
latency. According to earlier studies, this cell line contains two
integrated HIV-1 proviruses with Tat mutants (41). It is
believed that these Tat mutants compromise viral transcription
and lead to HIV-1 latency. shSUPT16H (sh2), shSSRP1 (shl),
or shNT was transduced in U1/HIV. Stable expression of

FIGURE 4. Depletion of FACT proteins enhances reversal of HIV-1 latency in monocytes. A, U1/HIV cells were transduced with pAPM-shSUPT16H (sh2),
shSSRP1 (sh1), or shNT. Cell lysate was prepared, separated by SDS-PAGE, and analyzed by Western blots using anti-SUPT16H or anti-SSRP1 antibody. GAPDH
protein level was determined using an anti-GAPDH antibody to indicate equal loading of protein samples. The results were from one representative from three
independent experiments. B, cDNA samples from the aforementioned cells were subjected to gPCR assays to measure HIV-1 gag mRNA. The level of gag
transcripts was normalized to shNT-expressing cells. Cand D, cDNA samples from the aforementioned cells were subjected to qPCR assays to measure the HIV-1
initiation and elongation transcripts. The level of viral transcripts was normalized to shNT-expressing cells. £, THP89GFP cells were transduced with pAPM-
shSUPT16H (sh2), shSSRP1 (sh1), or shNT. Cells were lysed, separated by SDS-PAGE, and analyzed by Western blots using anti-SUPT16H or anti-SSRP1 antibody.
GAPDH protein level was determined using an anti-GAPDH antibody to indicate equal loading of protein samples. The results were one representative from
three independent experiments. F and G, the aforementioned cells were treated with DMSO or SAHA (0.5 um) for 24 h. Cells were analyzed by flow cytometry.
GFP-expressing cells were sorted using a defined gate, and a percentage of GFP-positive cells was measured and normalized to shNT-expressing cells. The
results throughout are the means of three independent experiments = S.D. *, p < 0.05 using Student’s t test.
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FIGURE 5. Depletion of FACT proteins enhances reversal of HIV-1 latency in J-LAT cells. A, pAPM shRNA targeting SUPT16H or SSRP1 were transduced in
J-LAT A2 cells. Cells with stable expression of shRNAs were lysed, separated by SDS-PAGE, and analyzed by Western blots using anti-SUPT16H or anti-SSRP1
antibody. The GAPDH protein level was determined using an anti-GAPDH antibody to indicate equal loading of protein samples. The results were one
representative from three independent experiments. B and C, aforementioned cells were treated with DMSO, SAHA (0.5 M), or prostratin (1 um) for 24 h. The
cells were then analyzed by flow cytometry. GFP-expressing cells were sorted using the defined gate, and the percentage of GFP-positive cells was measured
and normalized to shNT-expressing cells. *, p < 0.05 using Student’s t test. D, cell cycle analysis. J-LAT A2 cells stably expressing SUPT16H or SSRP1 shRNA were
stained with propidium iodide and further analyzed by flow cytometry. Cells expressing shNT serve as a negative control. Flow cytometry plots were one
representative from three independent experiments. Cell phase percentages were averaged from three independent experiments and represented in a 100%
stacked bar graph. SSRP1 depletion led to changes of cell cycle (p < 0.05, Student’s t test).

shSUPT16H or shSSRP1 in these cells efficiently depleted
FACT proteins (Fig. 4A). Depletion of SUPT16H or SSRP1
increased the level of HIV-1 gag viral transcript (Fig. 4B). To
further discriminate whether FACT proteins affect HIV-1 tran-
scriptional initiation or elongation, primer sets recognizing dis-
tinguished viral transcripts were used for SYBR® Green-based
RT-qPCR (Table 1), following a previously reported protocol
(22). Interestingly, both transcriptional initiation and elonga-
tion of HIV-1 were enhanced in U1/HIV cells depleted of FACT
proteins (Fig. 4, C and D), indicating that FACT proteins inter-
fere with HIV-1 transcription through a P-TEFb independent
route, considering that P-TEFb mainly affects elongation (42).
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We also evaluated the effects of FACT proteins on HIV-1
latency in another monocytic cell line of HIV-1 latency,
THP89GEFP (27). Depletion of FACT proteins mildly increased
HIV-1 reactivation (2—3-fold) with or without the presence of
SAHA (Fig. 4, E and F).

Depletion of FACT Proteins Reverses Latent HIV-1 in CD4+
T Cells—Although monocytes are one source of residual HIV-1,
resting CD4+ T cells count for the majority of HIV-1 latent
reservoirs (43, 44). Thus, we then determined the role of FACT
proteins in HIV-1 latency in CD4+ T cells. Using a J-LAT cell
line (Jurkat cells latently infected with a HIV-1 virus encoding
GFP), J-LAT A2, we confirmed that SUPT16H and SSRP1 were
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FIGURE 6. Depletion of FACT proteins enhances reversal of HIV-1 latency in primary T cells. A, procedures are illustrated for generation of primary CD4+
T cell model of HIV-1 latency to study the latency-reversing effect of FACT proteins. It was adapted from Refs. 33 and 34. Colored bars indicate T cell differen-
tiation and activation states. B, primary CD4+ T cells isolated from three donors were cultured ex vivo. Activated CD4+ T cells were transduced with
pINDUCER10-shSUPT16H (sh2), shSSRP1 (sh1), or shNT. Cells stably expressing shRNAs were selected by treating cells with puromycin. shRNA expression was
induced with doxycycline. Total RNAs were extracted from these cells and analyzed by reverse transcription and qPCR for measuring the transcripts of FACT
proteins. Level of SUPT16H or SSRP1 transcript was normalized to shNT-expressing cells for individual donor. C, pINDUCER10-shSUPT16H or shSSRP1 stably
transduced primary memory CD4+ T cells were infected with VSV-G pseudo-typed HIV-1 NL4-3-Luc (dEnv) viruses. Cells were kept in long term culture to
permit HIV-1 latency. HIV-1 latently infected cells were treated with doxycycline to induce shRNA expression. Luciferase activity was measured for cells
depleted of SUPT16H or SSRP1 and normalized to shNT-expressing cells. The results throughout are the means of three independent experiments = S.D.

shNT

* indicates p < 0.05 using Student’s t test.

depleted because of the expression of their shRNAs (Fig. 5A)
and that depletion of these proteins spontaneously reversed
latent HIV-1 in J-LAT A2 cells (Fig. 5B). Similar to THP89GFP
cells, silencing of FACT proteins further enhanced the revers-
ing efficiency of SAHA (Fig. 5C) but not prostratin (data not
shown). To rule out the possibility that this effect was due to the
an indirect effect on cell cycle, we analyzed the cell cycle profiles
of SUPT16H or SSRP1 depleted J-LAT A2 cells stained with
propidium iodide by using flow cytometry. The results indi-
cated that the loss of SUPT16H protein has no effect on cell
cycle, whereas the loss of SSRP1 led to more cells entering the S
phase (Fig. 5D). SSRP1 was previously shown to play a separate
SUPT16H-independent role in regulation of gene transcription
(45), which may explain its additional effect on cell cycle. How-
ever, the effect of SSRP1 depletion on the S phase did not cor-
relate with the reversal of HIV latency, so this is not a probable
cause. J-LAT cell lines are T-lymphoma cells that are not natu-
ral hosts for HIV-1. We further studied the FACT protein
effects on HIV-1 latency using a more physiologically relevant
in vitro system. The frequency of latent infection in CD4+ T
cells is extremely low (<1 of 1-5 million) in AIDS patients. It is
difficult to conduct genetic manipulation of FACT proteins in
these cells to study their functions. We established HIV-1
latency in primary cells ex vivo by adapting a HIV-1 latency
model using primary CD4+ T cells (33, 34). Naive CD4+ T
cells were activated and nonpolarized by treatment of anti-
CD3/anti-CD28 antibodies, as well as TGF-, anti-IL-4, and
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anti-1L-12 antibodies. To allow the timing of the FACT shRNA
expression after establishment of HIV-1 latency, we cloned
shSUPT16H (sh2) and shSSRP1 (shl) into a tet-inducible
shRNA lentiviral expression vector, pPINDUCER10 (30). These
shRNAs were stably transduced in activated CD4+ T cells.
These cells were then spinoculated with VSV-G pseudo-typed
HIV-1 NL4-3-Luc (dEnv). Latent infection was established
through a long term culture of cells with recombinant rIL-2.
SUPT16H or SSRP1 shRNA expression was induced by treating
cells with doxycycline. Latency-reversing effects were deter-
mined by measuring luciferase activity (Fig. 6A4). Our results
using CD4+ T cells isolated from three donors showed that the
mRNA levels of SUPT16H and SSRP1 were efficiently depleted
by induced shRNA expression (Fig. 6B). Furthermore, deple-
tion of FACT proteins indeed spontaneously facilitated revers-
ing of latent HIV-1 in nonpolarized, memory CD4+ T cells
(Fig. 6C).

FACT Proteins Elicit Similar Effects on HTLV-1 Tran-
scription—HTLV-1 is a human retrovirus that shares common
features of transcriptional regulation with HIV-1, including the
use of P-TEFb (46, 47). We expect that FACT proteins elicit
similar effects on HTLV-1 transcription. Depletion of FACT
proteins increased the luciferase expression driven by the
HTLV-1 LTR promoter in HEK293 cells that were transfected
with HTLV-1 LTR-Luciferase, pTK-Renilla, and BC12-Tax
vectors (Fig. 7, A and B). The co-immunoprecipitation experi-
ments in HEK293 cells transfected with pB-His,-Tax also con-
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FIGURE 7. FACT proteins demonstrate similar effect on HTLV-1 transcrip-
tion. A and B, the vectors HTLV-1 LTR-luciferase, pTK-Renilla, and BC12-Tax,
were co-transfected in HEK293 cells stably expressing shRNAs of SUPT16H (A)
or SSRP1 (B). At 48 h post-transfection, luciferase activity was measured and
normalized to the Renilla signal. The relative light unit (RLU) of shSUPT16H or
shSSRP1 expressing cells was normalized to shNT cells. C, HEK293 cells were
transfected with pB-Hiss-Tax vector. At 48 h post-transfection, cells were
lysed and subjected to IP assays using an anti-SUPT16H or migG antibody.
Cell lysate and precipitated protein samples were separated by SDS-PAGE.
Protein level of Hisg-Tax was determined by Western blots using a mouse
anti-Tax antibody (4C5). The results were one representative from three inde-
pendent experiments. The results were one representative from three inde-
pendent experiments. D, HTLV-1 transformed MT-2 cells were stably trans-
duced with pAPM-shSUPT16H (sh2), shSSRP1 (sh1), or shNT. Cells were lysed,
separated by SDS-PAGE, and analyzed by Western blots using anti-SUPT16H
or anti-SSRP1 antibody. The GAPDH protein level was determined using an
anti-GAPDH antibody to indicate equal loading of protein samples. The
results were one representative from three independent experiments. E,
cDNA samples from the aforementioned cells treated with SAHA (0.5 um)
were subjected to qPCR assays to measure the HTLV-1 gag/pol mRNA. Level of
viral transcripts was normalized to shNT cells. The results throughout are the
means of three independent experiments =+ S.D. ¥, p < 0.05 using Student’s t
test.

firmed that exogenously expressed Tax protein associated with
endogenous SUPT16H (Fig. 7C). We further investigated the
activity of FACT proteins on HTLV-1 transcription and latency
in a human T cell leukemia cell line, MT-2, which is trans-
formed with HTLV-1 (48). Stable expression of shSUPT16H or
shSSRP1 in these cells efficiently depleted FACT proteins (Fig.
7D). Depletion of SUPT16H or SSRP1 increased the expression
level of the HTLV-1 gag/pol gene assayed by qPCR (49), when
the cells were treated with SAHA (Fig. 7E).
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Discussion

HIV-1 only encodes 12 genes and undertakes comprehensive
interplay with host cellular machineries to fulfill its life cycle,
especially silencing the gene expression of integrated proviral
HIV-1 resulting in latency. Consequentially, the fate of HIV-1
proviruses is mostly dependent upon the cellular environment
and host genetic function. Host factors regulating HIV-1 tran-
scription are the key to control the switch between latency and
reactivation of HIV-1 proviruses. Earlier studies focusing on
host genes that are required for HIV-1 transcription have lead
to the identification of major regulators that promote either
initiation or elongation of LTR transcription. The LTR pro-
moter alone is able to initiate transcription very efficiently.
Host transcriptional activators, such as NF-kB, NFAT, and
C/EBP, recognize binding sites at the LTR promoter and fur-
ther recruit chromatin-remodeling proteins (HATs, SWI-SNF
complexes, and demethylases). These proteins modify nucleo-
somes at the LTR and lead to induction of transcription (50—
52). The LTR promoter establishes only nonprocessive (basal)
transcription in the absence of Tat and exclusively depends on
Tat for transcriptional elongation. Tat recruits P-TEFDb, a crit-
ical host protein complex required for HIV-1 transcription, to
phosphorylate the paused RNA polymerase II at the LTR and
activates it for efficient elongation. However, host cells also
develop the mechanisms to silence HIV-1 transcription, which
is necessary for establishing and maintaining latency. There are
a few factors reported previously, such as CBF1 (53), NELFCD
(38), and HDAC:s (54), but they play a relatively general role in
transcriptional suppression with a lack of specificity to HIV-1.
From our unbiased RNAI screens and further characterization
of prioritized genes, we were able to identify a set of host factors
that restrict HIV-1 replication through transcriptional sup-
pression, including BRD4 and FACT proteins (SUPT16H and
SSRP1) (Fig. 1A). These endeavors have allowed us to identify
novel host regulators for HIV-1 transcription and further study
their functions in HIV-1 latency and reactivation. Our goal is to
improve the understanding of host-HIV interactions at latent
phase, so that we can manage or manipulate them for elimina-
tion of residual HIV-1 in reservoir cells. Our work has also
demonstrated that this RNAi-mediated functional genomic
approach is equally useful for identification of host factors that
restrict HIV-1 replication, because multiple earlier screens
mainly focused on identifying host dependence factors for
HIV-1 (55-57). The newly identified transcriptional suppres-
sors, SUPT16H and SSRP1, seem to have similar function for
other retroviruses (HTLV-1), regulating its transcription and
latency, indicating that many host factors restricting HIV-1
may be evolutionarily conserved and play a common role in the
replication of retroviruses in general (Fig. 8).

The FACT protein dimer (SUPT16H and SSRP1) was ini-
tially identified in mammalian cells as a critical chromatin-spe-
cific transcriptional elongation factor that facilitates nucleo-
some alteration and releases RNA polymerase II from a
nucleosome-induced block to prompt productive transcription
(24, 25). A yeast homologue is the CP complex, an abundant
dimer of SPT16 (CDC68) and POB3 proteins, which is neces-
sary for the transactivation of many genes (58). It is generally
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FIGURE 8. A working model for FACT proteins exhibiting suppression of lentiviral transcription and facilitating viral latency through interaction with

Tat/Tax, interfering with P-TEFb.

believed that the FACT complex facilitates transcriptional
elongation based upon these studies. However, it is not com-
pletely understood how FACT can coordinate its assembly and
disassembly activity to facilitate the sliding of RNA polymerase.
Two major models describe the mechanism of FACT-mediated
nucleosome reorganization: dimer eviction model and global
accessibility/noneviction model (59). More intriguingly, stud-
ies in yeast have indicated that SPT16/CDC68 is important for
the maintenance of chromatin-mediated repression in the
absence of transactivation (58), but there is no such evidence in
mammalian cells. Because of a lack of current studies focusing
on this complex, we cannot rule out that FACT proteins may
exert both promptive and suppressive effects on gene expres-
sion in human cells. Nevertheless, it is still surprising that the
FACT complex, a general transcriptional facilitator, imposes an
inhibitory effect on HIV-1 transcription, opposing earlier spec-
ulation (60). Our results have indicated that the presence of
SUPT16H may interfere with interactions of P-TEFb with Tat-
LTR (Fig. 3, A and B), which provides a novel and plausible
explanation for FACT-mediated inhibition of HIV-1 transcrip-
tion. Our tentative model indicates that LTR recruitment of
FACT by Tat may generate a steric hindrance for P-TEFb asso-
ciation, resulting in reduced efficiency of RNA polymerase II
(Fig. 8). Tax plays a very similar role as Tat, recruiting P-TEFb
for stimulation of HTLV-1 transcription (46, 47, 61), which
leads us to believe that FACT proteins may also interfere with
P-TEFb required for HTLV-1 transcription through associa-
tion with Tax (Fig. 7C). Further study of FACT proteins in
human retroviral transcription, as well as more profound anal-
ysis of FACT-mediated transcriptional regulation at the
genome-wide scale in retrovirus-infected cells, may help to
unravel the complicated functions of FACT that could be
modulated by viral components. In addition, FACT is also a
multifunctional protein complex that regulates other cellu-
lar processes, such as DNA replication (62— 64), DNA dam-
age response (65, 66), and cell cycle progression (67, 68).
Whether FACT-mediated nontranscriptional functions may
affect HIV-1/HTLV-1 replication is unclear and requires
further investigation.

The direct evidence that the FACT proteins affect HIV-1
transcription is their association with Tat and the LTR pro-
moter. Our protein interaction studies have indicated that Tat
associates with SUPT16H but not SSRP1, either endogenous or
transiently expressed (Fig. 2, A and B). Interestingly, we found
that the presence of Tat did not disturb the association between
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SUPT16H and SSRP1 (Fig. 2F). These studies suggest that
SUPT16H directly binds to Tat. This binding may explain how
FACT suppresses both HIV-1 transcriptional initiation and
elongation (Fig. 4, C and D), because Tat increases initiation
complex formation on LTR and stabilizes the complex during
elongation (69, 70). Furthermore, our chromatin association
studies have confirmed that both SUPT16H and SSRP1 are
recruited to the LTR (Fig. 2, C and D). An intriguing explana-
tion for SSRP1 association with LTR but not Tat could be that
either SSRP1 may indirectly associate with Tat through
SUPT16H but to a much lesser degree or that SSRP1 contains a
high mobility group box so that its recruitment to LTR may be
Tat-independent.

Because FACT proteins suppress HIV-1 transcription, we
speculate that their presence may silence viral gene expression
and promote HIV-1 latency. Earlier studies demonstrate that
nucleosomes are precisely positioned at the HIV-1 LTR, and
their organization is conserved (71-73). We expect that FACT
proteins may impose a similar effect on the HIV-1 LTR chro-
matin across various cell models of HIV-1 latency. We used
multiple cell models of HIV-1 latency to confirm that depletion
of FACT proteins alleviates transcriptional suppression and
reverses latent HIV-1 (Figs. 4—6). Most compellingly, we were
able to validate FACT functions in HIV-1 latently infected pri-
mary CD4+ T cells (Fig. 6). In this model, activated CD4+ T
cells were nonpolarized to mimic central memory CD4+ T
cells to establish HIV-1 latency (33, 34). Depletion of FACT
proteins in these cells spontaneously reversed HIV-1 latency,
indicating that FACT proteins are main host factors for main-
taining HIV-1 latency, and their removal may directly activate
some of latent HIV-1 without need of other cell signaling acti-
vation. Another significant discovery is that depletion of FACT
proteins synergized with the known latency-reversing agent,
SAHA (Fig. 5C). Because SAHA blocks local histone deacetyla-
tion and allows loading of the transcriptional initiation com-
plex onto the viral LTR to induce transcription, whereas deple-
tion of FACT proteins enhances HIV-1 transcriptional
elongation by increasing binding of P-TEFb to Tat-LTR, this
may explain the enhanced reversing of latent HIV-1. Failure to
produce any synergistic effects between FACT depletion and
prostratin treatment may be due to prostratin quenching
HIV-1 reversal, masking the inhibitory effect of FACT proteins.
Future studies should also investigate the role of FACT proteins
in establishment of HIV-1 latency in activated primary CD4+ T
cells once they return to the resting stage. Although these
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results from primary cells are convincing, the more physiolog-
ically relevant HIV-1 latent reservoir cells to test ex vivo are
CD8-depleted peripheral blood mononuclear cells isolated
from HAART-treated AIDS patients with undetectable HIV-1
viral loads (22). However, it is difficult to perform genetic
manipulation (shRNA-mediated knockdown or CRISPR/Cas9-
mediated knockout) in these cells because the frequency of
HIV-1 latently infected cells is extremely low (<1 of 1-5 mil-
lion). The limited transduction efficiency of lentiviruses is
unable to guarantee the successful delivery of shRNAs or
sgRNAs (CRISPR/Cas9) into cells that actually harbor latent
HIV-1 proviruses. Hence, we shall initiate the development
and/or screening of small molecule compounds that are able to
specifically disrupt the interaction of FACT proteins with Tat-
LTR so that their suppressive effect on viral transcription is
removed. These FACT inhibitors can be further tested in HIV-1
latent reservoirs of AIDS patients.
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