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Histone deacetylase 1 interacts with HIV-1
Integrase and modulates viral replication
Fadila Larguet, Clément Caté, Benoit Barbeau, Eric Rassart* and Elsy Edouard*

Abstract

Background: HIV-1 hijacks the cellular machinery for its own replication through protein-protein interactions
between viral and host cell factors. One strategy against HIV-1 infection is thus to target these key protein
complexes. As the integration of reverse transcribed viral cDNA into a host cell chromosome is an essential step in
the HIV-1 life cycle, catalyzed by the viral integrase and other important host factors, we aimed at identifying new
integrase binding partners through a novel approach.

Methods: A LTR-derived biotinylated DNA fragment complexed with the integrase on magnetic beads was
incubated with extracts from integrase-expressing 293 T cells. Liquid chromatography-mass spectrometry/mass
spectrometry and co-immunoprecipitation/pull-down experiments were used for the identification of binding
partners. Transfections of histone deacetylase 1 (HDAC1) expression vectors and/or specific siRNA were conducted
in HeLa-CD4 and 293 T cells followed by infection with fully infectious NL4–3 and luciferase-expressing
pseudotyped viruses or by proviral DNA transfection. Fully infectious and pseudotyped viruses produced from
HDAC1-silenced 293 T cells were tested for their infectivity toward HeLa-CD4 cells, T cell lines and primary CD4+ T
cells. Late RT species and integrated viral DNA were quantified by qPCR and infectivity was measured by luciferase
activity and p24 ELISA assay. Results were analyzed by the Student’s t-test.

Results: Using our integrase-LTR bait approach, we successfully identified new potential integrase-binding partners,
including HDAC1. We further confirmed that HDAC1 interacted with the HIV-1 integrase in co-immunoprecipitation
and pull-down experiments. HDAC1 knockdown in infected HeLa cells was shown to interfere with an early
preintegration step of the HIV-1 replication cycle, which possibly involves reverse transcription. We also observed
that, while HDAC1 overexpression inhibited HIV-1 expression after integration, HDAC1 knockdown had no effect on
this step. In virus producer cells, HDAC1 knockdown had a limited impact on virus infectivity in either cell lines or
primary CD4+ T cells.

Conclusions: Our results show that HDAC1 interacts with the HIV-1 integrase and affects virus replication before
and after integration. Overall, HDAC1 appears to facilitate HIV-1 replication with a major effect on a preintegration
step, which likely occurs at the reverse transcription step.
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Introduction
Following entry into the target cell, the human immuno-

deficiency virus type 1 (HIV-1) genomic RNA is reverse

transcribed into double-stranded linear DNA, which in-

tegrates into the host cell chromosome. Integration is an

essential step in the HIV-1 life cycle and is catalyzed by

the viral integrase (IN) present in the virion. Moreover,

studies have suggested that HIV-1 IN is involved in sev-

eral different steps of viral replication such as uncoating,

reverse transcription, nuclear import of viral cDNA and

virion maturation [1–9].

The integration reaction proceeds in three steps. The

first step (3′-processing) takes place in the cytoplasm

and leads to the removal of the dinucleotide from each

3’end of the viral long terminal repeat (LTR) adjacent to

a conserved CA dinucleotide, thereby generating two

CA-3′-hydroxyl DNA ends. In the strand transfer step,
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which occurs in the nucleus, CA-3′-hydroxyl DNA ends

are covalently joined to 5′-phosphates in the host DNA

to produce the integration intermediate. The integration

is completed by gap filling of unrepaired 5′-ends of the

viral DNA by cellular enzymes. Former studies have fur-

ther shown that purified IN exhibits both 3′-processing

and strand transfer activity in vitro. However, reactions

with recombinant IN mainly resulted in the insertion of

a single viral DNA end in a single strand of the duplex

target DNA (for a review, see [10, 11]).

In infected cells, IN functions in the context of the pre-

integration complex (PIC), a large nucleoprotein complex

formed in the cytoplasm with components derived from

the core of the infecting virion (viral cDNA, matrix, nu-

cleocapsid, reverse transcriptase, Vpr, and IN) and several

cellular factors. A variety of cellular proteins were identi-

fied as important partners required for successful viral

DNA integration in infected cells. Sorin and co-workers

had previously reported that histone deacetylase I

(HDAC1) could be such a partner, being incorporated in

HIV-1 virions in an integrase-dependent manner as part

of the Sin3a-HDAC1 complex [12]. Subsequently,

Allouche and colleagues showed that HDAC1 was incor-

porated in a complex formed by KAP1, a protein belong-

ing to the antiviral TRIM family, which binds IN and

induces its deacetylation [13]. Interestingly, many studies

had been devoted to elucidate the role of HDAC proteins

in HIV-1 silencing in latently infected cells [14–22]. Class

I histone deacetylase inhibitor, such as vorinostat, can dis-

rupt latency in HIV-1-infected patients on antiretroviral

therapy [23, 24]. However, few studies have examined the

role of HDAC proteins in HIV-1 replication at steps other

than the well-characterized regulation of the proviral ex-

pression [12, 13].

The identification and characterization of new IN cel-

lular cofactors remains an important goal as it provides

a more complete understanding of viral integration and

can potentially lead to the development of new antiviral

drugs. We have recently developed an in vitro purifica-

tion protocol relying on the use of streptavidin-coupled

magnetic beads and a portion of the viral U3 LTR region

as bait for integrase-containing complex followed by

mass spectrometry analysis. In this report, we confirm

that HDAC1 interacts with HIV-1 IN. We demonstrate

that HDAC1 exerts a control on early and late events of

HIV-1 replication. In early events, HDAC1 is involved in

a preintegration step, possibly during reverse transcrip-

tion. In later steps, HDAC1 appears to inhibit gene ex-

pression from the integrated viral DNA. We also show

that HDAC1 depletion in virion producer cells has a

limited effect on virion infectivity toward Jurkat cells

and human primary CD4+ T cells. Altogether, our re-

sults highlight a complex role for HDAC1 in HIV-1

replication.

Materials and methods
Plasmids

The FLAG-HDAC1 expression vector was constructed

as follows. The cDNA coding sequence of human

HDAC1 flanked by EcoRI restriction sites was generated

by PCR amplification from a cDNA clone (ATCC,

MGC-8378) with the following primers: sense 5′-GGGA

ATTCATGGCGCAGACGCAGGGC-3′ and antisense

5′-CGGAATTCTCAGGCCAACTTGACCTC-3′. The

PCR product was digested by EcoRI and inserted into

the pBact-FLAG vector (derived from pBact-myc [25])

to generate p-FLAG-HDAC1. To construct a 6xHis.H-

DAC1 expression vector, the HDAC1 cDNA was sub-

cloned from p-FLAG-HDAC1 into the EcoRI site of

pTrcHis (B). HIV-1 proviral DNA clones pNL4–3 and

pNL4–3.Luc.R-E- and the VSV-G envelope expression

vector were obtained from the NIH AIDS Research &

Reference Reagent Program (Germantown MD) [26–28].

The plasmid pcDNA3.1(+)-LEDGF-HA was kindly pro-

vided by Dr. Thibault Mesplède (McGill University,

Montréal, Canada), while the pCEP-INsala-Flag vector

was a generous gift from Dr. Zeger Debyser [29].

Antibodies

Rabbit HIV-1 HXB2 integrase antisera (obtained from Dr.

Duane P. Grandgenett) [30] and anti-HIV-1 integrase

monoclonal antibodies were provided by the NIH AIDS

Research & Reference Reagent Program (cat. #757 and

#758; 8G4 cat. # 7375 and 2C11 cat. #7374). The mono-

clonal anti-DDX5 antibody (C10) was a generous gift from

Dr. Hans Stahl (Universität des Saarlands, Sarrebruck,

Germany). The following antibodies were purchased from

Sigma-Aldrich (St-Louis MO): rabbit polyclonal anti-Flag,

mouse monoclonal anti-Flag-M2 and mouse monoclonal

β-Actin antibodies. Monoclonal anti-DDX17 antibodies

were obtained from Santa Cruz Biotechnology Inc. (Dallas

TX), while monoclonal anti-HDAC1 antibodies were pur-

chased from Cell signaling Technology (Danvers MA). All

secondary conjugated antibodies were provided by GE

Health Care (Chicago, IL).

siRNA synthesis

All siRNAs used in this study were purchased from Qia-

gen (Mississauga, Canada). Hs_HDAC1_5 (Cat. no

SI02634149) and Hs_HDAC1_6 (Cat. no SI02663472) tar-

get the 3′-UTR and the coding sequence of the HDAC1

mRNA, respectively. The GFP-22 siRNA (Cat. no

1022064) was used as a negative control. siRNA transfec-

tion was performed using the HiPerfect transfection re-

agent (Qiagen) according to manufacturer’s instructions.

Cell culture

Human embryonic kidney 293 T cells were cultured in

Dulbecco’s Modified Eagle Medium (DMEM) containing
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10% fetal bovine serum (FBS), 2 mM L-glutamine, 50 U/

ml penicillin and 50 μg/ml streptomycin (DMEM-

complete). 293 T-INsala cells, stably expressing high

levels of HIV-1 integrase, were obtained from Dr. Zeger

Debyser [31] and grown in DMEM-complete in the

presence of 200 μg/ml hygromycin B. HeLa-CD4-LTR-β-

gal (HeLa-CD4) cells were obtained from Dr. Michael

Emerman [32] through the NIH AIDS Research & Refer-

ence Reagent Program and were maintained in DMEM

supplemented with 10% FBS, 200 μg/ml G418 and

100 μg/ml hygromycin B. Jurkat T cells were cultured in

RPMI-1640 medium containing 10% FBS and 2mML-

glutamine and antibiotics. LuSIV cells were obtained

through the NIH AIDS Research & Reference Reagent

Program from Drs. Jason W. Roos and Janice E. Clem-

ents [33]. LuSIV cells were grown in RPMI medium con-

taining 10% FBS, 2 mM sodium pyruvate, 10 mM

HEPES, 2 mML-glutamine, 50 U/ml penicillin, 50 μg/ml

streptomycin and 300 μg/ml hygromycin B. This cell line

was derived from CEMx174 cells stably transfected with

a construct containing SIV LTR-driven luciferase re-

porter gene and is sensitive to infection by HIV strains,

leading to Tat-mediated expression of luciferase.

Purification of human primary CD4+ T cells

Peripheral blood samples were obtained after written

consent from the donor. Following isolation of periph-

eral blood mononuclear cells (PBMCs) by Ficoll-

Hypaque density gradient centrifugation, CD4+ T cells

were isolated by negative selection with the human

CD4+ T Cell Enrichment Kit (Stem Cell Technologies

Inc., Vancouver, Canada). Purity of the CD4+ cell popu-

lation was higher than 93% as measured by flow cytome-

try. Cells were cultured at a density of 2 × 106 cells per

ml in RPMI-1640 medium supplemented with 10% FBS,

L-glutamine (2 mM) and antibiotics (50 U/ml penicillin,

50 μg/ml streptomycin and 100 μg/ml primocin). For

CD4+ T cell activation, PHA-L (1 μg/ml) (Sigma-Al-

drich) and recombinant human IL-2 (3000 U/ml) (Fel-

dan-bio, Montreal, Canada) were added to the culture

medium for 24 h prior to virus infection.

Virus stocks

Wild-type HIV-1 virions were produced by transfection

of 293 T cells with the infectious molecular clone,

pNL4–3. Pseudotyped HIV-Luc virions were generated

by co-transfecting the pNL4–3.Luc.R-E- construct and a

VSV-G envelope expression vector using the calcium

phosphate transfection protocol [34]. A semi-confluent

culture of 293 T cells (previously transfected or not with

siRNAs) was transfected with 20 μg of pNL4–3 plasmid

or with 20 μg of pNL4–3.Luc.R-E- and 5 μg VSV-G plas-

mids in 10 ml DMEM-complete. Cells were washed 24 h

post-transfection and cultured in fresh medium. Virion-

containing supernatants were harvested 48 h after trans-

fection, centrifuged for 5 min at 700 x g, cleared by fil-

tration through 0.22 μm pore-size filters, aliquoted and

stored at − 80 °C. Virus stocks were assayed for virion

content by using an in-house double-Ab sandwich

ELISA specific for the viral p24gag protein [35]. Recom-

binant HIV-1 p24 was purchased from Feldan-bio. Anti-

p24 antibodies used for the p24 ELISA were a generous

gift from Dr. Michel Tremblay (Centre de Recherche du

Centre Hospitalier Universitaire de l’Université Laval,

Quebec City, Canada). Before each infection experiment,

the virus inoculum was treated with DNase I (1 μg/ml)

in the presence of MgCl2 (1 mM) for 30 min at 37 °C to

remove contaminating DNA.

Purification of HIV-1 integrase-containing complexes and

identification of interacting proteins

Biotinylated DNA baits corresponding to identical

segments of the U3 region of MuLV (316 bp) or HIV-1

LTR (313 bp) were first generated by PCR amplification

from corresponding proviral DNA. Binding of either bio-

tinylated DNA to the HIV-1 integrase was first verified

by supershift assay before starting the purification. For

the purification of the complex, 10 mg of streptavidin

magnetic beads (Dynabeads® M-280 Streptavidin, Invi-

trogen) were used. The beads were washed in 1M NaCl

buffer (5 mM Tris-HCl pH 7.5, 0.5 mM EDTA, 1M

NaCl) and then incubated with 2 μg of the biotinylated

DNA bait for 30 min at room temperature with rotation.

Following extensive washes in 1M NaCl buffer, beads

were incubated in a binding buffer (20 mM HEPES pH

7.9, 50 mM KCl, 1 mM MgCl2, 0.05 mM EDTA, 5% gly-

cerol and 1mg/ml BSA) in the presence of 0.5 mg of nu-

clear extracts [36] from 293 T-INsala vs. 293 T control

cells for the MuLV-derived bait. The HIV-1 LTR bait-

bead complex was similarly incubated with nuclear ex-

tracts from 293 T cells transiently transfected with 4 μg

of pCEP-INsala-Flag and/or 4 μg pcDNA3.1(+)-LEDGF-

HA using polyethylenimine (PEI) (Polysciences, War-

rington, PA) at a 7:1 ratio of PEI/total DNA in FBS-free

DMEM. The mixture was incubated for 30 min at room

temperature with rotation. The supernatant was dis-

carded and following extensive washes with 0.1 M NaCl

buffer, proteins were eluted in 0.5 M NaCl buffer (or gly-

cine buffer pH 5.0).

Mass spectrometry analyses

Protein complexes from two independent purification ex-

periments using the MuLV LTR bait were run in parallel

on 4–12% SDS-PAGE gels followed by silver staining. The

presence of integrase in the fraction purified from 293 T-

INsala extract was verified by Western blot using a mix-

ture of HIV-1 IN 8G4 and 2C11 monoclonal antibodies

[30]. A total of 12,293 T-INsala-specific protein bands
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were excised, in-gel trypsin digested and subjected to li-

quid chromatography-mass spectrometry/mass spectrom-

etry at Genome Quebec Innovation Centre. The resulting

dataset was blasted against NCBI databases (NCBInr

20060525 and NCBInr 20060921 for human and viral se-

quences, respectively).

Co-immunoprecipitation experiments

293 T-INsala cells were seeded (1 × 106 cells per 60 mm

plate) and transfected with 4 μg p-FLAG-HDAC1 plas-

mid using the PolyFect reagent (Qiagen). Cells were

washed 48 h after transfection and lysed with cold modi-

fied RIPA buffer (50 mM Tris-HCl pH 7.4, 150 mM

NaCl, 1% NP40, 0.25% sodium deoxycholate, 1 mM

EDTA, 1mM sodium orthovanadate, 1mM NaF) con-

taining complete protease inhibitors (Roche) followed by

centrifugation at 10,000 x g for 15 min to pellet cellular

debris. Total cell lysates (400 μg proteins) were

incubated at 4 °C for 1 h with the following antibodies:

anti-HIV-1 integrase, anti-FLAG or normal rabbit IgG.

Protein G-sepharose beads (Invitrogen) were then added

and incubation was continued overnight at 4 °C with ro-

tation. Beads were washed four times with modified

RIPA buffer, and eluted by heating at 95 °C for 5 min in

50 μl 2X electrophoresis sample buffer. Immunoprecipi-

tation eluates were resolved by 10% SDS-PAGE. Western

blot analysis was carried out as previously described [37]

using a mixture of HIV-1 IN 8G4 and 2C11 monoclonal

antibodies and the anti-FLAG-M2 antibody.

Purification of recombinant 6xHis-tagged HDAC1 and

pull-down assay

Recombinant 6xHis.HDAC1 protein was expressed from

the pTrcHis vector in E. coli (DH10B). Expression was

induced with 1 mM IPTG for 4 h at 37 °C. Bacteria were

pelleted by centrifugation at 10,000 x g for 10 min and

lysed in a ratio of 1 to 2 g (wet weight)/5 ml of lysis buf-

fer (50 mM NaH2PO4 pH 7.4, 0.5% Tween 20, 0.5% Tri-

ton X-100, 0.5% NP40, 1% SDS, 1 mg/ml lysozyme and

1 μg/ml benzonase) during 30 min on ice. After sonic-

ation, the lysates were cleared by centrifugation at 16,

000 x g for 20 min at 4 °C. Pre-cleared lysates were incu-

bated with the Ni-NTA His.Bond® superflow resin

(Novagen) equilibrated in Ni-NTA buffer [50 mM

NaH2PO4 buffer pH 8.0, 150mM NaCl and complete

protease inhibitor (Roche)] in the presence of 30 mM

imidazole during 2 h at 4 °C. The beads were then loaded

into a column and washed with 10 column volumes of

the same buffer. 6xHis-tagged proteins were eluted with

250 mM imidazole in Ni-NTA buffer. Eluted fractions

were analyzed by 10% SDS-PAGE and Coomassie blue

staining, then pooled and dialyzed against 20 mM

HEPES pH 7.5, 1 mM DTT, 1 mM EDTA, 0.5M NaCl

and 10% glycerol. Ni-NTA His.Bond® superflow resin

(50 μl) was incubated with 5 μg of purified 6xHis.H-

DAC1 and 1 μg of purified recombinant HIV-1NL4–3 IN

obtained from Dr. Robert Craigie [38] (NIH AIDS Re-

search & Reference Reagent Program) for 2 h at 4 °C in

Ni-NTA buffer containing 30 mM imidazole. After 4

washes, bound proteins were eluted with 250 mM imid-

azole in Ni-NTA buffer, resolved by 10% SDS-PAGE

and analyzed by Western blot.

Infection and transfection experiments

HeLa-CD4 cells (8 × 104) were seeded in 24-well plates

and transfected with 15–20 nM siRNAs or 375 ng of ex-

pression vectors. Infection was initiated at 48 h post-

transfection with fully infectious NL4–3 (10 ng p24/well)

or pseudotyped HIV-Luc virions (30 ng p24 per 105

cells) in infection medium (DMEM, 10% FBS, 100 μg/ml

G418, 50 μg/ml hygromycin B) containing 8 μg/ml poly-

brene. The medium was removed 3 h after infection and

cells were washed and cultured in fresh medium. For

NL4–3 infection, cell-free supernatants were harvested

at different time points and quantified for virus produc-

tion by p24 ELISA assay. For infection with pseudotyped

viruses, luciferase activities were measured from cell ly-

sates 48 h after infection.

Transient knockdown/overexpression and post-

integration analysis

HeLa-CD4 or 293 T cells were plated in 24-well plates

(1 × 105 cells/well) and transfected with 20 nM siRNAs

or 375 ng pFLAG-HDAC1 using the HiPerfect transfec-

tion reagent. Forty eight hours after transfection, cells

were transfected with 1.6 μg of pNL4–3.Luc.R-E- in

500 μl DMEM-complete. Luciferase activities were mea-

sured in cell lysates at 24 h after transfection.

Quantitative RT-PCR

Total RNA was isolated from siRNA-transfected cells at dif-

ferent time points with the TRIzol Reagent (Invitrogen).

RNA samples (2.5 to 5 μg) were subjected to reverse tran-

scription (RT) using the Omniscript reverse transcriptase kit

(Qiagen) and amounts of HDAC1 and β-actin (internal con-

trol) were subsequently quantified by real-time PCR, using

the SYBR Green Master Mix (Takara Bio, Inc.). PCR was

conducted with 1.25–2.5 ng of cDNA along with primers

specific for HDAC1 (0.5 μM) or β-actin (0.25 μM). The pri-

mer pairs were: HDAC1-sense 5′-TCCGAGACGGGATT

GATGACG-3′ and HDAC1-antisense 5′-CCCAGCATCA

GCATAGGCAGG-3′, β-actin sense 5′-GGGTCAGAAG

GATTCCTATG-3′ and β-actin antisense 5′-GGTCTC

AAACATGATCTGGG-3′. The cycling conditions were:

initial denaturation at 95 °C for 10 s followed by 50 cycles of

amplification (denaturation at 95 °C for 5 s, hybridization at

60–65 °C for 20 s and elongation at 72 °C for 15 s). Data

were analyzed with the Real Quant Software (Roche Applied
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Science). Endogenous HDAC1 protein levels in siRNA-

transfected cells were analyzed by Western blot.

Quantification of HIV-1 DNA species

DNA was isolated from infected cells at different time

points following the onset of infection (6, 12, 48 h and 6

days), using the FlexiGene DNA kit (Qiagen). HIV-1 DNA

species were analyzed by quantitative PCR using the SYBR

Green Master Mix, as described by Suzuki et al. [39] with

slight modifications. Integrated viral DNA was amplified by

nested Alu PCR. The first PCR round was performed on

10 ng of DNA using an Alu-sequence-specific sense primer

(5′- TCCCAGCTACTCGGGAGGCTGAGG- 3′) and the

HIV-1-specific antisense primer M661 (5′-CCTGCG

TCGAGAGATCTCCTCTG-3′). The second PCR was per-

formed on a 100 to 500-fold dilution of the first round PCR

amplicon with sense M667 (5′-GGCTAACTAGGGAA

CCCACTGC-3′) and antisense AA55 (5′-CTGCTAGAGA

TTTTCCACACTGAC-3′) primers. The abundance of late

RT products was quantified using sense primer LG564 (5′-

CCGTCTGTTGTGTGACTCTGGT-3′) and antisense pri-

mer LG699 (5′-GAGTCCTGCGTCGAGAGATCT-3′)

through PCR analysis of 10 ng cellular DNA. All PCR con-

ditions included an initial denaturation at 95 °C for 10min

followed by 50 cycles of amplification (denaturation at

95 °C for 15 s and amplification at 60 °C for 1min). For

each amplification, human β-globin DNA was used as an

internal control and quantified with primers 5′-CCCTTG

GACCCAGAGGTTCT-3′ and 5′-CTCACTCAGTGTGG

CAAAGGTG-3′. Each sample was run in triplicate. Nega-

tive PCR controls (no DNA added to the PCR mixture)

were tested for each experiment. DNA extracted from non-

infected HeLa-CD4 cells was included in each experiment

and used to subtract background amplification. Viral DNA

content of samples obtained by qPCR analysis were calcu-

lated as the percentage of the control (cells transfected with

a control siRNA).

MTS/PMS assay

siRNA-transfected cells were first washed and incubated

with 400 μl of fresh medium for 1 h at 37 °C followed by

the addition of a combined solution of Tetrazolium salt

[3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphe-

nyl)-2-(4-sulfophenyl)-2H-tetrazolium] (MTS, Promega)

and phenazine methosulfate (PMS, Sigma) at a final con-

centration of 333 μg/ml and 25 μM, respectively. After 1

h of incubation at 37 °C, absorbance was recorded at a

wavelength of 490 nm.

Luciferase assay

Transfected cells were lysed 24 h after transfection, while

infected cells were lysed at 48 h post-infection. Cells

were resuspended in lysis buffer [25 mM Tris-H3PO4

pH 7.8, 2 mM DTT, 1% (v/v) Triton X-100, 10% (v/v)

glycerol], incubated for 30 min at room temperature

with shaking and subjected to one freeze-thaw cycle. To

20 μl lysate, 100 μl of luciferase buffer [20 mM Tricine,

1.07 mM (MgCO3)4·Mg(OH)2·5H2O, 2.67 mM MgSO4,

0.1 mM EDTA, 270 μM coenzyme A, 470 μM D-

luciferin, 530 μM ATP, and 33.3 mM DTT] were added

[40]. Luciferase activities were measured as relative light

units (RLU) with a Dynex MLX microplate luminometer

(Dynex Technologies) and normalized to protein content

of the cell lysates, as quantified with the Bradford re-

agent (BioRad).

Statistical analysis

Statistical analysis was performed with Prism Software

(GraphPad) using the Student’s t-test. Results were con-

sidered significant when p < 0.05. The p-value was calcu-

lated with reference to the control data.

Results
HDAC1 is identified as an integrase interacting cellular

protein

To purify cellular proteins in a complex with the HIV

integrase, we have developed a purification method based

on the use of streptavidin magnetic beads coupled to the

integrase and the viral DNA of interest. Briefly, knowing

that HIV-1 integrase binds the U5-U3 junction of the

HIV-1 LTR and several MuLV LTR [41], two different

baits containing the integrase attachment site were gener-

ated: the first one corresponds to a 316 bp region of the

MuLV U3 LTR and the second one, to the equivalent 313

bp region of the HIV -1 LTR. Both DNA when complexed

to beads were able to specifically bind to the HIV-1 inte-

grase when incubated with extracts from the stably

integrase-expressing 293 T-INsala cell line or from 293 T

cells transiently transfected with an integrase expression

vector (Fig. 1a; Additional file 1: Figure S1A). Additional

experiments with the HIV-1 bait-integrase complex re-

vealed the expected detection of the lens epithelium-

derived growth factor/transcription co-activator p75

(LEDGF/p75) in HA-tagged LEDGF-expressing 293 T

cells (Additional file 1: Figure S1B).

Since the MuLV LTR bait provided us with stable

interaction with the integrase, protein complexes from

nuclear extracts of 293 T-INsala cells (or 293 T cells, as a

negative control) bound to this bait were further purified

and resolved by SDS-PAGE gel followed by silver stain-

ing and Western blot analyses (Fig. 1b). Protein bands

giving a different profile between 293 T-INsala and con-

trol 293 T cell fractions were excised, trypsin digested

and used for identification by liquid chromatography-

tandem mass spectrometry (LC-MS/MS). As expected,

the HIV-1 integrase was recovered from this analysis as

a band near 32 kDa with 7 matching peptides (corre-

sponding to 4 unique peptides) (Fig. 1b). These results
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were further confirmed by Western blot analysis. More-

over, several cellular proteins were identified, among

which were the well characterized integrase cofactors:

flap structure-specific endonuclease 1 (FEN1), ATP-

dependent helicase II/Ku80 (XRCC5), HMG-Box

proteins (HMGB-1, HMGB-2), and poly (ADP-ribose)

polymerase 1 (PARP1) (Table 1). Other known integrase

interacting proteins, such as LEDGF/p75, INI1

(SMARCB1), emerin (EMD) and heat shock protein 60

(HSP60) were also identified by our method (data not

shown). Interestingly, using our method, we identified

HDAC1 with a relatively high score. As different HDAC

proteins exhibit sequence homologies, we aligned the

sequences of the peptide set identified by mass

spectrometry with Class I HDACs and found a 100%

match with HDAC1 only, suggesting that HDAC1 was

specifically co-purified with the HIV-1 integrase.

We further validated the presence of HDAC1 as well as

three other newly identified interacting partners by West-

ern blot analyses of purified fractions from 293T-INsala

cells (Fig. 1c). All proteins were indeed detected following

purification in the presence of the HIV integrase only.

These data hence demonstrated that our method

allowed us to detect several known integrase binding

partners, as well as new unidentified partners, such

as HDAC1. As HDAC1 presented a strong reprodu-

cible signal, we focussed on this integrase binding

partner.

Fig. 1 Identification of HIV-1 IN-associated proteins. A biotinylated DNA fragment corresponding to a part of the U3-LTR of CasBrE MuLV was
immobilized on streptavidin-coupled magnetic beads. Nuclear extracts from stably HIV-1 IN-expressing 293 T cells (293 T-INsala) were incubated

with beads. a After washing with 0.1 M NaCl buffer, complexes were eluted with 0.5 M NaCl buffer and resolved on a 10% SDS-PAGE. Proteins
were visualized by silver nitrate staining. IN was detected by immunoblotting with anti-IN antibodies (lower panel). Marker (lane 1); 293-INsala

extract (lane 2); flow-through from beads incubated with extracts (lane 3); 0.1 M NaCl washes (lane 4–5); elution (0.5 M NaCl) (lane 6). b Eluted
samples from 293 T-INsala and 293 T cells (negative control) were migrated on SDS-PAGE (4–12%) and visualized by silver staining. Signals
showing difference in profile between 293 T-INsala and control 293 T fractions are numbered (indicated on the right side of the gel) and were

analyzed by mass spectrometry. Detection of IN by immunoblotting is presented in the lower panel. c The presence of IN and putative
interacting proteins in the purified fractions from (b) along with extracts (input) from corresponding cell lines were analyzed by Western blot
using specific antibodies (anti-FEN1, anti-DDX5, anti-DDX17, anti-HDAC1)
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Direct interaction of the HIV-1 integrase with HDAC1

We next investigated the interaction of HDAC1 with the

HIV-1 integrase by co-immunoprecipitation. Lysates

from 293 T-INsala cells transfected with the pFLAG-

HDAC1 expression vector were subjected to immuno-

precipitation using anti-FLAG, anti-IN or control rabbit

IgG antibodies. Immunoprecipitates were then analyzed

with anti-FLAG and anti-IN antibodies. As shown in

Fig. 2a, FLAG-HDAC1 co-immunoprecipitated with the

integrase. The absence of FLAG-HDAC1 from control

IgG immunoprecipitates indicated that this protein spe-

cifically interacted with the HIV-1 integrase. The inter-

action was also confirmed when extracts were

immunoprecipitated with the anti-FLAG antibodies, des-

pite a weak integrase signal observed upon Western blot

analyses (due to poor abundance of the integrase protein

in expressing cells). We further sought to validate this

interaction by carrying out a pull-down assay using puri-

fied 6xHis-tagged HDAC1 and purified integrase. In this

assay, integrase was detected following 6xHis.HDAC1

pull-down demonstrating a direct interaction between

the two proteins (Fig. 2b).

Transient knockdown of HDAC1 inhibits HIV-1 replication

To study the impact of HDAC1 on HIV-1 replication,

HDAC1-specific siRNA was tested in HeLa-CD4 cells in

the context of multiple rounds of infection. HeLa-CD4 cells

transfected with HDAC1 siRNA (Hs_HDAC1_5) or a non-

related control siRNA (GFP-22 siRNA) were infected with

HIV-1 NL4–3 and replication was monitored for 8 days by

quantification of the p24 viral protein in cell supernatants

at day 1, 2, 3, 5 and 8 post-infection (pi). The results

showed a significant inhibition of HIV-1 replication in cells

silenced for HDAC1 expression compared to control cells

(Fig. 3a). Reduced replication was particularly prominent

on day 5 pi where HDAC1 knockdown led to a 4.5-fold in-

hibition of HIV-1 replication compared to control.

The efficiency of transfected siRNAs was determined in

parallel. As assessed by real-time quantitative PCR and

Western blot analyses, a significant and steady reduction

(70–80%) of HDAC1 expression levels was observed up to

day 7 post-transfection (day 5 pi) with a maximum knock-

down at day 2 (Fig. 3b, c). Cell viability assay also revealed

no cytotoxicity (Fig. 3d). A similar reduction in HIV-1

replication was demonstrated with a different HDAC1-

specific siRNA (Hs_HDAC1_6, data not shown).

To further demonstrate the specific impact of HDAC1

on HIV-1 replication, we tested if its overexpression

might lead to a significant change in HIV-1 replication.

For this purpose, HeLa-CD4 cells were transfected with

the p-FLAG-HDAC1 expression vector or with the

empty vector (mock) and then infected with NL4–3 vi-

ruses. As shown in Fig. 4a, overexpression of HDAC1 in

HeLa-CD4 cells induced a slight but significant increase

in virus production compared to mock-transfected cells.

This slight increase might be consequential to the lim-

ited overexpression of HDAC1 observed in these trans-

fected cells, as denoted by Western blot analysis (Fig.

4b). Densitometry analyses with ImageJ indeed revealed

a two-fold increase in HDAC1 levels in overexpressing

cells following normalisation with the actin signals.

The above results thereby demonstrated that HDAC1

facilitates HIV-1 replication.

HDAC1 knockdown affects HIV-1 replication at a

preintegration step

Since we demonstrated that HDAC1 interacts with the

HIV-1 integrase and regulates HIV-1 replication, we next

investigated its impact on viral DNA integration. Inte-

grated viral DNA and late RT products were thus quanti-

fied in siHDAC1- and siControl-transfected HeLa-CD4

cells infected with HIV-1 virions (Fig. 5). Levels of late RT

species were significantly decreased in the HDAC1-

knockdown cells compared to control cells at 6 h pi but

were not significantly different at 12 h and later time point

(24 h) (Fig. 5a; data not shown). The transient nature of

the reduced late RT is likely representative of more effi-

cient RT activity in HDAC1-expressing cells (vs. silenced

cells), while the non-significant difference seen in later

time points might be represent the remaining completed

late RT products of non-silenced cells, which are then

Fig. 2 HDAC1 specifically interacts with HIV-1 integrase. a 293 T-
INsala cells (stably expressing HIV-1 IN) were transfected with pFLAG-
HDAC1. Cell lysates were then subjected to immunoprecipitation

with anti-IN (α-IN), anti-FLAG (α-FLAG) or control IgG antibodies.
Immunoprecipitates and total cell extracts (input) were analyzed by
Western blot with anti-IN or anti-FLAG antibodies. b Purified IN was

incubated with purified 6xHis-tagged HDAC1 or with Ni-NTA beads
alone (negative control). Bound proteins and input were analyzed by

Western blot using anti-6xHis or anti-IN antibodies
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comparable to levels of late RT products, successfully but

less efficiently completed in silenced cells. As predicted,

HDAC1 knockdown further reduced integrated viral DNA

levels by more than 40% (Fig. 5b). Similar results were ob-

tained in HeLa-CD4 cells silenced for HDAC1 expression

and infected with luciferase-expressing pseudotyped vi-

ruses (data not shown). Since decrease in integrated viral

DNA levels is likely the result of decreased late RT, our re-

sults strongly suggest that the replication of HIV-1 in

HDAC1-silenced cells is at least partly affected before in-

tegration, possibly at the reverse transcription step.

HDAC1 modulates HIV-1 gene expression

We next analyzed the effect of HDAC1 on viral expression

from proviral DNA. HeLa-CD4 or 293 T cells were trans-

fected with siHDAC1 or siControl and further transfected

after 48 h with pNL4–3.Luc.R-E- to bypass the integration

step. HDAC1 knockdown was assessed by Western blot

analysis as shown in Fig. 6 (a, b). Luciferase activity showed

no significant difference between siHDAC1- and siControl-

transfected cells (Fig. 6a, b, upper panels). These results

thereby revealed that HDAC1 silencing does not affect

HIV-1 expression in the context of the proviral DNA. On

the other hand, we tested the effect of HDAC1 overexpres-

sion in 293 T cells and found that it decreased HIV-1 gene

expression (Fig. 6c).

Our results thus showed that, while HDAC1 knock-

down does not affect HIV-1 expression, its overexpres-

sion decreases proviral expression.

Transient knockdown of HDAC1 in HIV-1 producer cells

differently impacts replication in infected cells

We subsequently examined the effect of HDAC1 knock-

down in HIV-1 producer cells on the infectivity of

Fig. 3 HDAC1 knockdown inhibits HIV-1 replication. a HeLa-CD4-LTR-β-gal cells were transfected with 15 nM siHDAC1 (Hs_HDAC1_5) or control
siRNA (GFP-22 siRNA) and, 48 h after transfection, were infected with NL4–3 HIV-1 virions (10 ng p24 per 8 × 104 cells). Culture supernatants were

harvested at different time points post-infection and viral levels were measured through p24 ELISA assay. b, c siRNA-transfected HeLa-CD4-LTR-β-
gal cells were harvested at indicated time points and analyzed for endogenous HDAC1 expression by quantitative RT-PCR (B) and Western blot
(c). d Cell viability was determined at day 1, 2 and 3 after siRNA transfection, using the MTS/PMS assay. Results are expressed as percentage of

the data obtained with control siRNA-transfected cells. Data in A, B, and D represent means ± SD of triplicates from a single experiment (n = 3).
Results are representative of two independent experiments and were analysed by the Student t test (*, p < 0.05, **, p < 0.01 ***, p < 0.001,

****, p < 0.0001)
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resulting virions. 293 T cells were first transfected with ei-

ther siHDAC1 or siControl and subsequently co-

transfected 48 h later with pNL4–3.Luc.R-E- clone and a

VSV-G expression vector. Supernatants were harvested,

normalized for p24 content and used to infect HeLa-CD4,

Jurkat or human primary CD4+ T cells. In parallel, wild-

type HIV-1 virions were produced in 293 T cells trans-

fected with siHDAC1 or siControl and used to infect

LuSIV cells.

In HeLa-CD4 and LuSIV cells, infectivity of virions

produced from siHDAC1 or siControl-transfected cells

was comparable (Fig. 7a, b). However, virions produced

from siHDAC1-transfected cells exhibited a slight albeit

significant increase in infectivity in both Jurkat (Fig. 7c)

and human primary CD4+ T cells (Fig. 7d), when com-

pared to viruses produced from siControl-transfected

cells. Our results suggest that HDAC1 knockdown in

HIV-1 producer cells differently impacts virus infectivity,

depending on the target cells.

Discussion
In the present report, we provide evidence for the con-

tribution of HDAC1 to HIV-1 replication. We demon-

strate that it interacts with HIV-1 integrase and affects

HIV-1 replication during early and late stages, as evi-

denced by siRNA-mediated knockdown and overexpres-

sion experiments.

HDAC1 belongs to the histone deacetylase family

(HDACs) that is subdivided into four distinct classes

(class I-IV). Class I HDACs include HDAC1, 2, 3 and 8

[42]. HDACs regulate transcription by acetylating the γ-

amino groups of lysine residues of histone tails. As

histone deacetylation is associated with inactive hetero-

chromatin [43], the function of HDACs in HIV-1 repli-

cation has been mainly linked to viral gene expression

and is at the basis of the use of specific inhibitors to re-

activate HIV-1 latently infected cells [24].

Our results thus present a new mode, by which

HDAC1 could contribute in regulating HIV-1 repli-

cation. Indeed, during the early events of HIV-1 rep-

lication, HDAC1 appears to be required before

integration, likely at the reverse transcription step.

We found that HDAC1 knockdown in HIV-1-

infected cells decreased levels of late reverse tran-

scripts early in infection. In line with a role of

HDAC1 in reverse transcription, Sorin and co-

workers have previously shown that the expression

of a functionally inactive mutant of HDAC1 (HDA-

C1H141A) in HIV-1-producing cells led to an impair-

ment of virus infectivity, due to a decrease in early

and late reverse transcripts in infected cells [12].

Furthermore, the authors reported that HDAC1 was

incorporated in HIV-1 virions in an integrase-

dependent manner as part of the Sin3a-HDAC1

complex. A subsequent report has however showed

that HDAC1 knockdown in infected cells increased

HIV-1 integration [13]. The authors proposed that

HDAC1 is recruited by KAP1, a protein belonging to

the antiviral TRIM family, to deacetylate the HIV-1

integrase, leading to a decrease in viral integration.

Acetylation of the integrase carboxy-terminal domain

(CTD) by p300 and GCN5 histone acetyl transferases

has been well demonstrated [44–46]. However, the

requirement of this modification for integrase func-

tion and virus replication remains controversial [45].

Indeed, mutational analysis of integrase lysine

Fig. 4 HDAC1 overexpression increases HIV-1 replication. a HeLa-
CD4-LTR-β-gal cells were transfected with the pFLAG-HDAC1
expression vector or the pBact-FLAG empty vector (375 ng) and 48 h

later infected with HIV-1 NL4–3 virions (10 ng p24 per 8 × 104 cells).
Supernatants were harvested at 48 h post-infection and measured

for virus levels through p24 ELISA assay. Results are expressed as
percentage of the control and represent means ± SD of triplicates
from a single experiment (n = 3). Data are representative of two

independent experiments and were analysed by the Student t test
(*, p < 0.05). b Total cell lysates (48 h post-infection) was analyzed by

Western blot with anti-FLAG, anti-HDAC1 and anti-β-actin antibodies
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residues (K264, K266, K273), commonly acetylated

by p300 and GCN5, revealed that the loss of the

acetylation potential of HIV-1 integrase did not im-

pair virus replication [45, 47].

Several studies have demonstrated that HIV-1 integrase

interacts with reverse transcriptase and that integrase mu-

tations affect reverse transcription [2–4, 48–50]. Further-

more, two proteins, the integrase interactor protein 1

(INI1) and Gemin2, have been reported to interact with

HIV-1 integrase and to affect reverse transcription effi-

ciency [51–54]. In addition to histones, HDAC enzymes

can modify a variety of non-histone proteins and regulate

diverse processes including protein-protein and protein–

DNA interactions, enzyme activity, protein stability, and

subcellular localization [55, 56].

Our results also suggest that HDAC1 is involved in late

events of HIV-1 replication. When the integration step

was bypassed by transfection of proviral DNA constructs,

we found that HDAC1 overexpression reduced luciferase

activity, indicating that HDAC1 contributes to HIV-1 pro-

virus repression. In contrast, HDAC1 siRNA in HeLa or

293 T cells did not affect HIV-1 LTR-driven expression of

luciferase. Our results agree with an earlier report that

demonstrated that the siRNA-mediated knockdown of

HDAC1 in 293 T cells did not affect HIV-1 virion produc-

tion [12]. On the other hand, the expression of a catalytic-

ally inactive dominant negative mutant of HDAC1

(HDAC1H141A) was shown to increase virion production

[12]. Interestingly, HDAC1 and HDAC2 can function as

homo- or heterodimers and the HDAC1H141A mutant in-

hibits the activity of both proteins [57]. Thus, our results

along with the findings reported above might suggest that

both HDAC1 and HDAC2 are involved in the regulation

of HIV-1 gene expression and that, in HDAC1 knock-

down conditions, HDAC2 could persist in repressing

HIV-1 gene expression. It has already been reported that

HDAC inhibitors can induce viral expression in latently-

infected cell line models and in resting CD4+ T cells ob-

tained from aviremic HIV-1-positive patients [20, 21, 23].

Furthermore, HDAC1, HDAC2 and HDAC3 are known

to be recruited to the HIV-1 LTR in latently-infected cell

lines [14–19]. However, using targeted HDAC inhibition

by specific siRNAs in HeLa cells, Keedy and co-workers

observed that, in contrast to HDAC2 and HDAC3,

HDAC1 knockdown did not increase HIV-1 LTR expres-

sion [58]. Furthermore, data from Barton and colleagues

showed that HDAC1 depletion did not significantly in-

duce HIV-1 expression from the HIV-1 promoter in a la-

tency cell line model, as opposed to HDAC3 depletion

alone or in combination with HDAC2 depletion [22].

These findings are consistent with our results and further

indicate that the loss of HDAC1 may be compensated by

other HDACs.

Our data further reveal that HDAC1 knockdown in

HIV-1-producing cells differently affects virion infectiv-

ity, depending upon the targeted cell. HDAC1 depletion

in producer cells has no effect on virion infectivity in

HeLa or LuSIV cells. However, upon HDAC1 depletion

in virion producer cells, virus infectivity slightly in-

creased in Jurkat and human primary CD4+ T cells. This

is in contrast with the results from Sorin and co-workers

showing that the expression of the inactive HDAC1H141A

in producer cells led to a significant decrease in the in-

fectivity of the virions in an osteosarcoma cell line [12].

Our results and those reported by Sorin et al. suggest

that the effect of HDAC1 on HIV-1 infectivity depends

on the cellular context. It will be interesting to pursue

studies in each of these cell targets and further extend

our analyses to HIV-1 latency models, such as J-Lat cells

lines.

Fig. 5 HDAC1 silencing decreases HIV-1 late reverse transcription. HeLa-CD4-LTR-β-gal cells were transfected with 15 nM siHDAC1 or control

siRNA and infected with DNase I-treated HIV-1 NL4–3 virions (10 ng p24 per 8 × 104 cells) 48 h after transfection. At different time point post-
infection, cells were harvested and DNA was extracted. Late RT transcripts (6–12 h) (a) and integrated viral DNA (48 h) (b) were quantified by real-

time PCR, as described in Materials and Methods. Results are expressed as percentage of the control (siControl-transfected cells are set as 100%).
Data represent means ± SD of triplicates from a single experiment (n = 3) and were analysed by the Student t test (**, p < 0.01, ****, p < 0.0001).

Data are representative of two independent experiments
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Overall, our data support that HDAC1 interacts with

HIV-1 integrase and exerts a complex role in virus repli-

cation. Based on previous results and our own, we sug-

gest that HDAC1 in target cells importantly acts at a

late step of reverse transcription by positively modulat-

ing the reverse transcription process through a complex

involving multiple cellular and viral factors such as the

integrase, INI1 and Gemin2. In later step of the viral

cycle, and, as extensively reported, HDAC1 acts as an in-

hibitor of viral expression in the nucleus. We further

propose that HDAC2 and HDAC3 are more efficient

than HDAC1 in regulating viral expression, although

high expression levels of HDAC1 can further participate

in this transcriptional repression. Additional data suggest

that HDAC1 could influence virion infectivity (possibly

through its incorporation in the particle itself) and might

further contribute in early late step of viral infection, al-

though this would likely depend on the cell type and

possibly their HDAC1 levels. Further experiments are

underway to address this model.

HDAC inhibitors are under investigation as part of a

“shock-and-kill” strategy, which is based on the reactiva-

tion of HIV-1 expression in latently-infected cells with

concomitant highly active therapies [23, 59]. However, it

has been demonstrated that the HDAC inhibitor vori-

nostat (SAHA) promoted HIV-1 infection in CD4 + T

cells, by enhancing the efficiency of post-entry events,

including reverse transcription, nuclear import, and

integration. Similarly, specific inhibition of HDAC6 by

tubacin increased infection of CD4 + T cells by HIV-1

[60]. In this context and based on our results showing

the complex role of HDAC1 in HIV-1 replication,

Fig. 6 HDAC1 overexpression affects HIV-1 expression. a, b HeLa-CD4-LTR-β-gal (a) or 293 T (b) cells were transfected with 20 nM siHDAC1

(Hs_HDAC1_6) or control siRNA (GFP-22 siRNA) and, after 48 h, transfected with pNL4–3.Luc.R-E- (1.6 μg/105 cells). HDAC1 knockdown was
determined by Western blot analysis using anti-HDAC1 and anti-β-actin antibodies (lower panels). Luciferase activity was measured in cell lysates

24 h after proviral DNA transfection and normalized for protein levels. c 293 T cells were transfected with pFLAG-HDAC1 or the pBact-FLAG empty
vector (375 ng per 105 cells) and 48 h later, transfected with pNL4–3.Luc.R-E-. Luciferase activity was measured in cell lysates 24 h after proviral
DNA transfection and normalized for protein levels. Cell lysates were analyzed by Western blot using anti-FLAG and anti-β-actin antibodies (right

panel). Results derived from the measurement of luciferase activities were calculated as means ± SD of six measurements from a single
experiment (n = 6) and are representative of two to four independent experiments. Results were analysed by the Student t test (***, p < 0.001)
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these conflicting results strongly underscore the need

to address the action of the different HDAC classes

on early and late steps of HIV-1 replication in order

to target the appropriate HDAC proteins and

optimize active therapies.

Conclusions
Using an integrase-LTR complex as a bait, we have

demonstrated that HDAC1 is an interacting partner

of the HIV-1 integrase. Our results further suggest

that the implication of HDAC1 occurred at the pre-

integration step, although a role in HIV-1 replication

at the post-integration step is also presented. Hence,

HDAC1 through its association with the HIV-1 inte-

grase, is a likely important modulator of HIV-1 rep-

lication. In light of the potential use of HDAC

inhibitors as part of a “shock-and-kill” treatment,

our study further underscores the importance of re-

fining our comprehension of the role played by

HDAC family members in the replication cycle of

HIV-1.
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Supplementary information accompanies this paper at https://doi.org/10.
1186/s12985-019-1249-y.

Additional file 1: Figure S1. Complex formation between the HIV-1
LTR bait, integrase and LEDGF. (A) Biotinylated DNA fragments
corresponding to the U3-LTR of HIV-1 was immobilized on
streptavidin-coupled magnetic beads. Nuclear extracts from 293 T cells
transfected with pCEP-INsala-Flag were incubated with the beads
(coupled or not to the bait) and washed several times in cold lysis buffer.
Bead and wash samples were boiled in Laemmli buffer for elution of the
protein and resolved on a 10% SDS-PAGE followed by Western blot
analyses with anti-FLAG antibodies. Total extracts (input) were similarly
analyzed. (B) Nuclear extracts from 293 T cells transfected with CEP-INsala-
Flag (vs. empty vector) and pcDNA3.1(+)-LEDGF-HA were incubated with
HIV-1 U3 bait-coupled magnetic beads (vs. empty beads). After several
washes, complexes were eluted from the beads in Laemmli buffer.
Resulting eluted samples and bead-lysate complexes before wash were
analyzed by Western blot with anti-HA antibodies.

Abbreviations

CTD: carboxy-terminal domain; DMEM: Dulbecco’s Modified Eagle Medium;
EMD: emerin; FBS: fetal bovine serum; FEN1: flap structure-specific endo-
nuclease 1; HDAC1: histone deacetylase I; HIV-1: human immunodeficiency
virus type 1; HMGB-1, HMGB-2: HMG-Box proteins; HSP60: heat shock protein
60; IN: integrase; INI1: integrase interactor protein 1; LC-MS/MS: liquid
chromatography-tandem mass spectrometry; LEDGF/p75: lens epithelium-

Fig. 7 Knockdown of HDAC1 expression in HIV-1 producer cells affects virion infectivity in a cell type-dependent manner. 293 T cells were

transfected with 20 nM siHDAC1 (Hs_HDAC1_6) or control siRNA (GFP-22 siRNA). At 48 h post-transfection, cells were transfected with pNL4–3 or
co-transfected with pNL4–3.Luc.R-E- and pCMV-VSV-G vectors to produce wild-type or pseudotyped virions, respectively. Culture supernatants
were harvested at 48 h after proviral DNA transfection and measured for virus production by p24 ELISA. Equal amounts of pseudotyped NL4–
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