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Abstract
Despite the notable success of combination antiretroviral therapy, how to eradicate latent HIV-1 from reservoirs poses a 
challenge. The Tat protein plays an indispensable role in HIV reactivation and histone demethylase LSD1 promotes Tat-
mediated long terminal repeats (LTR) activation. However, the role of LSD1 in remodeling chromatin and the role of its 
component BHC80 in activation of latent HIV-1 in T cells are unknown. Our findings indicate that LSD1 could decrease 
the level of histone H3 lysine 4 trimethylation (H3K4me3) at the HIV-1 promoter by recruiting histone lysine demethylase 
5A (KDM5A) and preventing histone methyltransferase Set1A and WD-40 repeat protein 5 (WDR5) from binding to LTR. 
Moreover, BHC80 is necessary for LSD1-triggered LTR activation and assists LSD1 in activating LTR by binding to nucleo-
tides 305–631 of LTR. In activated J-Lat-A2 cells, BHC80 expression was elevated and its isoform BHC80-6 promoted the 
association of BHC80 with LSD1. These results suggest that the LSD1–BHC80 complex enhances HIV-1 transcription by a 
decrease of H3K4me3 level at the viral promoter. Therefore, it might be used as a new drug target to reactivate latent HIV-1.
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Introduction

Combination antiretroviral therapy (cART) and regimens to 
block mother-to-child transmission of human immunodefi-
ciency virus (HIV) have led to a steady decrease in death 
due to AIDS during the past decade [1]. The major obstacle 
results from latently infected CD4+ T cells and other viral 
tissue reservoirs which are not completely characterized, 
which are not eliminated by antiretroviral drugs and the host 
immune system because the viral DNA is integrated into the 
host cellular genome and therefore unrecognized [2]. It is 

particularly important to understand the precise molecular 
mechanisms underlying HIV-1 transcription and latency.

HIV transcription consists of transcriptional initiation 
and transcriptional elongation. Initiation depends on tran-
scription factors such as Sp1 and TATA–box binding pro-
tein (TBP) that bind to the core promoter region of long 
terminal repeats (LTR) [3]. However, efficient initiation 
is strongly induced by binding of NF-κB to the enhancer 
region. The transcriptional coactivator p300, which interacts 
with NF-κB, can also be recruited to the LTR promoter and 
acetylate histones H3 and H4 to activate LTR transcription 
[4–7]. In the absence of the transactivator Tat, HIV tran-
scription pauses, because DRB sensitivity-inducing factor 
(DSIF), and negative elongation factor (NELF) interact 
with RNA polymerase II (RNAP II) to repress elongation 
[8]. When presenting, Tat binds to the bulge region of the 
transactivation-responsive region (TAR) RNA element 
and recruits the positive transcriptional elongation factor 
(P-TEFb) and other elongation factors to the elongation 
complex [9, 10]. The subunit CDK9 phosphorylates NELF, 
DSIF, and the C-terminal repeat domain (CTD) of RNAP II, 
and the phosphorylated NELF and DISF are released from 
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RNAP II. Then, the hyperphosphorylated RNAP II contin-
ues HIV transcription [11, 12].

Besides the Tat–TAR mechanism, epigenetic regulation, 
which includes diverse modifications of histones, plays a 
key role in HIV transcriptional control. The histone meth-
yltransferases SUV39H1 and G9a are recruited to the viral 
promoter and are responsible for synthesizing methylated 
H3K9 to maintain HIV-1 latency [13, 14]. The HKMT 
enhancer of Zeste 2 (EZH2), a key component of the poly-
comb repressive complex 2 (PRC2), accelerates HIV-1 
silencing by increasing the amount of H3K27me3 at the 
LTR [15]. The co-repressor COUP-TF-interacting protein 
2 (CTIP2) recruits the histone deacetylases HDAC1 and 
HDAC2 to promote histone H3 deacetylation at the HIV-1 
promoter region, which maintains silencing of transcription 
[16]. The trimethylation status of H3K4 (H3K4me3) plays 
an essential role in the reactivation of latent HIV proviruses. 
Phorbol-12-myristate 13-acetate (PMA) has been reported to 
activate HIV-1 in latently infected U1 cells, with a dramatic 
decrease in H3K4me3 [17]. However, another recent study 
showed that Tat can increase the amount of H3K4me3 at the 
LTR in TZM-bl cells [18]. Therefore, the role of the H3K4 
trimethylation state in activating HIV-1 transcription needs 
to be more elucidated.

Lysine-specific demethylase 1 (LSD1) is the first discov-
ered FAD-dependent demethylase, and its primary function 
is to remove mono- or di-methylation modifications by Lys4 
or Lys9 of histone H3, as well as lysine residues of some 
non-histone proteins [19–21]. LSD1-mediated demethyla-
tion depends on components in this complex, including co-
repressor of RE1 silencing transcription factor (CoREST), 
histone deacetylases HDAC1/2, and BRAF–histone deacety-
lase complex 80 (BHC80) [22, 23]. Among these regulatory 
factors, CoREST stimulates LSD1 demethylase activity and 
BHC80 negatively regulates LSD1 function in vitro [22]. 
LSD1’s role in modulating gene transcription is related to 
cofactors bound to it. Several studies have shown that when 
associated with coactivators such as Pit1 and FOXA1, LSD1 
can promote transcriptional activation, but when linked to 
corepressors such as deacetylase SIRT1, it tends to silence 
Notch target gene expression [24–26]. For instance, in an 
α-herpesviruses infection, LSD1 couples with the Set1/
MLL1 complex and thus promotes the expression of viral 
immediate early (IE) genes by reducing H3K9 methylation 
levels and increasing H3K4me3 [27]. There are currently 
two different perspectives on the impact of LSD1 on HIV-1 
replication. On one hand, LSD1 can activate HIV-1 gene 
transcription in latently infected T cells by removing mono-
methylation modifications at Tat K51 [28]. On the other 
hand, in microglial cells with integrated proviruses, LSD1 
can inhibit HIV-1 gene transcription by reducing the acety-
lation of H3 and increasing the methylation at both H3K4 
and H3K9 [17].

To elucidate the role of the LSD1 complex in the reacti-
vation of HIV-1 transcription from latency, we first meas-
ured the luciferase activity of HIV LTR in NH1 cells with 
integrated LTR when LSD1 was either overexpressed or 
knocked down. Then, we investigated whether LSD1 binds 
to the HIV-1 LTR and affects the amount of H3K4me3 by 
ChIP assay. In addition, we examined the role of BHC80 in 
LSD1-modulated HIV-1 transcription via Co-IP and ChIP 
assays.

Materials and methods

Plasmid constructs

The mammalian expression plasmids were prepared 
as follows: pCMV-myc-LSD1 was generated by PCR; 
pcDNA3.1-Tat K50A-flag, pcDNA3.1-Tat K51A-flag, 
and pcDNA3.1-Tat K50/51A-flag were generated by site-
directed mutagenesis; pGL3-NL-4.3-LTR ΔSp1 mutation 
was generated by deletion of Sp1-binding site nucleotides 
via site-directed mutagenesis (Thermo Fisher); pLKO.1-
shLSD1 targeting LSD1 (CCA​CGA​GTC​AAA​CCT​TTA​
TTT) was cloned into the pLKO.1 vector; and pcDNA3.1-
Tat-flag, pRL-TK, and pGL3-NL-4.3-LTR were prepared as 
previously described [29].

Cell culture and transfection

HEK 293T (ATCC) and HeLa-derived NH1 cells (kindly 
provided by the Qiang Zhou Lab [30]) were maintained in 
Dulbecco’s modified Eagle medium (DMEM, Corning) sup-
plemented with 10% fetal bovine serum (FBS, BI), 50 U/
ml penicillin, and 50 µg/ml streptomycin (Gibco). Jurkat-
derived J-Lat-A2 cells (kindly provided by the Qiang Zhou 
Lab [30]) which express Tat-flag and GFP from the inte-
grated HIV LTR upon exposure to the protein kinase C 
agonist prostratin were maintained in RPMI 1640 medium 
(Corning) supplemented with 10% FBS (Biological Indus-
tries), 50  U/ml penicillin, and 50  µg/ml streptomycin 
(Gibco).

Co‑immunoprecipitation and western blot analysis

HEK 293T cells transfected with Tat-expressing vectors 
were cultured for 48 h, lysed with lysis buffer (50 mM Tris 
HCl, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, and 
protease inhibitor cocktail), and then the lysates were incu-
bated with Anti-Flag M2 Affinity Gel (Sigma) for 2 h at 
4 °C. The resin was washed and the samples were analyzed 
by immunoblotting.

J-Lat-A2 cells were treated with 5 µM prostratin (Sigma) 
overnight. Then, the cells were collected, lysis buffer was 
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added as described above, and the protein extracts were 
gently shaken with anti-LSD1 antibody for 2 h at 4 °C. 
Protein A/G Plus-Agarose (Santa Cruz Biotechnology) was 
incubated with the mixture for 1 h. After a wash, the pel-
lets were assessed by western blot analysis. The primary 
antibodies used were anti-LSD1 (ab17721, Abcam), anti-
BHC80 (A303-603A, Bethyl), anti-CoREST (ab32631, 
Abcam), anti-Flag (ab1162, Abcam), and anti-Actin (sc-
58673, Santa Cruz Biotechnology). Secondary antibodies 
(anti-rabbit HRP, anti-mouse HRP, and anti-donkey HRP) 
were purchased from Promega.

Chromatin immunoprecipitation and quantitative 
real‑time PCR (qRT‑PCR)

Following the instructions of the Magna ChIP A/G kit (Mil-
lipore), cells were fixed in 1% formaldehyde for 10 min at 
room temperature. Then, the cells were lysed and the nuclear 
extracts sonicated for 20 min. Sheared cross-linked chro-
matin was incubated with 1–4 µg of the indicated antibody 
and 20 µl of fully resuspended protein A/G beads for 3 h 
at 4 °C with rotation. The beads were washed and incu-
bated with elution buffer at 62 °C overnight. Free DNA was 
obtained and analyzed using qRT-PCR equipment. Antibod-
ies used in the ChIP analysis were as follows: anti-Sp1 anti-
body (ab13370, Abcam), anti-H3K4me3 antibody (ab8580, 
Abcam), anti-Pol II antibody (Millipore), anti-H3 antibody 
(Millipore), anti-LSD1 antibody (ab17721, Abcam), anti-
Set1A antibody (Millipore), anti-WDR5 antibody (Milli-
pore), anti-KDM5A antibody (Millipore), and anti-BHC80 
antibody (A303-603A, Bethyl). Primer sequences are listed 
in Table S1.

Total RNA was extracted from J-Lat-A2 cells using Tri-
zol reagent (Invitrogen) and cDNA was synthesized using 
a PrimeScript II 1st Strand cDNA Synthesis Kit (Takara). 
Quantitative PCR was performed using SYBR Green reagent 
(Roche). Primer sequences are listed in Table S2.

Luciferase assays

To detect luciferase activity, NH1 or HEK 293T cells were 
transfected with the specified vectors using PEI (Polysci-
ence) and incubated for 48 h. Then, cells were collected 
and luciferase activity was measured using the Steady-Glo 
Luciferase Assay System or Dual-Luciferase Reporter Assay 
System (Promega). Briefly, NH1 cells were transfected with 
100 pmol siRNA (LSD1 siRNA, sc-60970, Santa Cruz; NC 
siRNA, sc-37007, Santa Cruz; BHC80 siRNA, Ribobio) 
using Lipofectamine RNAiMAX reagent (#13778, Invit-
rogen). After 48 h, cells were re-transfected with the Tat-
expressing vectors (50 ng) and corresponding amounts of 
empty vector using Lipofectamine 3000 reagent (#L3000, 
Invitrogen). After 24  h, cell lysates were analyzed for 

luciferase activity using the Steady-Glo Luciferase Assay 
System (Promega). HEK 293T cells were transfected with 
100 pmol siRNA (LSD1 siRNA, sc-60970, Santa Cruz; NC 
siRNA, sc-37007, Santa Cruz; BHC80 siRNA, Ribobio) 
using Lipofectamine RNAiMAX reagent (#13778, Invit-
rogen). After 48 h, cells were re-transfected with pGL3-
NL4.3LTR (100 ng), pRL-TK (5 ng) and corresponding 
amounts of empty vector using Lipofectamine 3000 reagent 
(#L3000, Invitrogen). After 24 h, cell lysates were analyzed 
for luciferase activity using the Dual-Luciferase Reporter 
Assay System (Promega). Firefly luciferase activity was nor-
malized to Renilla luciferase activity.

Statistical analysis

The statistical significance of differences between the two 
groups was assessed using a Student’s t test. All data on 
luciferase activity and the qRT-PCR were presented as the 
mean ± SEM of at least three independent experiments 
and differences were considered statistically significant at 
p < 0.05.

Results

LSD1 enhances Tat‑induced HIV‑1 transcriptional 
activity

We used NH1 cells harboring a luciferase-tagged HIV-1 LTR 
DNA sequence as the indicator to test the effect of LSD1 on 
HIV-1 transcription. Through overexpression of Myc-LSD1, 
we found that LSD1 could enhance Tat-mediated LTR tran-
scription (Fig. 1a). In contrast, HIV-1 LTR luciferase activity 
strongly decreased in NH1 cells with small interfering RNA 
(siRNA)-mediated depletion of LSD1 (Fig. 1b). Sakane et al. 
reported that LSD1 activates HIV-1 transcription through 
demethylation of Tat K51me [28]. To investigate whether 
LSD1 regulation during HIV-1 transactivation is correlated 
with Tat K50/51, amino acids K50/51 in the Tat protein 
were substituted with alanine. These mutations led to an 
obvious decline in HIV-1 LTR transcription when com-
pared with that of wild-type Tat in previous reports. When 
LSD1 was knocked down, an individual Tat K50A or Tat 
K51A mutation led to a reduction in LTR luciferase activ-
ity compared to that in the corresponding negative control 
group, but LSD1 had no significant effect on activation by 
the K50/51A mutated Tat (Fig. 1c). To confirm the relation-
ship between LSD1 and Tat K50/51, we analyzed the LSD1 
content in the Flag-Tat immunoprecipitate by western blot-
ting. LSD1/CoREST complex may be recruited to the HIV-1 
promoter by Tat [28]. Consistent with this, our experiment 
revealed that the LSD1/CoREST complex interacted with 
Tat (Fig. 1d). Moreover, we found that a Tat K50A, K51A, 
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Fig. 1   LSD1 enhances Tat-induced HIV-1 transcriptional activity. a 
LSD1 promotes Tat-mediated transactivation. Schematic representa-
tion of HIV-1 LTR and the firefly luciferase reporter gene integrated 
into NH1 cells (top). Co-transfection of Tat (50  ng) and increasing 
amounts of a myc-tagged LSD1-expressing vector (0, 0.5, and 1 µg) 
in NH1 cells. After 48 h, a luciferase activity assay was performed. 
The relative differences in luciferase activity were compared to 
empty vector transactivation (bottom). Expression levels of myc-
LSD1 and Tat-flag in corresponding NH1 lysates were detected by 
immunoblot, with actin used as a control (middle). Data are shown 
as the mean ± SEM of three independent experiments. **p < 0.005, 
***p < 0.0001. b Tat-mediated transactivation is repressed in the 
presence of LSD1 siRNA. LSD1 siRNA or NC siRNA was trans-
fected into NH1 cells, after 48 h Tat (50 ng) was re-transfected, lucif-

erase activity was detected 24 h later. The relative differences in lucif-
erase activity compared to that in empty vector transactivation were 
calculated (bottom). Immunoblot analysis of endogenous LSD1 and 
Tat-flag in corresponding NH1 lysates, with actin used as a control 
(top). Data are shown as the mean ± SEM of three independent exper-
iments. **p < 0.005. c LSD1 affects Tat-mediated transactivation by 
Tat K50/51. Luciferase activity of NH1 cells transfected with si-NC 
or si-LSD1 followed by transfection with expression vectors for wild-
type or mutant Tat (50 ng) (bottom). Immunoblot analysis of endog-
enous LSD1 and Tat-flag in corresponding NH1 lysates, with actin 
used as a control (top). Data are shown as the mean ± SEM of three 
independent experiments. ***p < 0.0001. d Protein immunoprecipi-
tated from HEK 293T cells expressing wild-type or mutant Tat-flag 
compared to that from cells expressing the empty vector control
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or K50/51A mutation weakened the interaction with LSD1/
CoREST (Fig. 1d). These results suggest that Tat K50 and 
K51 play a vital role in LSD1’s efficient stimulation of Tat-
dependent HIV-1 LTR transactivation.

LSD1 is associated with the Sp1‑binding sites 
in the HIV‑1 LTR

The core promoter in HIV-1 LTR consists of three Sp1-
binding sites and a TATA box; Sp1 can bind to these sites. 
We analyzed nucleotides 380–400 in LTR of HIV-1 NL-4.3 
using AliBaba2.1 online software and found that these 
nucleotides could bind AP-2, Egr-1, or Sp1. In addition, by 
blasting sequences between LSD1 and Sp1, we found the 
sequence in Sp1 that had a high similarity with LSD1. Thus, 
we hypothesized that LSD1 might bind to the Sp1-binding 

sites of the HIV-1 LTR to regulate HIV transcription. To 
test this hypothesis, we co-transfected HEK 293T cells with 
both Myc-LSD1 and wild-type LTR or LTRΔSp1 (Sp1-bind-
ing sites in NL-4.3 LTR were deleted). Our results showed 
that the overexpression of Myc-LSD1 upregulated wild-type 
LTR activity, but did not affect LTRΔSp1 function (Fig. 2a). 
However, when the LSD1 protein was decreased following 
shRNA transfection, LTR activity was reduced substantially. 
The transcriptional activity of the LTR without Sp1-bind-
ing sites remained almost unchanged, regardless of LSD1 
(Fig. 2b). Next, we performed ChIP experiments using HEK 
293T cells transfected with a wild-type LTR or LTRΔSp1 
plasmid to determine whether LSD1 binds to Sp1-binding 
sites in the LTR. Accumulation of LSD1 in the NL-4.3 pro-
moter region was abolished in the cells with Sp1-binding 
sites deleted, showing that LSD1 binds to the Sp1-binding 

Fig. 2   LSD1 is associated with Sp1-binding sites in HIV-1 LTR. a 
LSD1 promotes HIV-1 transcription. Schematic representation of 
HIV-1 LTR (wild-type) and ΔSp1 LTR (deleted Sp1-binding sites) 
(top left). HEK 293T cells were co-transfected with the pGL3-LTR 
or pGL3-ΔSp1 LTR (100 ng), pRL-TK (5 ng) and pmyc-LSD1 (1 µg) 
vectors. Firefly luciferase activity was normalized to Renilla lucif-
erase activity. The relative differences in luciferase activity were com-
pared to that with pGL3-LTR vector transactivation (right). Expres-
sion levels of myc-LSD1 in corresponding HEK 293T lysates were 
detected by immunoblot, with actin used as a control (bottom left). 
Data are shown as the mean ± SEM of three independent experi-
ments. ***p < 0.0001. b Knockdown of LSD1 reduces HIV-1 tran-

scription. LSD1 shRNA vector (1 µg) was transfected into HEK 293T 
cells and, after 48  h, pGL3-LTR vector or pGL3-ΔSp1 LTR vector 
(100 ng) and pRL-TK (5 ng) were also transfected. Luciferase activ-
ity was detected 24 h later. Firefly luciferase activity was normalized 
to Renilla luciferase activity. The relative differences in luciferase 
activity compared to that with pGL3-ΔSp1 LTR vector transactiva-
tion were calculated (bottom). Immunoblot analysis of endogenous 
LSD1 in corresponding HEK 293T lysates, with actin used as a con-
trol (top). Data are shown as the mean ± SEM of three independent 
experiments. **p < 0.005. c ChIP analysis of LSD1, Sp1, and Pol II 
enrichment at HIV-1 LTR in HEK 293T cells transfected with the 
pGL3-LTR or pGL3-ΔSp1 LTR vector
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sites in LTR (Fig. 2c). Taken together, our data established 
that LSD1 induces HIV-1 LTR activity by binding to the 
Sp1-binding sites.

LSD1 promotes HIV‑1 transcription while reducing 
the level of H3K4me3

ChIP-Seq studies have shown that H3K4me3 is present at 
transcriptional start sites (TSS) in active genes in humans 
[31, 32]. Given that H3K4me3 is a general indicator of tran-
scriptional activation, we next investigated whether LSD1 
affected H3K4me3 modifications during Tat-induced trans-
activation. In a ChIP assay with anti-H3K4me3 antibody, 
we found unexpectedly that the amount of H3K4me3 in the 
nuc-1 region of LTR decreased with the overexpression of 
LSD1 (Fig. 3a), whereas the level of H3K4me3 upregu-
lated when LSD1 was knocked down (Fig. 3b). This sug-
gests that LSD1 promotes Tat-modulated LTR activity by 
reducing H3K4me3 level. In humans, H3K4 trimethylation 
is specifically performed by histone lysine methyltransferase 
complexes Set1A and Set1B, which include three conserved 
factors: WD-40 repeat protein 5 (WDR5), absent small 
homeotic-2-like (ASH2L), and retinoblastoma-binding pro-
tein 5 (RBBP5) [33–35]. Histone methylation is reversible 

and the tri-methyl group of H3K4 can be removed by his-
tone lysine demethylase KDM5A [36, 37]. To determine 
which factors participate in the regulation of H3K4me3 in 
NH1 cells, we analyzed whether Set1A and WDR5 in his-
tone methyltransferase complexes and demethylase KDM5A 
were recruited to the viral promoter using a ChIP assay. As 
anticipated, overexpression of LSD1 induced binding of 
KDM5A to the HIV-1 LTR and weakened the binding of 
Set1A and WDR5 to the LTR (Fig. 3c). However, when 
LSD1 was knocked down, Set1A and WDR5 binding to the 
LTR increased and KDM5A binding to the LTR decreased 
(Fig. 3d). Collectively, these results demonstrate that LSD1 
reduced the amount of histone H3K4me3 during HIV-1 tran-
scription by recruiting KDM5A and preventing the binding 
of Set1A and WDR5 to the HIV-1 LTR.

LSD1 associated with BHC80 enhances 
Tat‑dependent HIV‑1 transcription

BHC80, a member of the LSD1 complex, can inhibit the 
demethylase activity of LSD1. While, the role of BHC80 
in LSD1 inducing Tat-mediated transactivation remains 
unknown. First, as shown in Fig.  4a, the expression of 
BHC80 remarkably increased in Tat-transfected HEK 293T 

Fig. 3   LSD1 promotes HIV-1 transcription by decreasing the amount 
of H3K4me3. a ChIP analysis of H3 and H3K4me3 enrichment at 
LTR in NH1 cells transfected with the pCMV-tag3B (empty vec-
tor) or pCMV-myc-LSD1 vector and the expression vector for Tat. b 
ChIP analysis of H3 and H3K4me3 enrichment at LTR in NH1 cells 
transfected with the negative control shRNA or LSD1 shRNA vector 

and the expression vector for Tat. c ChIP analysis of Set1A, WDR5, 
and KDM5A enrichment at LTR in NH1 cells transfected with the 
pCMV-tag3B or pCMV-myc-LSD1 vector and the expression vector 
for Tat. d ChIP analysis of Set1A, WDR5, and KDM5A enrichment 
at LTR in NH1 cells transfected with the negative control shRNA or 
LSD1 shRNA vector and the expression vector for Tat
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Fig. 4   LSD1 associated with BHC80 enhances Tat-dependent HIV-1 
transcription. a Immunoblot analysis of BHC80 in HEK 293T cells 
transfected with Tat-expressing vector for 48  h. b qRT-PCR analy-
sis of BHC80 expression in J-Lat-A2 cells treated with DMSO (D) 
or 5  µM prostratin (P) overnight. GAPDH was used for normaliza-
tion. Data are shown as the mean ± SEM of three independent experi-
ments. ***p < 0.0001. c Luciferase activity analysis of Tat-mediated 
transactivation in the presence of BHC80 siRNA and the pCMV-
myc-LSD1 vector. BHC80 siRNA was transfected into NH1 cells 
and, after 48 h, pTat-flag (20 ng) and the empty or pLSD1-myc vec-
tor (1 µg) were transfected also. Luciferase activity was detected 24 h 
later. The relative differences in luciferase activity compared to that 
with empty vector transactivation were calculated (bottom). Immuno-
blot analysis of endogenous BHC80 and myc-LSD1 in corresponding 

NH1 lysates, with actin used as a control (top). Data are shown as 
the mean ± SEM of three independent experiments. ***p < 0.0001. d 
Co-immunoprecipitation of BHC80, CoREST, or Tat-flag with anti-
LSD1 in J-Lat-A2 cells treated with either DMSO (D) or 5 µM pros-
tratin (P) overnight (top). Differences in the amino acid sequences 
are shown as follows: the BHC80-6 sequence (NM_001101802) is 
depicted in red, the BHC80-4 sequence (NM_016621) is depicted in 
blue, and the AT-hook is depicted in a purple rectangular box (bot-
tom). The percentages of BHC80 isoforms derived from immunob-
lots of BHC80 (middle) are indicated. e Schematic representation of 
HIV-1 LTR divided into five regions (right). ChIP analysis of BHC80 
enrichment in different (1–5) regions of LTR in J-Lat-A2 cells treated 
with DMSO (D) or 5 µM prostratin (P) overnight (left). (Color figure 
online)
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cells as compared to that in control vector-transfected cells. 
To reactivate J-Lat-A2 cells, we performed flow cytom-
etry to seek the suitable treatment time and concentra-
tion of prostratin which is a protein kinase C agonist and 
activator of latent HIV-1 (Fig. S1). Further, we used 5 µM 
prostratin to activate J-Lat-A2 cells and then measured the 
level of BHC80 mRNA in these activated cells by qRT-
PCR. The analysis showed that the level of BHC80 mRNA 
in prostratin-treated cells was twice that in the untreated 
cells (Fig. 4b). These data indicated that Tat can induce 
the expression of BHC80. Next, we asked whether BHC80 
stimulated Tat-dependent HIV-1 transcription. To answer the 
question, we performed luciferase assays in NH1 cells with 
BHC80 siRNA. We found that after BHC80 was knocked 
down, LTR luciferase activity was reduced greatly, indicat-
ing that BHC80 induced LTR transcription. Importantly, 
with BHC80 expression knocked down, LSD1 expres-
sion did not increase the Tat-dependent luciferase activity 
(Fig. 4c). LSD1 lost the ability to enhance HIV-1 transcrip-
tion in the absence of BHC80, indicating that BHC80 plays 
an essential role in LSD1 induction of Tat-dependent HIV-1 
transactivation. BHC80 has two differentially spliced forms, 
BHC80-4 (NM_016621) and BHC80-6 (NM_001101802), 
in human cells [38]. We used LSD1 antibody to carry out 
co-immunoprecipitation in J-Lat-A2 cells during latent and 
reactivated periods to evaluate the binding of BHC80 iso-
forms with LSD1. Unexpectedly, in the J-Lat-A2 cells acti-
vated by prostratin, LSD1 tended to bind with BHC80-6 
instead of BHC80-4 (Fig. 4d). We did obviously not observe 
two bands in the input samples. This may be due to BHC80 
expression in J-Lat-A2 cells being lower, but being enriched 
in the IP samples, suggesting that BHC80 might mainly bind 
to LSD1 in J-Lat-A2 cells. By analyzing the differences in 
the amino acids sequence between in BHC80-6 and BHC80-
4, we found that BHC80-6 had an AT-hook DNA binding 
motif other than BHC80-4 (Fig. 4d). Because this motif is 
capable of binding AT-rich DNA, we designed five primer 
pairs based on the HIV-1 LTR sequence. By ChIP analysis 
with anti-BHC80 antibody, we found that BHC80 selectively 
bound to nucleotides 305–631 of the viral promoter in acti-
vated J-Lat-A2 cells (Fig. 4e). Together, these data indicated 
that BHC80 is required for LSD1-mediated Tat transactiva-
tion. HIV-1 Tat can prompt the expression of BHC80 and 
LSD1 might enhance the interaction of Tat with BHC80-6 
in activated J-Lat-A2 cells; in addition, BHC80 can bind the 
LTR to modulate HIV-1 transcription.

Discussion

To eradicate HIV-1 proviral latency and cure HIV infec-
tion, Richman et al. proposed a “shock and kill” strategy 
[39]. Latent proviruses can be reactivated using multiple 

approaches, including the use of HDAC inhibitors, Tat, 
P-TEFb agonists, NF-κB inducers, and DNA methyltrans-
ferase inhibitors [40]. Among these factors, Tat plays a cen-
tral role in virus reactivation because it is indispensable for 
efficient HIV transcription. Therefore, it is extremely impor-
tant to elucidate the molecular mechanism of Tat-mediated 
reactivation of latent HIV. In this report, we found that, in 
HeLa-derived NH1 cells, LSD1 could bind to the Sp1-bind-
ing sites in the LTR and promote Tat-mediated HIV tran-
scription through Tat K50/51. This is in concordance with 
prior data [28]. We also found that BHC80, which is a mem-
ber of the LSD1 complex, was vital for HIV transcription. 
The association between the LSD1 complex and the LTR 
was stabilized when BHC80 bound to the R and U5 regions 
of the LTR. Moreover, our results revealed that LSD1 could 
reduce the amount of H3K4me3 by recruiting KDM5A and 
preventing the Set1/MLL complex from binding to the LTR 
and that BHC80 was crucial for LSD1-induced activation of 
the LTR by binding to demethylated H3K4.

The luciferase assay revealed that LSD1 promoted HIV-1 
Tat transactivation in NH1 cells with integrated HIV, which 
agrees with the results of Sakane et al. who demonstrated 
that LSD1 activates HIV transcription [28]. LSD1 specifi-
cally removes mono- or di-methyl groups from H3K4 and 
represses transcription [19]. On the other hand, in latently 
infected microglial cells, LSD1 can be recruited to the 
HIV proximal promoter to repress viral transcription while 
increasing the amount of H3K4me3 [17]. Because differ-
ent cell types may be associated with different mechanisms 
underlying HIV latency, we focused our research on whether 
LSD1 can induce H3K4me3 in latent T cells. ChIP assays 
revealed that LSD1 decreased the level of H3K4me3 bind-
ing to the viral promotor in NH1 cells. Although our results 
show a role for LSD1 that is different from that in microglial 
cells with latent HIV, we speculate that this difference is 
associated with the different host cell types. In addition, our 
ChIP experiment showed that LSD1 could bind to Sp1-bind-
ing sites in HIV-1 LTR, consistent with a report from Douce 
et al. [17]. Meanwhile, Tat interacted physically with LSD1 
in J-Lat-A2 cells during exposure to prostratin, suggesting 
that LSD1 plays an essential role in HIV-1 transcription.

We next evaluated which components of the LSD1 com-
plex participated in Tat-mediated transactivation. We found 
that LSD1 interacted with CoREST and BHC80 in J-Lat-A2 
cells. BHC80 can associate with unmethylated H3K4 and 
prevent re-methylation of unmodified H3K4 [41]. Our data 
revealed that Tat could associate with the LSD1–BHC80 
complex and promote the expression of BHC80 in J-Lat-A2 
cells during exposure to the protein kinase C agonist pros-
tratin. Tat was necessary for binding of BHC80 to H3K4 
at the proximal viral promoter. In addition, the luciferase 
activity assay confirmed that BHC80 could enhance Tat 
transactivation and was required for LSD1-mediated HIV 
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transcription. BHC80 seems to play a more critical role in 
promoting HIV-1 transcription than LSD1, but the precise 
mechanism underlying this function remains unclear. More-
over, LSD1 tends to associate with BHC80-6 rather than 
BHC80-4 because BHC80-6 can bind to the HIV promoter.

Moreover, LSD1 interactions with CTIP2 promote 
recruitment of Set1A and WDR5 to the viral promoter 
in microglial cells with latent HIV-1 [17]. However, we 
revealed that LSD1 reduced the binding between Set1A/
WDR5 and the viral promoter, as well as decreased 
H3K4me3 levels, suggesting that whether LSD1 recruits the 
Set1A complex is determined by its cofactors. In our study, 
LSD1 associated with BHC80 that binds to unmodified 
H3K4, which is why LSD1 leads to a reduction in binding of 
the Set1A complex with the viral promoter. We next inves-
tigated which factor was anchored to the HIV-1 promoter. 
The ARID domain of KDM5A can bind to promoters via the 
CCG​CCC​ motif or close variants with a single-base devia-
tion and this domain is necessary for KDM5A’s demethylase 
activity [42]. We also found a CCG​CCT​ sequence similar 
to the CCG​CCC​ viral promoter motif in J-Lat-A2 and NH1 
cells by sequence blasting. We speculate that KDM5A might 
be recruited to the HIV-1 promoter region and reduce the 
level of trimethylated H3K4. Undoubtedly, we confirmed via 
ChIP assay that LSD1 favored the recruitment of KDM5A 
to the viral promoter. Nevertheless, we did not detect LSD1 
association with KDM5A in an immunoprecipitation experi-
ment (Fig. S2), suggesting that the association of these two 
enzymes may depend on one or more bridging factors.

H3K4me3 is generally considered a mark of transcrip-
tional activation. However, several studies have shown that 
reduced H3K4me3 is accompanied by active transcription. 
For example, when genes associated with estrogen-modu-
lated cellular proliferation were activated, the PHD domain 
of TRIM24 recognized and interacted with unmodified 
H3K4, preventing methylation of H3K4 and ensuring the 
transcription of related genes [43]. Moreover, the autoim-
mune regulator AIRE promoted the gene expression of 
thymic medullary epithelial cells when its PHD finger bound 
to hypomethylated H3K4 [44]. These findings indicate that 
the transcription of some genes is indeed accompanied by 
H3K4 hypomethylation. Our experiments also showed that 
the amount of H3K4me3 decreased as LSD1 stimulated 
the activation of HIV-1 LTR. Consequently, a lower level 
of H3K4me3 is compatible with the transcription of active 
genes. However, it remains unclear whether a decrease in 
H3K4me3 is accompanied by the change of other lysine 
modifications in histone H3 during HIV-1 transcription in 
infected T cells.

New anti-latency drugs such as HDAC inhibitors (SAHA, 
vorinostat, and panobinostat) are currently in clinical tri-
als [45–47]. Unfortunately, these drugs can rapidly increase 
HIV-1 RNA expression in resting T cells, but fail to decrease 

plasma HIV RNA and the number of latent T cells [48, 49]. 
Hence, new drug targets to reactivate latent HIV will be 
needed and combined anti-latency therapies may be essen-
tial for eliminating latently infected cells. Here, we revealed 
that the LSD1–BHC80 complex promoted Tat-mediated 
HIV reactivation from latency. We anticipate that a better 
understanding of how the LSD1/BHC80 complex modulates 
HIV-1 transcription will shed new light on the eradication 
of latent virus reservoirs.
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