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Abstract

The human immunodeficiency virus (HIV) integrates into the host genome forming latent

cellular reservoirs that are an obstacle for cure or remission strategies. Viral transcription is

the first step in the control of latency and depends upon the hijacking of the host cell RNA

polymerase II (Pol II) machinery by the 5’ HIV LTR. Consequently, “block and lock” or

“shock and kill” strategies for an HIV cure depend upon a full understanding of HIV transcrip-

tional control. The HIV trans-activating protein, Tat, controls HIV latency as part of a positive

feed-forward loop that strongly activates HIV transcription. The recognition of the TATA

box and adjacent sequences of HIV essential for Tat trans-activation (TASHET) of the core

promoter by host cell pre-initiation complexes of HIV (PICH) has been shown to be neces-

sary for Tat trans-activation, yet the protein composition of PICH has remained obscure.

Here, DNA-affinity chromatography was employed to identify the mitotic deacetylase com-

plex (MiDAC) as selectively recognizing TASHET. Using biophysical techniques, we show

that the MiDAC subunit DNTTIP1 binds directly to TASHET, in part via its CTGC DNA

motifs. Using co-immunoprecipitation assays, we show that DNTTIP1 interacts with MiDAC

subunits MIDEAS and HDAC1/2. The Tat-interacting protein, NAT10, is also present in HIV-

bound MiDAC. Gene silencing revealed a functional role for DNTTIP1, MIDEAS, and

NAT10 in HIV expression in cellulo. Furthermore, point mutations in TASHET that prevent

DNTTIP1 binding block the reactivation of HIV by latency reversing agents (LRA) that act

via the P-TEFb/7SK axis. Our data reveal a key role for MiDAC subunits DNTTIP1, MID-

EAS, as well as NAT10, in Tat-activated HIV transcription and latency. DNTTIP1, MIDEAS

and NAT10 emerge as cell cycle-regulated host cell transcription factors that can control

activated HIV gene expression, and as new drug targets for HIV cure strategies.

PLOS PATHOGENS

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1011821 May 23, 2024 1 / 31

a1111111111

a1111111111

a1111111111

a1111111111

a1111111111

OPEN ACCESS

Citation: Wilhelm E, Poirier M, Da Rocha M,

Bédard M, McDonald PP, Lavigne P, et al. (2024)

Mitotic deacetylase complex (MiDAC) recognizes

the HIV-1 core promoter to control activated viral

gene expression. PLoS Pathog 20(5): e1011821.

https://doi.org/10.1371/journal.ppat.1011821

Editor: Michael Emerman, Fred Hutchinson Cancer

Research Center, UNITED STATES

Received: November 15, 2023

Accepted: April 5, 2024

Published: May 23, 2024

Peer Review History: PLOS recognizes the

benefits of transparency in the peer review

process; therefore, we enable the publication of

all of the content of peer review and author

responses alongside final, published articles. The

editorial history of this article is available here:

https://doi.org/10.1371/journal.ppat.1011821

Copyright: © 2024 Wilhelm et al. This is an open

access article distributed under the terms of the

Creative Commons Attribution License, which

permits unrestricted use, distribution, and

reproduction in any medium, provided the original

author and source are credited.

Data Availability Statement: All relevant data are

within the manuscript and its Supporting

Information files.

https://orcid.org/0000-0001-6885-940X
https://doi.org/10.1371/journal.ppat.1011821
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1011821&domain=pdf&date_stamp=2024-05-23
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1011821&domain=pdf&date_stamp=2024-05-23
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1011821&domain=pdf&date_stamp=2024-05-23
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1011821&domain=pdf&date_stamp=2024-05-23
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1011821&domain=pdf&date_stamp=2024-05-23
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1011821&domain=pdf&date_stamp=2024-05-23
https://doi.org/10.1371/journal.ppat.1011821
https://doi.org/10.1371/journal.ppat.1011821
http://creativecommons.org/licenses/by/4.0/


Author summary

Latent HIV integrated within the host cell genome poses a major problem for viral eradi-

cation. The reactivation of latent HIV depends on host cell transcription factors that are

hijacked by the 5’ long terminal repeat (LTR) region of the HIV genome to produce viral

RNA. At the heart of the LTR of HIV lies a particularly crucial DNA region named the

core promoter that is specifically required for the reactivation of HIV by a viral protein

named Tat. A significant body of work over more than 30 years has established the specific

requirement for the HIV core promoter in Tat’s control of HIV latency, but the underly-

ing molecular mechanisms have remained elusive. Here, we identify host cell transcrip-

tion factors that bind selectively to the HIV core promoter to control activated viral gene

expression. Our data reveal three human proteins that act in a complex to reactivate latent

HIV, including one that directly recognizes the HIV core promoter, one that regulates

chromatin, and a third that binds to the HIV Tat protein. Our data fill a significant and

long-standing gap in the understanding of latency and identify new potential drug targets

for HIV cure strategies.

Introduction

The capacity of HIV to rapidly establish latent reservoirs poses a major problem for HIV cure

and remission strategies [1]. Additionally, latency is a key obstacle to overcome in the develop-

ment of an effective therapeutic [2] or protective HIV vaccine [3–5]. Resting memory CD4+ T

cells represent the best characterized reservoir of cells harboring latent HIV proviruses [6], but

evidence for other cell types as reservoirs has been reported including myeloid cells, microglia,

and dendritic cells [7]. A pivotal step in the control of viral latency is viral transcription

directed by the HIV 5’ LTR of the viral genome (Fig 1A). The HIV LTR orchestrates the

expression of viral RNA by recruiting multiple promoter specific transcription factors such as

NF-κB [8] and SP1 [9], in concert with host cell chromatin modifying complexes [10,11], ulti-

mately culminating in the formation of the pre-initiation complex (PIC) [12] that contains

general RNA polymerase II (Pol II) factors to drive viral transcription [13,14].

Once the first viral RNA is transcribed, the HIV trans-activating protein Tat is produced

and binds to a stem-loop structure termed TAR at the 5’ end of the nascent viral RNA in con-

junction with the positive elongation factor P-TEFb (composed of Cyclin T1 and CDK9). Tat

recruits P-TEFb from an inactive 7SK small nuclear ribonucleoprotein (snRNP) complex to

form an active super elongation complex (SEC), resulting in enhanced Pol II C-terminal

domain (CTD) phosphorylation and activation of transcription elongation [15]. The positive

feedback loop formed by the action of Tat on the HIV promoter plays a central role in the

rapid reactivation of latent HIV [16]. The Tat dependent circuitry that controls latency most

probably evolved to permit viral persistence in the face of host immune surveillance [13] and/

or enhance early viral transmission during infection [17].

The HIV core promoter, including the TATA box (more precisely the “CATA” box in the

case of HIV [18]; Fig 1A), lies at the heart of transcriptional control of HIV latency. Indeed,

signals that activate or repress HIV transcription, including extracellular signals, epigenetic

events, transcriptional interference, and HIV Tat must converge on the core promoter to

impact the formation of the PIC required for transcription initiation [12]. Extensive early

mutational studies of the HIV LTR defined the TATA box and adjacent sequences of HIV

essential for Tat trans-activation (TASHET) of the core promoter (Fig 1A) [19–23]. The
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Fig 1. Affinity chromatography coupled with mass spectrometry to identify TASHET bound factors. A) The unknown composition of pre-initiation complexes

of HIV (PICH). The HIV LTR with transcription factor binding sites is shown at the top with a close-up of the TATA box and adjacent sequences of HIV essential

for Tat trans-activation (TASHET) shown below. The CTGC DNA motifs (blue) have been shown to be essential for Tat activation and recognition by PICH [25].

PICH contain general transcription factors such as TBP, but their complete composition and how they link TASHET to Tat function have remained unknown

(question mark). B) TASHET sequence and point mutations used in this study. The HIV-1 TATA box and E-box are shown by the purple and green squares,

respectively. CTGC motifs are highlighted in blue and mutated nucleotides figure in white or light grey. The ’ATCC’ mutation was formerly named CTGC5’3’ [25].

“Scr” indicates a scrambled control sequence. C) A representative silver-stained polyacrylamide gel reveals the bands corresponding to the proteins specifically

(annotated in black) and non-specifically (annotated in light grey) bound to wild type and mutated TASHET. wt 130 and wt 37 stand for the bands that were cut out

for mass spectrometry analysis. D) Identity and mass spectrometry scores of the main candidates identified in the analysed bands (see also S2 Fig and S1 Table for

further detailed information).

https://doi.org/10.1371/journal.ppat.1011821.g001
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underlying mechanisms conferring Tat responsive transcription selectively upon the HIV core

promoter have remained unknown, in part due to the large size, subunit complexity, and

dynamic promoter interactions of PIC [24]. More recently, fine mutational analysis of the core

promoter revealed that conserved CTGC DNA motifs within TASHET are essential for Tat

trans-activation in HeLa cells and, more importantly, in primary peripheral blood mononu-

clear cells (PBMC) [25]. The specific protein composition of PICH that bind to TASHET

DNA to allow Tat-mediated HIV transcription is currently unknown.

An in-depth understanding of the mechanisms of HIV transcription is of high strategic

value in the search for a cure for HIV/AIDS. Currently, three approaches are being actively

pursued towards achieving a cure or remission of HIV infection. These include gene therapy

approaches to excise proviral genomes or manipulate HIV transcription using CRISPR/Cas9

based technologies [26]; pharmacological approaches like the “shock and kill” approach [27];

and the “lock and block” strategy [27]. Of these, the shock and kill and lock and block strate-

gies likely hold the most immediate promise to move into clinical application in a timely, safe,

and cost-effective manner to patients throughout the world. The shock and kill strategy

involves reactivating latent HIV so that it can be recognized and cleared by the host immune

system, possibly in concert with immunotherapy [28]. The lock and block strategy involves

using small molecules to induce a long-lived state of deep latency that would ideally allow indi-

viduals to live without anti-retroviral therapy [29]. The lock and block method has shown

promising results in cultured cells [30] and patient lymphocytes ex vivo [31], as well as in a

humanized mouse model [32], when HIV Tat activity was inhibited using the small molecule

cortistatin A. The shock and kill strategy has been employed in numerous clinical trials,

although a clinically significant reduction in latent reservoirs has not been achieved [33].

Since viral transcription is a pivotal and rate-limiting step in the exit from or entry into

latency, the future clinical success of either the shock and kill or lock and block strategies

depends crucially on the ability to selectively control HIV transcription with small molecules.

Given that TASHET is a highly conserved viral DNA sequence essential for Tat-mediated HIV

transcription [12,25], and that the proof of concept that TASHET can be pharmacologically

targeted has previously been established [34], the current gap in our knowledge of PICH com-

position represents a key question to be answered to pave the way for optimal cure/remission

strategies. Here, we have used TASHET DNA affinity chromatography to identify DNTTIP1,

MIDEAS and NAT10 as TASHET-binding proteins. We further show that DNTTIP1 and

MIDEAS, components of a recently identified mitotic deacetylase complex (MiDAC), play a

functionally important role in the recruitment of the Tat-interacting protein NAT10 to impact

HIV activated HIV gene expression.

Results

Mitotic deacetylase complex (MiDAC) selectively binds to the HIV core

promoter

Given the pivotal role that the TASHET element of the HIV core promoter plays in the tran-

scriptional control of HIV latency and the response to Tat trans-activation, we set out to iden-

tify host cell factors that specifically bind to TASHET DNA (Fig 1A). We employed

biotinylated double-stranded synthetic oligonucleotides containing the wild type TASHET

sequence or TASHET bearing point mutations (Fig 1B), as controls for DNA binding specific-

ity. Nuclear extracts from HeLa cells were incubated with TASHET DNA immobilized on

streptavidin-beads followed by extensive washes. Cellular TASHET-binding proteins were

then denatured and fractionated by SDS-PAGE and analyzed by silver staining (Fig 1C). To

identify novel TASHET-binding proteins, two major protein bands that migrated with relative

PLOS PATHOGENS The MiDAC complex controls HIV gene expression

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1011821 May 23, 2024 4 / 31

https://doi.org/10.1371/journal.ppat.1011821


molecular weights of 130 kDa and 37 kDa (Fig 1C, lane 2) were excised, treated with trypsin,

and subjected to analysis by liquid chromatography coupled to tandem mass spectrometry

(LC-MS/MS). Importantly, these proteins were not found in affinity purifications using two

distinct TASHET sequences where the CTGC motifs were mutated to ATCC or ATAC (Fig

1C, lanes 3 & 4), point mutations that have been shown to block Tat trans-activation in cells,

and to disrupt normal PICH formation upon TASHET in vitro [25] (S1 Fig). To identify high

confidence TASHET binding proteins, we filtered the peptide data to remove technical arti-

facts (eg. keratin, trypsin), and proteins such as PARP1 and hnRNPK that bound non-specifi-

cally to a scrambled oligonucleotide (Fig 1C, lane 1). After filtering, the peptides from the 130

kDa band corresponded to proteins MIDEAS and NAT10, and for the 37 kDa band, protein

DNTTIP1 (TdIF1/C20orf167) (Fig 1D), see also S2 Fig and S1 Table for details of the mass

spectrometric identification of peptides. MIDEAS (ELMSAN1/C14orf43) and DNTTIP1 both

form part of a histone deacetylase complex (HDAC) termed MiDAC whose formation and

activity increase during mitosis [35, 36]. Intriguingly, NAT10 was identified as an acetyltrans-

ferase [37], and interacts with the viral trans-activating protein Tat in vitro [38, 39] and in cel-
lulo [39]. These data suggest that the MiDAC subunits MIDEAS and DNTTIP1, as well as the

Tat-interacting protein NAT10, selectively bind to the wild type HIV TASHET sequence.

To independently confirm the binding of MIDEAS, DNTTIP1 and NAT10 to TASHET, we

used immunoblotting detection with specific antibodies to analyse proteins enriched from

HeLa cell nuclear extracts by TASHET affinity chromatography. MIDEAS and DNTTIP1

bound to wild type TASHET (Fig 2A, lane 3) but not to scrambled oligonucleotides (Fig 2A,

lane 2) or to mutated TASHET (Fig 2A, lanes 4 & 5). Because the MiDAC complex contains

HDAC1 [35, 36], we also tested whether HDAC1 can be recovered by TASHET DNA chroma-

tography. Indeed, HDAC1 was found to interact with wild type TASHET but not with mutated

TASHET (Fig 2A, lane 3 versus 4 & 5). As a positive control for the sensitivity and selectivity,

we tested for the presence of the transcription factor AP4 that has previously been shown to

bind to the E-box of the HIV core promoter [40]. We found that AP4 bound to wild type

TASHET but not to TASHET containing mutations that disrupt the E-box (Fig 2A, lane 3 ver-

sus lanes 4 & 5; Fig 1B). Overall, our results reveal that MiDAC complex subunits MIDEAS,

DNTTIP1 and HDAC1 selectively interact with the wild type TASHET element of the HIV

core promoter.

To extend the observations from the HeLa model cell line to CD4+ lymphocytes, we pre-

pared nuclear extracts from the Jurkat T lymphocyte cell line. When T cell nuclear proteins

were enriched by TASHET-affinity chromatography, the MiDAC subunits MIDEAS and

DNTTIP1 bound to the wild type but not mutated TASHET (Fig 2B, lane 3 and 4, respec-

tively). The result shows that MIDEAS and DNTTIP1 are expressed in human T lymphocyte

cell lines, and that they bind selectively to the HIV core promoter TASHET DNA element. To

further extend our observations to primary cells, we isolated nuclear extracts from PBMC

from uninfected donors. We tested the binding of MiDAC subunits MIDEAS, DNTTIP1 and

HDAC1 to TASHET and found that all of them bound selectively to HIV TASHET (Fig 2C,

lane 3). We employed nuclear extracts from PBMC to further define the DNA binding speci-

ficity of MiDAC components. TASHET mutations that prevent Tat responsiveness were

bound poorly by MIDEAS, DNTTIP1 and HDAC1 (Fig 2C, lanes 4 & 5). Mutation of the HIV

TATA box reduced binding of MIDEAS, DNTTIP1 and HDAC1 (Fig 2C, lane 6), implying a

significant role for the TATA sequence in their binding to TASHET. The CTGC motifs

required for MiDAC binding to TASHET in vitro and Tat trans-activation in cellulo overlap

with an E-box motif 5’ of the TATA box (Fig 1B). To dissect the binding specificity of the

MiDAC complex from that of bHLH factors such as USF1 and AP4, we employed point muta-

tions within the E-box that block USF1 binding to TASHET and yet remain responsive to Tat
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in cellulo [25]. One such mutation, USF1 KO (Fig 1B), retained significant amounts of MID-

EAS, DNTTIP1 and HDAC1 (Fig 2C, lane 7), consistent with an essential role for MiDAC, but

not USF1, in Tat trans-activation.

MiDAC can be distinguished from other known HDAC complexes by its atypical property

of displaying its highest deacetylase activity when purified from mitotic cell extracts [35]. We

therefore tested whether the newly identified TASHET-binding proteins differentially inter-

acted with the HIV promoter during mitosis. HeLa cells were arrested in mitosis by treating

with nocodazole, and nuclear extracts were prepared. Following TASHET-affinity chromatog-

raphy, enriched proteins were analysed by immunoblotting. MIDEAS, DNTTIP1, HDAC1

and NAT10 all bound more efficiently to TASHET when purified from mitotic versus non

Fig 2. MIDEAS and DNTTIP1 form a complex that specifically binds to TASHET. A) Western blot validation of the binding of MIDEAS, DNTTIP1 and HDAC1

from HeLa cell nuclear extracts to wild type TASHET. B) As in A, except with nuclear extracts from Jurkat cells. In the case of NAT10, note that levels in lanes 5 & 6

correspond to background levels that are observed also with random DNA sequences. C) As in A, except with nuclear extracts from PBMC. MiDAC components

selectively bind wt TASHET and retain binding for USF1KO mutant. Tat response as assayed in reporter transfected cells is expressed as ‘+’ when> 90% and ‘-’ when

<20% response to Tat transactivation [25, 111]. D) As in A, except that the HeLa cells were blocked in the G2/M phase by a 16h treatment with nocodazole before

nuclear protein extraction. E) Co-immunoprecipitation showing interactions among MiDAC components, as well as with Cyclin T1 in Jurkat nuclear extracts.

Antibodies used for IP are indicated at the top, antibodies used in Western Blot to the left. For visibility, co-IP are compared to 20% (lane 1) or 5% (lane 2) input, except

for DNTTIP1, where lane 2 (indicated by *) corresponds to 10% input.

https://doi.org/10.1371/journal.ppat.1011821.g002
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arrested cells (Fig 2D, lane 4 versus 3). NAT10 from mitotic cells bound more avidly to the

wild type TASHET than to TASHET bearing Tat-unresponsive mutations (Fig 2D, lane 4 ver-

sus 6). Nonetheless, NAT10 showed background binding to mutated TASHET (Fig 2D, lanes 5

& 6), likely due to the documented non-specific nucleic acid binding properties of NAT10

[41]. We conclude that the binding of NAT10 to TASHET is sensitive to cell cycle regulation

with higher affinity during mitosis. Significantly, these results show that the selective interac-

tion of MIDEAS, DNTTIP1, HDAC1 and NAT10 is enhanced during mitosis.

MIDEAS, DNTTIP1, HDAC1 and NAT10 (particularly from mitotic cells) were found to

bind to TASHET, all with indistinguishable binding specificities (Fig 2A, 2C and 2D). Addi-

tionally, previous work has demonstrated that MIDEAS, DNTTIP1 and HDAC1 can all be

found within the MiDAC complex in the absence of DNA [35, 36, 42]. Together, these findings

suggest that the newly identified TASHET-binding proteins may be recruited to TASHET as a

preformed complex. To determine whether complexes containing MIDEAS, DNTTIP1,

HDAC1 and NAT10 can form in the absence of TASHET DNA, we performed co-immuno-

precipitation experiments. We found that DNTTIP1 associated strongly with MIDEAS and

HDAC1 (Fig 2E, lane 5). Likewise, MIDEAS co-immunoprecipitated with DNTTIP1 and

HDAC1 (Fig 2E, lane 6). NAT10 was found associated with MIDEAS and HDAC1 (Fig 2E,

lane 7). Because NAT10 reportedly interacts with HIV Tat [38, 39], we tested the association of

the established Tat cofactor, cyclin T1, with TASHET-binding proteins. Cyclin T1 associated

with NAT10 (Fig 2E, lane 7) and weakly with MIDEAS (Fig 2E, lane 6). Based on the substoi-

chiometric interaction of the Tat-interacting protein with both MIDEAS and TASHET, we

propose that NAT10 is recruited to TASHET indirectly, possibly through MIDEAS, and pref-

erentially during mitosis. Our results show that DNTTIP1 and MIDEAS interact strongly in

the absence of DNA and that NAT10 associates with MIDEAS, directly or indirectly. Taken

together, the above results reveal a selective binding of MiDAC components MIDEAS,

HDAC1 and DNTTIP1, in substoichiometric association with NAT10, to TASHET DNA.

DNTTIP1 directly recognizes the HIV core promoter in vitro
Having established that several MiDAC components bind to the HIV core promoter, we next

sought to determine how the complex selectively engages TASHET DNA. Upon inspection of

the known domains of HDAC1, MIDEAS, NAT10 and DNTTIP1 using the Conserved

Domain Database (CDD) of the National Centre for Biotechnology Information (NCBI) [43],

only DNTTIP1 was found to contain domains known to confer sequence specific DNA bind-

ing including both an AT-hook domain [44–46] and a domain initially predicted by Kubota

and colleagues [47] to contain a helix-turn-helix (HTH) domain whose structure has now

been solved and shown to related to the SKI/SNO/DAC domain [42,48,49] (Fig 3A). In fact,

Kubota and colleagues have shown that DNTTIP1 binds to an AT-rich motif in conjunction

with the specific sequence 5’-GNTGCATG-3’ using SELEX in vitro [50], and that DNTTIP1

can also recognize similar motifs using ChIP-Seq (ChIP-Sequencing) in cellulo [51]. When we

aligned the binding motifs defined by SELEX to the TASHET sequence containing the TATA

box and flanking CTGC sequences, sequence similarities were observed (Fig 3A), raising the

possibility that DNTTIP1 could bind TASHET directly.

To test whether DNTTIP1 can bind to TASHET directly, we purified recombinant human

His-tagged DNTTIP1 expressed in bacteria (Fig 3B). After purification, the secondary struc-

ture content of DNTTIP1 was subjected to analysis by circular dichroism (CD) in order to

ascertain that it is folded. The CD spectrum showed a characteristic minimum at 222 nm (Fig

3C), indicating that there is high α-helical content in the protein, a finding that is compatible

with the structures of the N- and the C-terminal domains of DNTTIP1 that have recently been
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Fig 3. DNTTIP1 interacts directly, with high affinity and specificity to wt TASHET. A) Upper panel: schematic view of DNTTIP1 protein showing the

dimerization domain (DD in orange), AT-hook (purple) and c-terminal DNA binding domain (in pale blue) structurally related to the SKI/SNO/DAC domain

[42]. The SKI/SNO/DAC domain contains an embedded motif proposed to have structural similarity to helix-turn-helix (HTH) motifs [47, 48] (dark blue).

Lower panel: alignment of the DNTTIP1 consensus sequence (top), the SELEX sequence #12 as published by Kubota et al. [50], and the TASHET sequence.

High similarity sequences are shown including the 5’CTGC and TATA motifs (purple box) and around the 3’ CTGC motif (blue box). Vertical lines indicate

identities. B) Coomassie staining, and C) Circular Dichroism (CD) spectroscopic spectrum of purified recombinant His-tagged DNTTIP1. D) CD spectroscopy

thermal denaturation curves measured at a 222nm wavelength (left) and calculated melting temperatures (Tm) (right) of recombinant DNTTIP1 in absence

(blue) or equimolar presence of wt (yellow), or ATCC (green) mutated TASHET, or of a DNTTIP1 binding consensus sequence (sequences in S1 File) [50]

(red). D) Anisotropy changes of fluorescein labeled DNA (sequences in Fig 1 and S1 File) in presence of increasing concentration of recombinant DNTTIP1.

Measured values have been fitted to a specific binding with Hill slope (left panel: graphic representation), yielding the calculated Kd values with its SD, high R2

(right panel), ΔRmax corresponding to the plateau, n corresponding to the Hill coefficient with its SD.

https://doi.org/10.1371/journal.ppat.1011821.g003
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solved [42]. Indeed, the N-terminal domain was shown to form a tight dimerization domain

with a novel and all-α architecture, and the C-terminal domain was observed to adopt a ter-

tiary structure related to the SKI/SNO/DAC DNA binding domain that is also highly α-helical.

We note that the raw numerical data throughout this work can be found in S1 Data. To verify

that the recombinant protein was stably folded, we recorded its temperature denaturation

monitored by CD at 222 nm. The cooperative nature of the denaturation curve obtained

clearly indicates the existence of folded α-helical structure stabilized by tertiary and quaternary

interaction as expected from the structures reported for the N and C-termini of DNTTIP1 (Fig

3D, in blue). The α-helicity of recombinant DNTTIP1 allowed us to interrogate a potential

interaction between DNTTIP1 and TASHET DNA by comparing the thermal denaturation of

the protein in the absence and presence of DNA [52,53]. In such experiments, the observation

of a shift in the thermal denaturation curve towards higher apparent melting temperatures

(Tm) indicates a favorable binding event. In fact, the favorable binding provides stabilisation

free energy to the protein that moves the binding curve to a higher Tm. The shift in Tm is

directly proportional to the apparent affinity of a protein for a DNA probe [52]. As a positive

control, incubation of DNTTIP1 with an equimolar concentration of an oligonucleotide

known to bind it with high affinity [50] significantly stabilized the protein when compared to

protein alone (Fig 3D, red versus blue). When DNTTIP1 was incubated with TASHET DNA,

it was also stabilized shifting from a Tm of 32.7˚C to 43.5˚C (Fig 3D, yellow versus blue). The

strong stabilization of DNTTIP1 in the presence of TASHET DNA shows that DNTTIP1 can

directly interact with TASHET in solution. To ask whether the binding of DNTTIP1 to

TASHET was specific, we incubated DNTTIP1 with an oligonucleotide bearing Tat-unrespon-

sive point mutations within the CTGC motifs (Fig 1B), and observed a significantly more

modest increase in the thermal stabilization by this DNA to only 39.2˚C (Fig 3D, yellow versus

green). The CD results demonstrate a direct and selective interaction of DNTTIP1 with

TASHET that depends on intact CTGC motifs.

To obtain more quantitative estimates of the affinities (apparent dissociation constant—

KD) on the DNTTIP1 –TASHET interaction, as well as to reconfirm the interaction by an

independent biophysical technique, we employed fluorescence anisotropy to probe the interac-

tion [54]. Titration of fluorescently labeled wild type TASHET with increasing concentrations

of DNTTIP1 increased the fluorescence anisotropy, as expected for the formation of a stable

complex which reduces the tumbling of the fluorescent probe (Fig 3E, yellow curve). To calcu-

late the apparent KD of the wild type TASHET–DNTTIP1 interaction, we used the Hill equa-

tion [55] to simulate binding curves. More precisely, the change in anisotropy (ΔR) was

simulated using the following equation: ΔR = ΔRMax x ([DNTTIP1]n / (KD +([DNTTIP1]n)) to

determine ΔRMax, n (the Hill coefficient) and KD by non-linear least-squares fitting. Under

our experimental conditions, DNTTIP1 bound to TASHET with a dissociation constant (KD)

of 51.1 nM (Fig 3E). The sigmoidal nature of the change in anisotropy, and the Hill coefficient

of 1.89, together indicate a cooperative binding mode and further documents that DNTTIP1

interacts with TASHET in a multimeric form (Fig 3E). In light of the fact that DNTTIP1 has

been shown to contain a dimerization domain [42], it is tempting to ascribe a Hill coefficient

close to 2 to a dimeric form of DNTTIP1, however it is important to bear in mind that a Hill

coefficient larger than 1 can only rigorously be interpreted as an indication of cooperativity

between the oligomerization of DNTTIP1 and DNA binding as the concentration of the for-

mer increases [55]. To assess the specificity of the DNTTIP1 –TASHET interaction, the CTGC

motifs of TASHET were mutated to ATCC, since this mutation prevented MiDAC binding

(see Fig 2A above). TASHET bearing the ATCC mutation had a significantly reduced affinity

for DNTTIP1 yielding a calculated KD of 137.3 nM (Fig 3E). Mutation of the TATA box also

reduced, albeit to a lesser extent (KD = 117.0 nM), the binding of DNTTIP1. Finally, the lowest
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affinity for DNTTIP1 measured was that of a random sequence oligonucleotide (KD = 155.7

nM). Consistent with published data, this result shows that DNTTIP1 possesses both non-spe-

cific [42], and sequence-specific [50, 51] DNA binding activities. Taken together, the biophysi-

cal data from the CD and anisotropy experiments demonstrate a direct and specific

interaction with TASHET that depends on its flanking CTGC and TATA box DNA sequences.

DNTTIP1 occupies the HIV promoter in cellulo
The direct interaction of DNTTIP1 with TASHET via the CTGC and TATA box sequences in
vitro is compatible with a model whereby DNTTIP1 is the major DNA binding subunit

responsible for recruitment of other MiDAC subunits to the HIV core promoter. We next

asked whether DNTTIP1 can interact with the HIV core promoter within an integrated provi-

rus in cellulo using chromatin immunoprecipitation (ChIP). We initially tested numerous

commercial antibodies against DNTTIP1 in ChIP but were unable to identify antibodies that

performed well in ChIP. To circumvent the lack of appropriate antibodies, we used a lentiviral

vector to introduce a Flag-tagged DNTTIP1 into HeLa cells that express DNTTIP1-Flag at lev-

els comparable to those of endogenous DNTTIP1 (Fig 4A, lane 4). We then infected these cells

with a pseudo-typed HIV reporter virus capable of a single round of infection [25]. ChIPs

were then performed to test the presence of DNTTIP1 and known transcription factors upon

the HIV promoter using two distinct PCR primer sets targeting the core promoter and a more

distal region of the HIV LTR (Fig 4B). In positive control ChIPs, Pol II occupancy was detected

upon the core and distal regions of the HIV LTR and an active cellular gene, DDIT3, but not

upon the gene desert GDM, or the inactive β-globin promoter (Fig 4C). Likewise, the general

transcription factor TBP was also found to associate with the HIV LTR and active cellular

DDIT3, but not with negative control region GDM or the inactive β-globin promoter (Fig 4C).

HDAC1 was enriched upon the HIV LTR and was present at substantially lower levels on the

active promoter of DDIT3, as expected (Fig 4C). Likewise, HIV Tat specifically interacted with

the HIV LTR but not the active cellular DDIT3 promoter (Fig 4C). ChIP assays to detect

DNTTIP1-Flag revealed its enrichment upon the HIV LTR (core and distal elements), but its

absence upon the active cellular DDIT3 promoter (Fig 4C). The ChIP data therefore demon-

strate that the specific interaction of DNTTIP1 with TASHET in vitro also occurs with

DNTTIP1 and the proviral HIV promoter in cellulo.

DNTTIP1, MIDEAS and NAT10 are required for full HIV promoter

activity

The specific binding of MiDAC subunits DNTTIP1, MIDEAS and their substoichiometrically

associated Tat interacting protein, NAT10, to TASHET raised the possibility that these nuclear

proteins play a functional role in HIV transcription. To test whether these proteins impact

HIV expression in living cells, we depleted their expression levels using small interfering

RNAs (siRNAs) in HeLa cells. A readily detectable reduction in target protein expression was

obtained for at least two independent siRNAs against MIDEAS, DNTTIP1, and NAT10 (Fig

5A). After depleting MIDEAS, DNTTIP1 and NAT10 proteins, we transfected the cells with a

reporter plasmid in which the HIV LTR drives eYFP reporter gene expression with or without

a Tat expression vector. Basal HIV transcription, in the absence of Tat, was statistically signifi-

cantly reduced by treatment with two of three siRNAs targeting MIDEAS, two siRNAs target-

ing DNTTIP1 and two siRNAs targeting NAT10 (Fig 5B). Tat trans-activated HIV

transcription was significantly reduced by all siRNAs depleting MIDEAS, DNTTIP1 and

NAT10 (Fig 5C). We conclude that DNTTIP1, MIDEAS and NAT10 are important for basal

and especially for Tat activated HIV transcription in living cells.
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Fig 4. DNTTIP1 occupies the HIV proviral promoter in cellulo. A) Western Blot showing the expression level of exogenous DNTTIP1-Flag transgene

compared to endogenous DNTTIP1 in a cell population with stable integration of a lentivirus bearing the DNTTIP1-Flag sequence (+) vs an empty

lentivirus (-). TBP was used as a loading control. B) Positioning of the qPCR primers used in ChIP qPCR on HIV LTR region. C) Chromatin
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To validate a role of newly identified TASHET-binding proteins in a cellular context more

like the primary physiologic target of HIV, human T helper cells, we employed the CD4+ and

HIV susceptible lymphoblast cell line, MOLT4 [56]. We focused on the central DNA binding

subunit of MiDAC, DNTTIP1, and used lentiviral transduction to produce shRNA for efficient

depletion of DNTTIP1 that was evaluated by immunoblotting and quantitation (Fig 6A and

6B). Cells were subsequently infected with single-round reporter viruses and HIV gene expres-

sion was assessed by luciferase expression [25]. The depletion of DNTTIP1 protein in MOLT4

lymphoblasts by three independent shRNAs resulted in a statistically significant decrease in

HIV reporter expression (Fig 6C) but had no impact on the number of integrated HIV provi-

ruses (Fig 6C, green). We conclude that the DNTTIP1 subunit of MiDAC, that selectively rec-

ognizes TASHET within the HIV core promoter, is required for full HIV transcription in

human lymphocytes.

Activation of HIV gene expression by latency reversing agents (LRA) acting

through the P-TEFb/7SK axis require the DNTTIP1 binding sites of

TASHET

To determine if the binding of DNTTIP1 to TASHET via the CTGC motifs plays a role in the

activation of latent HIV in human lymphocytes, we infected Jurkat T lymphocytes with wild

type single-round reporter virus or a virus with mutations that block DNTTIP1 binding and

then treated them with known reversing agents (LRAs) (Fig 7A). Previous work has established

that in such experimental settings the large majority of infections rapidly enter a transcription-

ally inactive state in cell lines, including Jurkat lymphocytes [57, 58], as it also does in both

resting and activated primary CD4+ cells [59]. The choice use of this cellular model of HIV

gene activation to evaluate the impact of the CTGC motifs for two reasons. Firstly, the chroma-

tin environment into which HIV integrates can profoundly affect HIV expression levels [60].

To avoid potential artifacts due to clonal selection of a specific integration site, we infected

populations and measured the aggregate outcome on HIV gene expression. Secondly, unlike

established long-term models of HIV latency, this system permits the mutation of nucleotides

required for binding to the newly identified regulators of HIV gene expression.

As expected, the expression of the wild type virus was significantly activated in response to

all known LRAs including tumor necrosis factor-alpha (TNF-α), prostratin, romidepsin, and

HMBA (Fig 7B), showing that the system is responsive to latency reversing agents as previ-

ously reported [57, 58]. We then tested the impact of TNF-α and prostratin, that are both

known LRAs that act primarily on HIV transcription via activation of NF-κB [61, 62] (Fig 7A).

Both treatments significantly increased HIV reporter expression in a manner highly depen-

dent on intact NF-κB binding motifs (Fig 7B), confirming that the viral reporter system is sen-

sitive to transcription factor-specific point mutations. We next tested mutations that abolish

the binding of the general transcription factor, TATA binding protein (TBP). As expected, the

promoter lacking a functional TATA box was crippled and responded poorly to all LRAs, with

only modest inductions in response to the NF-κB-dependent stimuli, TNF-α and prostratin

(Fig 7B). The activation of HIV expression by romidepsin, a broad spectrum HDAC inhibitor

[35] (Fig 7A) that can activate latent HIV in vivo [63] was not significantly changed by muta-

tions that block binding of DNTTIP1 (Fig 7B). In contrast, activation of HIV by HMBA,

Immunoprecipitation in NL4.3-Luc infected HeLa cells expressing a stable version of flagged-DNTTIP1. Enrichment obtained with antibodies directed

against Pol-II, TBP, Flag-DNTTIP1, HIV1-Tat and HDAC1 vs no antibody (-) on inactive chromatin regions (GDM, bGlob, green bars), an active cellular

gene promoter (DDIT3, purple bars), integrated HIV distal (-455, light blue bars) and proximal (-90, blue bars) promoter. The error bars represent the

standard deviation of three independent ChIP assays performed in parallel. The chromatin occupancy is expressed in percentage of input.

https://doi.org/10.1371/journal.ppat.1011821.g004
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Fig 5. DNTTIP1 and MIDEAS are required for optimal HIV-1 promoter activity in living cells. The activity of a

transfected HIV-1 promoter reporter was measured in HeLa cells after siRNA mediated knock-down of DNTTIP1 (D1

and D2 siRNAs), MIDEAS (M1, M2, and M3 siRNAs) or NAT10 (N1 and N2 siRNAs) compared to a non-targeting

siRNA (ctrl-) or mock transfected cells (-). A) Target Knock-Down validation by Western Blot. USF1 protein levels

were monitored as a loading control. (B) The percentage of YFP positive cells in the absence (cells co-transfected

empty vector control) of HIV Tat. (C) The percentage of YFP positive cells in the presence of HIV Tat (cells co-

transfected Tat expressing plasmid) of HIV Tat. P-values were calculated in comparison to the Ctrl siRNA (black bars).

* p<0.05, **p<0.01, ***p<0.001. D) Tat transactivation that is expressed as the ratio of mean fluorescence intensity in

presence vs that measured in the absence of Tat co-expression, with siRNA ctrl being set to 100%. The error bars in

panels B–D represent the standard deviation of three independent experiments performed in parallel.

https://doi.org/10.1371/journal.ppat.1011821.g005
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which acts on the 7SK small ribonucleoprotein complex (7SK snRNP) by releasing active

P-TEFb from HEXIM1 [64,65] (Fig 7A) was completely lost when the DNTTIP1-binding

motifs were mutated (Fig 7B), indicating that the activation of HIV by least some LRAs

depends on DNTTIP1 binding in living cells.

To further dissect the contribution of DNTTIP1 to the activation of HIV gene expression,

we employed selective point mutations to the DNTTIP1 binding motifs and a broader spec-

trum of LRAs. We employed TNF-α as a positive control that enhanced HIV expression in all

cases, except when reporters contained mutated NF-κB sites, as expected (Fig 7C). Indeed

TNF-α disrupted HIV latency more efficiently for viruses bearing point mutations to the

DNTTIP1 binding sites (Fig 7C). Activation by the HDAC inhibitor SAHA was modestly

impaired when the DNTTIP1 binding sites were mutated (Fig 7C), indicating that DNTTIP1

binding can contribute to SAHA-mediated HIV activation. The most striking finding was that

mutation of the DNTTIP1 binding sites strongly impaired the reactivation of HIV expression

by HMBA, JQ1 and MMQO (Fig 7B and 7C). Importantly, HMBA, JQ1 and MMQO all act

through the P-TEFb/7SK pathway (Fig 7A). JQ1 antagonizes BRD4 to release active P-TEFb

from the 7SK snRNP complex [66, 67]. MMQO was identified in a screen for selective HIV

LRAs [68], and like JQ1 acts by displacing BRD4 [69]. To ensure that the impact of the muta-

tions was due to the loss of DNTTIP1 binding and not to the spurious binding of additional

factors, we used an independent mutation (ATAC) that produces less binding than the wild

type TASHET in EMSA with Jurkat or HeLa cell nuclear extracts (S1A Fig, lanes 5 & 6), yet is

still unresponsive to Tat trans-activation (S1B and S1C Fig) and does not bind DNTTIP1 in
vitro (Figs 1 and 2). The ATAC mutation responded in a manner indistinguishable to that of

the ATCC mutation, further confirming that loss of DNTTIP1 was responsible for the pheno-

types observed (Fig 7C). Because the DNTTIP1 binding site overlaps the binding site for

bHLH transcription factors including AP4 and USF1 (Fig 1A), we employed mutations that

Fig 6. DNTTIP1 is required for the optimal activity of an integrated provirus in MOLT4 lymphocytes. The activity of integrated proviral HIV-1 promoter

was monitored by luciferase activity after knock-down of DNTTIP1 by three different shRNA lentiviral constructs (#1, #2, #3). A) Target Knock-Down

validation by Western Blot. Tubulin was employed a loading control. B) Quantification of relative DNTTIP1 protein expression measured in A. C) The

integrated proviral HIV promoter activity (left axis: RLU/μg, the mock control being set to 100%), and the number of HIV proviruses per cell as analyzed by

qPCR (right axis, in green) were measured in the same cells. Error bars represent the standard deviation of three independent infections performed in parallel.

P-values were calculated in comparison to the Ctrl shRNA (black bars). * p<0.05, **p<0.01.

https://doi.org/10.1371/journal.ppat.1011821.g006
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we have previously characterized [25] to separate the binding of bHLH proteins from that of

DNTTIP1. Mutations that block binding of USF1 (USF KO) responded to LRAs essentially as

the wild type promoter (Fig 7C), showing that USF1 binding is dispensable for LRA respon-

siveness. Conversely, mutations that enhance binding of USF1 (USF1+) [25], responded more

Fig 7. Latency reversing agents (LRA) acting through the P-TEFb/7SK axis require the DNTTIP1 binding sites of TASHET. A) A schematic

representation of the major LRA pathways acting through NF-κB (green), HDACs (purple) or the P-TEFb/7SK axis (blue). B) Impact of LRAs on reporter

viruses. Jurkat cells were infected with single-round reporter viruses bearing mutations in the HIV LTR (indicated on the x-axis), and then treated with LRAs

for 16 hours before harvesting cell extracts for luciferase assays. The activity of integrated proviral HIV-1 promoter was monitored by luciferase activity. The

results, calculated as RLU/μg of total protein are expressed as fold induction over the DMSO vehicle control for a given virus (y-axis). LRA color codes

correspond to those in panel A. C) As in B, with additional LRA treatments and LTR mutations. Error bars represent the standard deviation of three

independent experiments performed in parallel.

https://doi.org/10.1371/journal.ppat.1011821.g007

PLOS PATHOGENS The MiDAC complex controls HIV gene expression

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1011821 May 23, 2024 15 / 31

https://doi.org/10.1371/journal.ppat.1011821.g007
https://doi.org/10.1371/journal.ppat.1011821


poorly to HMBA, JQ1 and MMQO (Fig 7C), reinforcing the conclusion that DNTTIP1 but

not USF1 binding is essential for activation by these LRAs. Taken together, our findings dem-

onstrate that intact DNTTIP1 binding sites within the HIV core promoter are required for the

activation of HIV gene expression in T cells by small molecules that act via the P-TEFb/7SK

axis.

Discussion

The TATA box and adjacent sequences of HIV essential for Tat trans-activation (TASHET)

plays a crucial and selective role in HIV gene expression [12], but the underlying molecular

mechanisms have remained elusive. Our results reveal that TASHET is specifically recognized

by the host cell mitotic histone deacetylase complex (MiDAC). MiDAC was identified in a

proteomic screen designed to identify cellular targets of HDAC inhibitors [35]. MiDAC has

been shown to contain protein subunits MIDEAS, HDAC1, HDAC2 and DNTTIP1 in mye-

loid leukemia K562 cells and human T lymphocyte CEM cells [36]. Recent work has shown

that MiDAC is essential for embryonic development in mice and forms a unique multivalent

structure [70]. Furthermore, MiDAC has been implicated in gene expression during neurite

outgrowth in mice [71] and the negative regulation of the H4K20ac histone modification [72].

Our findings that 1) DNTTIP1 directly recognizes TASHET DNA in vitro and in cellulo (Figs

3 and 4), 2) DNTTIP1, MIDEAS, and NAT10 are required for full HIV transcription (Figs 5

and 6), and 3) NAT10 associates with MIDEAS (Fig 2), together with published data showing

that NAT10 interacts with HIV Tat [38,39], support a model in which MiDAC is recruited to

TASHET via the binding of its DNTTIP1 subunit (Fig 8). Our data are also consistent with a

model that includes the recruitment of NAT10 to TASHET, particularly in the G2/M phase of

the cell cycle, via a network of interactions with MIDEAS, where it can then bind directly to

HIV Tat to activate transcription (Fig 8). The interaction of Tat with NAT10 can also help

Fig 8. Working model. A hypothetical model depicting the binding of the mitotic deacetylase complex (MiDAC) to TASHET of the HIV core promoter. Host

cell regulators DNTTIP1, MIDEAS and NAT10 identified in this work are in blue. Multimeric DNTTIP1 recognizes the CTGC motifs flanking the TATA box,

likely via its SKI/SNO/DAC domain containing a HTH-like motif, and the TATA box via its AT-hook domain. DNTTIP1 interacts strongly with MIDEAS to

recruit HDAC1/2. NAT10 is also recruited via MIDEAS and directly contacts HIV Tat to enhance HIV transcription.

https://doi.org/10.1371/journal.ppat.1011821.g008
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explain the observation that Tat can be recruited to the HIV LTR in the absence of TAR RNA

in cellulo [73] and, most importantly, provides the first mechanistic explanation for the specific

requirement for TASHET in Tat-activated transcription.

DNTTIP1 (TdIF1) was originally identified in a two-hybrid screen as a nuclear protein that

interacts with terminal deoxynucleotidyltransferase (TdT), a lymphocyte-specific enzyme

involved in enhancing Immunoglobulin (Ig) and T cell receptor (TCR) diversity [74]. Building

on their identification of DNTTIP1, Koiwai and coworkers reported that the AT-hook is

involved in the recognition of AT-rich DNA, and that a predicted helix-turn-helix (HTH) is

important for the recognition (Fig 3A) of the 5’-GNTGCATG-3’ consensus sequence defined

by SELEX [47,50]. By analogy with these findings, we propose a model in which the AT-hook

of DNTTIP1 binds primarily to the HIV TATA box while the HTH motif could interact with

the CTGC motifs (Fig 3A). A role for DNTTIP1 in transcription was shown by placing

DNTTIP1 consensus sites 5’ of a minimal promoter where they produced increased reporter

gene expression in response to DNTTIP1 overexpression [50]. ChIP-Seq was also employed to

define genomic DNTTIP1 binding sites [51], including sequences that align with HIV

TASHET (Fig 3A). A clear biological role for DNTTIP1 has not yet been defined, but gene

ontology analysis has hinted at a potential role in ossification [51]. DNTTIP1 is encoded by a

non-essential gene at the cellular level [75] and has been shown to positively regulate its own

expression [51]. Structural studies have shown that DNTTIP1 contains an amino-terminal

dimerization domain with an unusual structural fold that interacts directly with HDAC1 and a

more carboxy-terminal domain structurally related to the SKI/SNO/DAC domain [42]. The

data herein reveal that DNTTIP1 directly and selectively binds to TASHET, and that

DNTTIP1 plays a central role in the recruitment of MiDAC and NAT10 to the HIV core pro-

moter (Fig 8).

MIDEAS, like DNTTIP1, is a non-essential gene at the cellular level [75] and interacts with

DNTTIP1 via its ELM/SANT domain [42]. Apart from the fact that SANT domains have been

broadly implicated in chromatin remodelling, little is known about MIDEAS. Our data show

positive roles for DNTTIP1, MIDEAS and NAT10 in basal and Tat-activated HIV transcrip-

tion. Although HDACs were historically labeled as negative regulators of transcription, more

recent work has revealed highly dynamic acetylation/deacetylation of histones during the tran-

scription cycle [76], a positive role for HDACs in transcription elongation [77], and HDAC

association with active promoter regions [78]. Our results demonstrate a net positive role for

MiDAC and NAT10 in HIV transcription and pave the way to exploiting these findings to

develop new therapeutic strategies to manipulate HIV latency via MiDAC components.

Indeed, recent progress in the structural characterization of MiDAC complexes has revealed a

SKI/SNO/DAC DNA binding domain (DBD) of DNTTIP1 that contains the HTH motif (Fig

3A), and that MiDAC HDAC activity is directly regulated by the binding inositol-1,4,5,6-tetra-

kisphosphate (IP4) to the MIDEAS-HDAC1 interface [42]. Such detailed structural informa-

tion is relevant for the development of compounds that selectively target MiDAC [79]. The

data presented here raise the possibility that the specific targeting of MiDAC could generate

LRAs with improved specificity over the broad spectrum HDAC inhibitors that have failed to

reduce latent HIV reservoirs in clinical trials [80].

Our data show that NAT10 is recruited to TASHET in vitro with MiDAC (Fig 2), particu-

larly from G2/M-arrested cell extracts. NAT10 was initially identified as a transcriptional regu-

lator of hTERT in a yeast one-hybrid screen [37]. More recently, growing evidence supports

the conclusion that the major catalytic activity of NAT10 is the acetylation of cytidine in RNA

to form N4-acetylcytidine (ac4C) [81,82]. Biochemical [83] and structural [84] research

showed that tRNA (Met) cytidine acetyltransferase (TmcA), a bacterial homolog of NAT10 is

an ATP-dependent RNA helicase and acetyltransferase that acetylates tRNA. Furthermore,
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NAT10 (RRA1 or KRE33 in yeast) has been shown to acetylate 18S rRNA in Saccharomyces
cerevisiae [85,86], Schizosaccharomyces pombe [87], and humans [86,88]. mRNAs have also

been shown to be acetylated by NAT10 in human cells [89] (reviewed in [90]). Significantly,

ac4C mass spectrometry data supports the possibility that the RNAs of the positive sense

viruses Zika virus, Dengue virus, hepatitis C virus (HCV), poliovirus and HIV-1 contain the

ac4C modification [91]. Moreover, in the case of enterovirus 71, the proposed NAT10-depen-

dent N4-acetylcytidine of viral transcripts enhances translation and stability of viral RNA.

[92]. Intriguingly, recent work suggests that NAT10 can modify HIV RNA and play a positive

role in HIV gene expression at least in part by stabilizing HIV RNA [93]. Functionally, NAT10

depletion has been reported to result in the accumulation of cells in G2/M [94], defects in the

processing of 18S rRNA [86, 88], and impaired RNA-mediated transcriptional activation [95].

Most importantly for activated HIV gene expression, NAT10 has been shown to bind to HIV

Tat in two independent and unbiased proteomic screens [38, 39]. Like HIV Tat [30], NAT10 is

localized principally in the nucleolus [94]. Our finding is the first to demonstrate that NAT10

can associate with the HIV core promoter in the absence of Tat suggests a model in which

NAT10 can be recruited to the HIV promoter before the production of viral RNA or Tat. Our

work will support efforts to elucidate the mechanistic role of NAT10 in Tat trans-activation

and HIV gene expression and more globally the role of ac4C in viral pathogenesis and innate

immune sensing of viruses.

In a model of latency, mutation of the CTGC motifs required for MiDAC and NAT10

recruitment to the HIV core promoter eliminated its reactivation by LRAs that act through the

P-TEFb/7SK axis (Fig 7). In contrast, the mutation of CTGC sequences only modestly reduced

the response to LRAs of the HDAC inhibitor class (eg. SAHA, Fig 7). The fact that the HIV

LTR can be activated by HDAC inhibitors in the absence of MiDAC recruitment to TASHET

likely results from class I HDAC recruitment via multiple transcription factors including AP4,

YY1, CBF-1 [96] and CTIP2 [97]. Our previous [25] and current findings argue against a

major role for the binding sites for transcription factors USF1 and AP4 within TASHET in

Tat-activation and latency reactivation (Fig 7). The selective impact of HIV LTR mutations

that impair MiDAC recruitment to TASHET on reactivation by LRAs that act through the

P-TEFb/7SK implies a key role for these complexes in the control of activated HIV gene

expression.

The DNA sequence immediately downstream of the HIV TATA box contains densely over-

lapping binding sites for numerous cellular transcription factors. In addition to DNTTIP1,

USF1, AP4, and conceivably other bHLH family members [98], the ZASC1 transcription factor

has been shown to bind 3’ of the HIV TATA box and to contribute to TAR independent Tat/

P-TEFb recruitment [99]. DNTTIP1 and ZASC1 bind to overlapping sequences. The develop-

ment of point mutations that separate the binding of ZASC1 from that of DNTTIP1 will be

necessary to define the relative contributions to of ZASC1 and DNTTIP1 to HIV transcription

in the future.

A unifying theme emerging from our findings is the link between TASHET-binding pro-

teins and cell cycle control. MiDAC activity increases in the G2/M phase of the cell cycle [35]

and NAT10 depletion result in accumulation of cells in G2/M [94]. Moreover, DNTTIP1 and

MIDEAS have been found in complexes with Cyclin A, and both DNTTIP1 and MIDEAS

undergo Cdk-dependent phosphorylation [100]. Genetically, unbiased functional genomic

screens further show that DNTTIP1 and MIDEAS can both impact cell cycle progression

[101,102]. Our results are compatible with previous findings that HIV transcription has peaks

in the G2/M phase in cellulo [103] and in vitro [104]. The HIV accessory protein Vpr causes a

blockage of cells in G2/M [105] and consequently activates HIV transcription, in part via the

HIV TATA region [106,107]. The mechanism responsible for core promoter dependent
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activation of HIV by Vpr remains unknown. Given our results, MiDAC emerges as a potential

candidate for linking Vpr to LTR activity, and experiments to investigate such a roll are under-

way in our laboratory. The emerging links between cell cycle control and HIV gene expression

that our data reveal are of practical importance for cure strategies that depend on fully activat-

ing or silencing HIV gene expression. As a concrete example, since one problem with the

shock and kill approach has been that no more than 5% are actually reactivated by latency

reversing agents [108], it may be necessary to combine these strategies with pharmacological

manipulation of the cell cycle to improve clinical outcomes.

In addition to Vpr, numerous viral and cellular signals can modulate HIV transcription in a

core promoter dependent manner (summarized in S2 Table). Moreover, multiple proteomic,

transcriptomic and clinical data evoke potential links between HIV biology and the functions

of DNTTIP1, MIDEAS and NAT10 (summarized for brevity in S3 Table). The discovery of a

central role for these proteins in HIV transcription opens the door to experiments designed to

exclude or confirm the clinical relevance of these potential links.

In conclusion, the data presented here uncover a functional role for the host cell mitotic his-

tone deacetylase complex (MiDAC) components DNTTIP1, MIDEAS, as well as the Tat-inter-

acting protein NAT10, in HIV transcription and latency. Our results bring to light the

selective recognition of TASHET by DNTTIP1 to recruit MIDEAS, HDACs 1 & 2 and NAT10.

NAT10 can then physically bridge the promoter to HIV Tat (Fig 8). The impact of these pro-

teins on HIV transcriptional activation identifies them as potential drug targets to therapeuti-

cally control HIV latency in the quest for a cure or remission for HIV.

Material & methods

Ethics statement

The institutional review board (Comité d’éthique de la recherche du CIUSSS de l’Estrie) at the

authors’ institutions approved the study. All participants who donated blood for PBMC isola-

tion provided written informed consent for their participation in the study (only adult partici-

pants were enrolled).

Antibodies

Antibodies used in this study were raised against: DNTTIP1 (A304-048A, IP/WB). C14ORF43

(= MIDEAS; A303-157A-1, IP/WB) from Bethyl (Montgomery, TX); HDAC-1 (Ab7028),

HIV1-Tat (Ab43014), from Abcam (Toronto, ON); AP-4 (sc-377042), DNTTIP1(sc-166296x

for WB), USF-1 (sc-229), all from Santa Cruz, CA; Pol II (8WG16) from Covance (Emeryville,

CA); Flag tag (F3165) and C14ORF43 (HPA003111 for WB) from Sigma-Aldrich. Monoclonal

antibodies against TFII-D subunits were generous gifts from Dr. Lazlo Tora and have been

described: TBP (3G3) [109].

Normal rabbit IgG (#2729, Cell Signaling, Danvers, MS) was used as specificity control in

IP.

Plasmids

Several plasmid constructs have been previously described: pCMV-Tat [110] and its empty

control pCMV-ΔTat [25], wild type and LTR-mutated pNL4.3-LucE- [25]: the pNL4.3-Luc-

ATCC mutation corresponds to CTGC5’3’ mutation described in Wilhelm et al. [25]; the

pNL4.3-Luc-mκB (NFκBKO) has been described [111]. The pNL4.3-Luc-ATAC has been

cloned following the same strategy [25]. pLTR-YFP was obtained by subcloning the XhoI-NcoI

portion of pNL4.3-LucE- in phRLnull. The Rluc sequence was then replaced by the YFP
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sequence of pEYFP-N1 (Clontech, Mountainview, CA) by insertion into the NcoI-NotI sites.

pLenti-DNTTIP1-Flag was constructed by PCR-based addition of a BamHI site in 5’ and in

frame Flag sequence followed by EcoRI site in 3’ of the DNTTIP1 cDNA sequence. The result-

ing PCR product was then inserted in the same sites of pLenti6V5adapt (kindly provided by

Dr. Nathalie Rivard, Université de Sherbrooke, Qc, Canada). pET28a-His-DNTTIP1 has been

generated by in frame insertion of DNTTIP1 cDNA into BamH1/Xho1 sites of pET28a(+)

(Novagen, kindly provided by Dr. Martin Bisaillon, Université de Sherbrooke, Qc, Canada)

downstream of 6xHis tag sequence.

Cell culture, nuclear extracts and immunoprecipitation

HeLa, HEK-293 and PBMC culture conditions were as previously described [25]. Jurkat E6-1

(ATCC #TIB-152), MOLT-4 (ATCC #CRL-1582) and THP-1 (ATCC #TIB-202) were grown

in RPMI 1640 supplemented with 10% FBS. Nuclear Extracts were prepared from HeLa cells

[112] or lymphoid cells [113] as previously described [25]. IP was performed with Surebeads

protein G magnetic beads (Biorad, Hercules, CA). Briefly, 0.75 to 1.5μg of antibody was immo-

bilized by incubation with 15μl of beads in IP100 buffer [114] without NP40. After extensive

washing, 125μg NE were added overnight at 4˚C with gentle rocking in IP100 buffer contain-

ing 0.05% NP40. After extensive washes with IP150 buffer, complexes were analyzed by

SDS-PAGE and immunoblotting.

DNA-affinity chromatography for protein identification by mass

spectrometry

The affinity enrichment of factors bound to wt or mutated TASHET DNA sequence was per-

formed using Dynabeads M-280 Streptavidin magnetic beads. 50μl Dynabeads were washed in

100μl B&W buffer according to the supplier’s recommendations and the interaction with

50pmol biotinylated double-stranded oligonucleotide was performed for 15 minutes in 200μl

B&W buffer (sequences in S1 File). After 3 washes in the same buffer, the DNA-coated beads

were added to the interaction mixture (BB 1x: 20mM HEPES pH7.9, 100mM KCl, 5mM, 10%

Glycerol; supplemented with 160μg acetylated-BSA (Promega R396A), 1.44nmol ds oligoB,

67.2μg ds poly(dIdC)-poly(dIdC) (Sigma P4929), 1mg HeLa nuclear extract (NE) and 0.05%

CHAPS in a final volume of 500μl. After a 5 minutes interaction at room temperature, beads

were washed in BB 1x, followed by three washes in BB 1x containing 250nM KCl and 0.02%

NP-40. Beads were resuspended in Laemmli buffer, boiled, and the eluted denatured proteins

were separated by SDS-PAGE.

Silver staining

Silver staining was performed to visualize the proteins enriched by DNA-affinity chromatogra-

phy. The gel was first dehydrated in 50% methanol, rinsed in water and stained for 15min

(0.075% NaOH, 1.4% NH4OH, 0.8% AgNO3), washed again and revealed by a solution con-

taining 0.005% citric acid and 0.02% formaldehyde. After rinsing, the revelation was stopped

by a 7% acetic acid solution.

Sample preparation for mass spectrometry analysis

The whole procedure was performed with methanol cleaned material in a dust free atmo-

sphere. After resolution by SDS-PAGE, the TASHET DNA affinity enriched proteins were

revealed by negative staining [115]. The bands of interest were cut out of the gels from purifi-

cation on the wild-type promoter where bands were specifically visible and ZnSO4 was
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removed by two 8 min washes in 1ml of 25mM Tris, 192mM Glycine pH8.3, 30% acetonitrile

(ACN). Further washing was performed by two 10 min incubations in 50mM NH4HCO3. Gels

spots were dehydrated twice in 200μl ACN, followed by evaporation. 15μl sequencing grade

modified trypsin (10μg/ml in 25mM NH4HCO3) were added and digestion was completed for

16-24h at 37˚C. Peptides were extracted by incubation in 50μl 50% ACN / 5% trifluoroacetic

acid twice for 1h. Combined extracts were evaporated in a speed vac down to 5–10μl.

Protein identification by LC-MS/MS and data analysis

The digested proteins from each gel spot were analyzed using the NanoLC Ultra 2Dplus Sys-

tem (SCIEX) combined with the cHiPLC system in Trap-Elute mode. The peptides were

loaded (5μL injection volume) onto the trap (200 μm x 500 μm ChromXP C18-CL, 3μm, 300

Å) and washed for 10 min at 2μL/min. Then, a gradient of 8–35% acetonitrile (0.1% formic

acid) over 15 min was used to elute the peptides from the trap on to the analytical column

(75μm x 15cm ChromXP C18-CL, 3μm, 300 Å). Total run time was 45 min per sample. The

column eluent was directly connected to the NanoSpray III Source for ionization on the Tri-

pleTOF 5600 System (SCIEX). Data were collected in data dependent mode using a TOF MS

survey scan of 250 msec followed by 20 MS/MS with an accumulation time of 50 msec each.

Data files were processed using ProteinPilot Software 4.0 (SCIEX) with integrated false discov-

ery rate (FDR) analysis [116]. Further data analysis was performed using the ProteinPilot Pro-

tein Alignment Template (SCIEX) (https://sciex.com/software-support/software-downloads).

Recombinant protein production and purification for circular dichroism

analysis

Expression of recombinant N-terminally 6xHis tagged DNTTIP1 was induced in BL21 DE3 E.

coli strain by 0.5mM IPTG at 16˚C for 12h. All following steps were performed at 4˚C or on

ice. Crude extract was obtained from a 500ml culture bacterial pellet by successive sonications

in 2x20ml buffer A (30mM Tris pH8.0, 10% Glycerol, 1M NaCl, 10mM Imidazole pH8.0, 1x

Protease Inhibitors Cocktail (Roche Complete Mini EDTA free), 0.4mM PMSF, 7mM β-mer-

captoethanol). His-tagged protein was purified on a 1ml Ni-NTA column (Qiagen) prewashed

in buffer A containing 500mM imidazole w/o β-mercaptoethanol. The column was washed

with buffer A containing 60mM imidazole, and elution was performed in fractions with buffer

A containing 250mM imidazole and 50mM of each L-Arg and L-Glu amino acids for protein

stabilisation. Fractions containing pure protein were pooled and dialysed against the appropri-

ate buffer for subsequent experiments (see S1 File).

Circular Dichroism (CD)

CD spectra and denaturation curves were recorded on a Jasco J-810 spectropolarimeter

equipped with a Jasco Peltier-type thermostat. 25μM purified 6xHis-DNTTIP1 was loaded

into a 1mm path length quartz cuvette with or without 25μM doubled-stranded oligonucleo-

tides in CD buffer (10nM Na.PO4 pH6.5, 100mM KCl, 1mM TCEP). Spectra were recorded

by accumulating 10 scans at 20˚C from 250 to 210 nm with a 1nm band width beam at 0.2nm

intervals. Thermal denaturation curves were obtained at 222nm from 20 to 80˚C at a 1˚C/min

rate with 0.2˚C intervals. The DNA contribution to the CD signal was subtracted from the

denaturation curves containing DNA (sequences in S1 File).

Fluorescence anisotropy

Fluorescence anisotropy measurements were performed on a F-2500 Fluorescence
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Spectrophotometer (Hitachi) equipped with polarizers. 25-mer double stranded DNAs

labeled with fluorescein (sequences in S1 File) were diluted at 15nM in anisotropy buffer

(10mM Na.PO4 pH6.5, 150mM KCl, 250μM TCEP, 5% glycerol) and anisotropy was mea-

sured with gradual increase in recombinant protein concentration. Each protein addition was

followed by a 5 min incubation in order to reach equilibrium. Anisotropy values (r) were cal-

culated as described [117].

Virus production

pNL4.3 based viral particles have been produced as described [25]. Lentiviruses for

DNTTIP1-Flag expression were produced following the same protocol. Briefly, HEK-293 cells

were transfected with 7μg plenti-DNTTIP1-Flag (or the empty plenti6V5adapt plasmid), 2.5μg

pLP1, 2.5μg pLP2, and 2μg pLP/VSVG per one 100mm dish. Virus particles were harvested 48

to 72h later, treated with 10U DNase-1 (Sigma DN25) for each μg of transfected plasmid for

30min à 37˚C in presence of 10mM MgCl2 and stored at -80˚C.

TRC2 (Sigma) lentiviruses (for target sequences see S1 File) for shRNA delivery were pro-

duced by transfecting HEK-293 cells in a 60mm dish with a 1ml OptiMEM (Gibco) mix con-

taining 15μl of Lipofectamine-2000 (Invitrogen) and 1.5μg of each plasmid (pLP1, pLP2, pLP/

VSVG, TRC2 construct). The medium was replaced by complete medium 4h post-transfection

and virions were collected as above.

siRNA depletion and HIV reporter assays in HeLa cells

HeLa cells were transfected 12h after seeding with 20nM dsiRNA (for target sequences see S1

File) with lipofectamine 2000 according to the manufacturer recommendations. 36h later, the

reporter system was transfected as previously described [25]. Briefly, 250ng of pLTR-YFP

reporter and 50ng of pCMV-Tat or pCMV-ΔTat were transfected with lipofectamine 2000.

24h later, cells were collected for flow cytometry and Western blot analysis.

shRNA depletion and HIV reporter assays in MOLT4 cells

106 MOLT4 cells were infected with 40μl of TRC lentivirus and maintained at 106 cells/ml

overnight. The next day, the medium was replaced and cells were diluted at 5.105/ml. 48h after

infection, puromycin selection was applied (0.75μg/ml). 4 days later, resistant cells had recov-

ered from the selection and were infected with pNL4.3 reporter virus as described [25] and col-

lected 48h later for luciferase assays as described below.

Stable cell line production

HeLa cells were infected as previously described [25] with pLenti-DNTTIP1-Flag or its con-

trol. 3 days post infection, 5μg/ml of blasticidine was added. The cultures were maintained

under selection for 2 to 3 weeks, until toxicity was no longer observed.

Chromatin immunoprecipitation (ChIP)

Cells were infected with pNL4.3 virus at a MOI of 0.8 for 48h. HeLa cells were crosslinked by

direct addition of 1% PFA to the culture medium for 10 min at room temperature. 125mM

Glycine was added to stop the crosslink. Cells were washed twice with cold PBS, harvested on

ice, and frozen into aliquots of 8.106 cells. Chromatin IPs were performed as previously

described [118] except that soluble chromatin was obtained by MNase digestion [119] with the

following changes: cell wash buffer I contained 0.5% Triton X100; 8x106 crosslinked HeLa cells

were digested by 80U MNase, yielding 50–70μg soluble chromatin for 1 IP. 4μg of the
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appropriate antibody and 20μl of Magnetic protein A/G beads (Magnachip, EMD-Millipore,

Billerica, MA, USA) were used for the IP step, according to the manufacturer’s instructions.

LRA treatment and luciferase reporter assay

Jurkat cells were infected with pNL4.3 based viruses corresponding to an estimated MOI of 1

for 36h before the addition of LRA (detailed in S1 File) for another 16h. Cells were collected

and lysed in Passive Lysis Buffer (Promega, Madison, WI, USA). The luciferase activity was

measured on a Lumistar Galaxy (BMG Labtechnologies, Ortenberg, Germany) after the addi-

tion of an equal volume of 2x luciferase buffer (20mM Tris-HCl pH7.8, 1.07mM MgCl2,

2.7mM MgSO4, 0.1mM EDTA, 33.3mM DTT, 470μM D-Luciferin (E1601, Promega,

Madison, WI, USA), 270μM Co-enzyme A (C3019, Sigma), 530μM ATP (A7699, Sigma)). The

number of proviruses per cell was assessed by viral-specific qPCR as previously described [25].

Supporting information

S1 Data. Raw numerical data. Excel spreadsheet containing, in separate sheets, the underlying

numerical data and statistical analysis for Figs 3C, 3D, 3E, 4C, 5B,5C, 5D, 6B, 7B, and 7C.

(XLSX)

S1 Fig. EMSA and transcriptional activity profiles of the ATCC vs ATAC mutation. A)

EMSA comparing the PIC profile obtained with different probes (lanes 1–2: wt; 3–4: ATCC

mutation; 5–6: ATAC mutation) with Jurkat (odd lane numbers) and HeLa (even lane num-

bers) cell line nuclear extracts (NE). aPIC = aberrant PIC. The stars indicate complexes

obtained only with Jurkat NE. B) HIV promoter activity measured in HeLa cells after transfec-

tion of reporter plasmids bearing the same mutations as in A, with (darker grey) and without

(lighter grey) Tat coexpression. Tat trans-activation is the ratio between +Tat and -Tat normal-

ized to wt (100%). C) HIV promoter activity measured in Jurkat cells after infection with

reporter pseudotyped viruses bearing the same mutations.

(EPS)

S2 Fig. Selected MS/MS spectra supporting the protein identifications from gel spots.

LC-MS/MS analysis was performed on digested proteins from gel spots and identified from

acquired MS/MS spectra. Two MS/MS spectra from each protein are shown and annotated

with the peptide fragmentation information for sp|Q9H147|DNTTIP1_HUMAN (A,B), sp|

Q9H0A0|NAT10_HUMAN (C,D) and sp|Q6PJG2|MIDEAS_HUMAN (E,F).

(PPTX)

S1 Table. Peptide evidence for the proteins identified from gel spots. Peptides with confi-

dence >95% from the ProteinPilot software database search are listed for each of the identified

proteins. Reported protein sequence coverage is based only on peptide with >95% confidence.

Annotated MS/MS spectra for selected peptides is shown in S2 Fig.

(XLSX)

S2 Table. Modulators of HIV transcription that act in part via the TATA-box region.

(DOCX)

S3 Table. Potential links of DNTTIP1, MIDEAS & NAT10 to HIV biology.

(DOCX)

S1 File. Additional material and methods. The file contains: 1) Oligonucleotides and target

sequences; 2) DNTTIP1 purification dialysis buffers and protocol; 3) Latency Reactivating
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Agents used in the study.
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Lavigne, Christie L. Hunter, Brendan Bell.

References
1. Deeks SG, Archin N, Cannon P, Collins S, Jones RB, de Jong M, et al. Research priorities for an HIV

cure: International AIDS Society Global Scientific Strategy 2021. Nat Med. 2021; 27(12):2085–98.

Epub 20211201. https://doi.org/10.1038/s41591-021-01590-5 PMID: 34848888.

2. Barouch DH, Deeks SG. Immunologic strategies for HIV-1 remission and eradication. Science. 2014;

345(6193):169–74. Epub 2014/07/12. https://doi.org/10.1126/science.1255512 PMID: 25013067;

PubMed Central PMCID: PMC4096716.

3. Barouch DH. Challenges in the development of an HIV-1 vaccine. Nature. 2008; 455(7213):613–9.

Epub 2008/10/04. https://doi.org/10.1038/nature07352 PMID: 18833271; PubMed Central PMCID:

PMC2572109.

4. Blancou P, Chenciner N, Ho Tsong Fang R, Monceaux V, Cumont MC, Guetard D, et al. Simian immu-

nodeficiency virus promoter exchange results in a highly attenuated strain that protects against

PLOS PATHOGENS The MiDAC complex controls HIV gene expression

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1011821 May 23, 2024 24 / 31

https://doi.org/10.1038/s41591-021-01590-5
http://www.ncbi.nlm.nih.gov/pubmed/34848888
https://doi.org/10.1126/science.1255512
http://www.ncbi.nlm.nih.gov/pubmed/25013067
https://doi.org/10.1038/nature07352
http://www.ncbi.nlm.nih.gov/pubmed/18833271
https://doi.org/10.1371/journal.ppat.1011821


uncloned challenge virus. J Virol. 2004; 78(3):1080–92. Epub 2004/01/15. https://doi.org/10.1128/jvi.

78.3.1080-1092.2004 PMID: 14722263; PubMed Central PMCID: PMC321388.

5. Delannoy A, Poirier M, Bell B. Cat and Mouse: HIV Transcription in Latency, Immune Evasion and

Cure/Remission Strategies. Viruses. 2019; 11(3). Epub 20190318. https://doi.org/10.3390/v11030269

PMID: 30889861; PubMed Central PMCID: PMC6466452.

6. Finzi D, Hermankova M, Pierson T, Carruth LM, Buck C, Chaisson RE, et al. Identification of a reser-

voir for HIV-1 in patients on highly active antiretroviral therapy. Science. 1997; 278(5341):1295–300.

https://doi.org/10.1126/science.278.5341.1295 PMID: 9360927.

7. Barton K, Winckelmann A, Palmer S. HIV-1 Reservoirs During Suppressive Therapy. Trends Micro-

biol. 2016; 24(5):345–55. Epub 2016/02/16. https://doi.org/10.1016/j.tim.2016.01.006 PMID:

26875617; PubMed Central PMCID: PMC5319871.

8. Nabel G, Baltimore D. An inducible transcription factor activates expression of human immunodefi-

ciency virus in T cells. Nature. 1987; 326(6114):711–3. https://doi.org/10.1038/326711a0 PMID:

3031512.

9. Jones KA, Kadonaga JT, Luciw PA, Tjian R. Activation of the AIDS retrovirus promoter by the cellular

transcription factor, Sp1. Science. 1986; 232(4751):755–9. https://doi.org/10.1126/science.3008338

PMID: 3008338.

10. Dahabieh MS, Battivelli E, Verdin E. Understanding HIV latency: the road to an HIV cure. Annu Rev

Med. 2015; 66:407–21. Epub 2015/01/15. https://doi.org/10.1146/annurev-med-092112-152941

PMID: 25587657; PubMed Central PMCID: PMC4381961.

11. Darcis G, Van Driessche B, Bouchat S, Kirchhoff F, Van Lint C. Molecular Control of HIV and SIV

Latency. Curr Top Microbiol Immunol. 2017. Epub 2017/10/27. https://doi.org/10.1007/82_2017_74

PMID: 29071474.

12. Wilhelm E, Bell B. Selective recognition of viral promoters by host cell transcription complexes: chal-

lenges and opportunities to control latency. Curr Opin Virol. 2013; 3(4):380–6. Epub 2013/07/06.

https://doi.org/10.1016/j.coviro.2013.06.006 PMID: 23827503.

13. Mbonye U, Karn J. The Molecular Basis for Human Immunodeficiency Virus Latency. Annu Rev Virol.

2017; 4(1):261–85. https://doi.org/10.1146/annurev-virology-101416-041646 PMID: 28715973.

14. Ne E, Palstra RJ, Mahmoudi T. Transcription: Insights From the HIV-1 Promoter. Int Rev Cell Mol Biol.

2018; 335:191–243. Epub 2018/01/07. https://doi.org/10.1016/bs.ircmb.2017.07.011 PMID:

29305013.

15. Mousseau G, Valente ST. Role of Host Factors on the Regulation of Tat-Mediated HIV-1 Transcrip-

tion. Curr Pharm Des. 2017; 23(28):4079–90. Epub 2017/06/24. https://doi.org/10.2174/

1381612823666170622104355 PMID: 28641539; PubMed Central PMCID: PMC5731639.

16. Razooky BS, Pai A, Aull K, Rouzine IM, Weinberger LS. A hardwired HIV latency program. Cell. 2015;

160(5):990–1001. Epub 2015/02/28. https://doi.org/10.1016/j.cell.2015.02.009 PMID: 25723172;

PubMed Central PMCID: PMC4395878.

17. Weinberger LS. A minimal fate-selection switch. Curr Opin Cell Biol. 2015; 37:111–8. Epub 2015/11/

28. https://doi.org/10.1016/j.ceb.2015.10.005 PMID: 26611210.

18. van Opijnen T, Kamoschinski J, Jeeninga RE, Berkhout B. The human immunodeficiency virus type 1

promoter contains a CATA box instead of a TATA box for optimal transcription and replication. J Virol.

2004; 78(13):6883–90. https://doi.org/10.1128/JVI.78.13.6883-6890.2004 PMID: 15194764.

19. Berkhout B, Jeang KT. Functional roles for the TATA promoter and enhancers in basal and Tat-

induced expression of the human immunodeficiency virus type 1 long terminal repeat. J Virol. 1992; 66

(1):139–49. https://doi.org/10.1128/JVI.66.1.139-149.1992 PMID: 1727476.

20. Kamine J, Subramanian T, Chinnadurai G. Activation of a heterologous promoter by human immuno-

deficiency virus type 1 Tat requires Sp1 and is distinct from the mode of activation by acidic transcrip-

tional activators. J Virol. 1993; 67(11):6828–34. https://doi.org/10.1128/JVI.67.11.6828-6834.1993

PMID: 8411386.

21. Lu X, Welsh TM, Peterlin BM. The human immunodeficiency virus type 1 long terminal repeat specifies

two different transcription complexes, only one of which is regulated by Tat. J Virol. 1993; 67(4):1752–

60. https://doi.org/10.1128/JVI.67.4.1752-1760.1993 PMID: 8445708.

22. Olsen HS, Rosen CA. Contribution of the TATA motif to Tat-mediated transcriptional activation of

human immunodeficiency virus gene expression. J Virol. 1992; 66(9):5594–7. https://doi.org/10.1128/

JVI.66.9.5594-5597.1992 PMID: 1501293.

23. Ou SH, Garcia-Martinez LF, Paulssen EJ, Gaynor RB. Role of flanking E box motifs in human immu-

nodeficiency virus type 1 TATA element function. J Virol. 1994; 68(11):7188–99. https://doi.org/10.

1128/JVI.68.11.7188-7199.1994 PMID: 7933101.

PLOS PATHOGENS The MiDAC complex controls HIV gene expression

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1011821 May 23, 2024 25 / 31

https://doi.org/10.1128/jvi.78.3.1080-1092.2004
https://doi.org/10.1128/jvi.78.3.1080-1092.2004
http://www.ncbi.nlm.nih.gov/pubmed/14722263
https://doi.org/10.3390/v11030269
http://www.ncbi.nlm.nih.gov/pubmed/30889861
https://doi.org/10.1126/science.278.5341.1295
http://www.ncbi.nlm.nih.gov/pubmed/9360927
https://doi.org/10.1016/j.tim.2016.01.006
http://www.ncbi.nlm.nih.gov/pubmed/26875617
https://doi.org/10.1038/326711a0
http://www.ncbi.nlm.nih.gov/pubmed/3031512
https://doi.org/10.1126/science.3008338
http://www.ncbi.nlm.nih.gov/pubmed/3008338
https://doi.org/10.1146/annurev-med-092112-152941
http://www.ncbi.nlm.nih.gov/pubmed/25587657
https://doi.org/10.1007/82%5F2017%5F74
http://www.ncbi.nlm.nih.gov/pubmed/29071474
https://doi.org/10.1016/j.coviro.2013.06.006
http://www.ncbi.nlm.nih.gov/pubmed/23827503
https://doi.org/10.1146/annurev-virology-101416-041646
http://www.ncbi.nlm.nih.gov/pubmed/28715973
https://doi.org/10.1016/bs.ircmb.2017.07.011
http://www.ncbi.nlm.nih.gov/pubmed/29305013
https://doi.org/10.2174/1381612823666170622104355
https://doi.org/10.2174/1381612823666170622104355
http://www.ncbi.nlm.nih.gov/pubmed/28641539
https://doi.org/10.1016/j.cell.2015.02.009
http://www.ncbi.nlm.nih.gov/pubmed/25723172
https://doi.org/10.1016/j.ceb.2015.10.005
http://www.ncbi.nlm.nih.gov/pubmed/26611210
https://doi.org/10.1128/JVI.78.13.6883-6890.2004
http://www.ncbi.nlm.nih.gov/pubmed/15194764
https://doi.org/10.1128/JVI.66.1.139-149.1992
http://www.ncbi.nlm.nih.gov/pubmed/1727476
https://doi.org/10.1128/JVI.67.11.6828-6834.1993
http://www.ncbi.nlm.nih.gov/pubmed/8411386
https://doi.org/10.1128/JVI.67.4.1752-1760.1993
http://www.ncbi.nlm.nih.gov/pubmed/8445708
https://doi.org/10.1128/JVI.66.9.5594-5597.1992
https://doi.org/10.1128/JVI.66.9.5594-5597.1992
http://www.ncbi.nlm.nih.gov/pubmed/1501293
https://doi.org/10.1128/JVI.68.11.7188-7199.1994
https://doi.org/10.1128/JVI.68.11.7188-7199.1994
http://www.ncbi.nlm.nih.gov/pubmed/7933101
https://doi.org/10.1371/journal.ppat.1011821


24. Wilhelm E, Takacs C, Bell B. Probing Endogenous RNA Polymerase II Pre-initiation Complexes by

Electrophoretic Mobility Shift Assay. Methods in molecular biology. 2012; 809:63–74. Epub 2011/11/

25. https://doi.org/10.1007/978-1-61779-376-9_4 PMID: 22113268.

25. Wilhelm E, Doyle MC, Nzaramba I, Magdzinski A, Dumais N, Bell B. CTGC motifs within the HIV core

promoter specify Tat-responsive pre-initiation complexes. Retrovirology. 2012; 9(1):62. Epub 2012/

07/28. https://doi.org/10.1186/1742-4690-9-62 PMID: 22834489.

26. Wang G, Zhao N, Berkhout B, Das AT. CRISPR-Cas based antiviral strategies against HIV-1. Virus

Res. 2018; 244:321–32. Epub 2017/08/02. https://doi.org/10.1016/j.virusres.2017.07.020 PMID:

28760348.

27. Darcis G, Van Driessche B, Van Lint C. HIV Latency: Should We Shock or Lock? Trends Immunol.

2017; 38(3):217–28. Epub 2017/01/12. https://doi.org/10.1016/j.it.2016.12.003 PMID: 28073694.

28. Shan L, Deng K, Shroff NS, Durand CM, Rabi SA, Yang HC, et al. Stimulation of HIV-1-specific cyto-

lytic T lymphocytes facilitates elimination of latent viral reservoir after virus reactivation. Immunity.

2012; 36(3):491–501. Epub 2012/03/13. https://doi.org/10.1016/j.immuni.2012.01.014 PMID:

22406268.

29. Da Rocha M, Poirier M, Bonhamn B, Bell B. Virologie (Montrouge). 2022; 26(1):23–40. https://doi.org/

10.1684/vir.2022.0936

30. Mousseau G, Clementz MA, Bakeman WN, Nagarsheth N, Cameron M, Shi J, et al. An analog of the

natural steroidal alkaloid cortistatin A potently suppresses Tat-dependent HIV transcription. Cell host

& microbe. 2012; 12(1):97–108. Epub 2012/07/24. https://doi.org/10.1016/j.chom.2012.05.016 PMID:

22817991; PubMed Central PMCID: PMC3403716.

31. Mousseau G, Kessing CF, Fromentin R, Trautmann L, Chomont N, Valente ST. The Tat Inhibitor Dide-

hydro-Cortistatin A Prevents HIV-1 Reactivation from Latency. MBio. 2015; 6(4):e00465. Epub 2015/

07/15. https://doi.org/10.1128/mBio.00465-15 PMID: 26152583; PubMed Central PMCID:

PMC4495168.

32. Kessing CF, Nixon CC, Li C, Tsai P, Takata H, Mousseau G, et al. In Vivo Suppression of HIV

Rebound by Didehydro-Cortistatin A, a "Block-and-Lock" Strategy for HIV-1 Treatment. Cell Rep.

2017; 21(3):600–11. Epub 2017/10/19. https://doi.org/10.1016/j.celrep.2017.09.080 PMID: 29045830;

PubMed Central PMCID: PMC5653276.

33. Delagreverie HM, Delaugerre C, Lewin SR, Deeks SG, Li JZ. Ongoing Clinical Trials of Human Immu-

nodeficiency Virus Latency-Reversing and Immunomodulatory Agents. Open Forum Infect Dis. 2016;

3(4):ofw189. Epub 2016/10/21. https://doi.org/10.1093/ofid/ofw189 PMID: 27757411; PubMed Central

PMCID: PMC5066458.

34. Dickinson LA, Gulizia RJ, Trauger JW, Baird EE, Mosier DE, Gottesfeld JM, Dervan PB. Inhibition of

RNA polymerase II transcription in human cells by synthetic DNA-binding ligands. Proc Natl Acad Sci

U S A. 1998; 95(22):12890–5. https://doi.org/10.1073/pnas.95.22.12890 PMID: 9789010.

35. Bantscheff M, Hopf C, Savitski MM, Dittmann A, Grandi P, Michon AM, et al. Chemoproteomics profil-

ing of HDAC inhibitors reveals selective targeting of HDAC complexes. Nat Biotechnol. 2011; 29

(3):255–65. https://doi.org/10.1038/nbt.1759 PMID: 21258344.

36. Joshi P, Greco TM, Guise AJ, Luo Y, Yu F, Nesvizhskii AI, Cristea IM. The functional interactome land-

scape of the human histone deacetylase family. Mol Syst Biol. 2013; 9:672. https://doi.org/10.1038/

msb.2013.26 PMID: 23752268; PubMed Central PMCID: PMC3964310.

37. Lv J, Liu H, Wang Q, Tang Z, Hou L, Zhang B. Molecular cloning of a novel human gene encoding his-

tone acetyltransferase-like protein involved in transcriptional activation of hTERT. Biochemical and

biophysical research communications. 2003; 311(2):506–13. Epub 2003/11/01. https://doi.org/10.

1016/j.bbrc.2003.09.235 PMID: 14592445.

38. Gautier VW, Gu L, O’Donoghue N, Pennington S, Sheehy N, Hall WW. In vitro nuclear interactome of

the HIV-1 Tat protein. Retrovirology. 2009; 6:47. Epub 2009/05/21. https://doi.org/10.1186/1742-

4690-6-47 PMID: 19454010; PubMed Central PMCID: PMC2702331.

39. Jean MJ, Power D, Kong W, Huang H, Santoso N, Zhu J. Identification of HIV-1 Tat-Associated Pro-

teins Contributing to HIV-1 Transcription and Latency. Viruses. 2017; 9(4). https://doi.org/10.3390/

v9040067 PMID: 28368303; PubMed Central PMCID: PMC5408673.

40. Imai K, Okamoto T. Transcriptional repression of human immunodeficiency virus type 1 by AP-4. The

Journal of biological chemistry. 2006; 281(18):12495–505. Epub 2006/03/17. https://doi.org/10.1074/

jbc.M511773200 PMID: 16540471.

41. Durnberger G, Burckstummer T, Huber K, Giambruno R, Doerks T, Karayel E, et al. Experimental

characterization of the human non-sequence-specific nucleic acid interactome. Genome Biol. 2013;

14(7):R81. https://doi.org/10.1186/gb-2013-14-7-r81 PMID: 23902751; PubMed Central PMCID:

PMC4053969.

PLOS PATHOGENS The MiDAC complex controls HIV gene expression

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1011821 May 23, 2024 26 / 31

https://doi.org/10.1007/978-1-61779-376-9%5F4
http://www.ncbi.nlm.nih.gov/pubmed/22113268
https://doi.org/10.1186/1742-4690-9-62
http://www.ncbi.nlm.nih.gov/pubmed/22834489
https://doi.org/10.1016/j.virusres.2017.07.020
http://www.ncbi.nlm.nih.gov/pubmed/28760348
https://doi.org/10.1016/j.it.2016.12.003
http://www.ncbi.nlm.nih.gov/pubmed/28073694
https://doi.org/10.1016/j.immuni.2012.01.014
http://www.ncbi.nlm.nih.gov/pubmed/22406268
https://doi.org/10.1684/vir.2022.0936
https://doi.org/10.1684/vir.2022.0936
https://doi.org/10.1016/j.chom.2012.05.016
http://www.ncbi.nlm.nih.gov/pubmed/22817991
https://doi.org/10.1128/mBio.00465-15
http://www.ncbi.nlm.nih.gov/pubmed/26152583
https://doi.org/10.1016/j.celrep.2017.09.080
http://www.ncbi.nlm.nih.gov/pubmed/29045830
https://doi.org/10.1093/ofid/ofw189
http://www.ncbi.nlm.nih.gov/pubmed/27757411
https://doi.org/10.1073/pnas.95.22.12890
http://www.ncbi.nlm.nih.gov/pubmed/9789010
https://doi.org/10.1038/nbt.1759
http://www.ncbi.nlm.nih.gov/pubmed/21258344
https://doi.org/10.1038/msb.2013.26
https://doi.org/10.1038/msb.2013.26
http://www.ncbi.nlm.nih.gov/pubmed/23752268
https://doi.org/10.1016/j.bbrc.2003.09.235
https://doi.org/10.1016/j.bbrc.2003.09.235
http://www.ncbi.nlm.nih.gov/pubmed/14592445
https://doi.org/10.1186/1742-4690-6-47
https://doi.org/10.1186/1742-4690-6-47
http://www.ncbi.nlm.nih.gov/pubmed/19454010
https://doi.org/10.3390/v9040067
https://doi.org/10.3390/v9040067
http://www.ncbi.nlm.nih.gov/pubmed/28368303
https://doi.org/10.1074/jbc.M511773200
https://doi.org/10.1074/jbc.M511773200
http://www.ncbi.nlm.nih.gov/pubmed/16540471
https://doi.org/10.1186/gb-2013-14-7-r81
http://www.ncbi.nlm.nih.gov/pubmed/23902751
https://doi.org/10.1371/journal.ppat.1011821


42. Itoh T, Fairall L, Muskett FW, Milano CP, Watson PJ, Arnaudo N, et al. Structural and functional char-

acterization of a cell cycle associated HDAC1/2 complex reveals the structural basis for complex

assembly and nucleosome targeting. Nucleic Acids Res. 2015; 43(4):2033–44. https://doi.org/10.

1093/nar/gkv068 PMID: 25653165; PubMed Central PMCID: PMC4344507.

43. Marchler-Bauer A, Bo Y, Han L, He J, Lanczycki CJ, Lu S, et al. CDD/SPARCLE: functional classifica-

tion of proteins via subfamily domain architectures. Nucleic Acids Res. 2017; 45(D1):D200–D3.

https://doi.org/10.1093/nar/gkw1129 PMID: 27899674; PubMed Central PMCID: PMC5210587.

44. Aravind L, Landsman D. AT-hook motifs identified in a wide variety of DNA-binding proteins. Nucleic

Acids Res. 1998; 26(19):4413–21. https://doi.org/10.1093/nar/26.19.4413 PMID: 9742243; PubMed

Central PMCID: PMC147871.

45. Fonfria-Subiros E, Acosta-Reyes F, Saperas N, Pous J, Subirana JA, Campos JL. Crystal structure of

a complex of DNA with one AT-hook of HMGA1. PLoS One. 2012; 7(5):e37120. https://doi.org/10.

1371/journal.pone.0037120 PMID: 22615915; PubMed Central PMCID: PMC3353895.

46. Huth JR, Bewley CA, Nissen MS, Evans JN, Reeves R, Gronenborn AM, Clore GM. The solution

structure of an HMG-I(Y)-DNA complex defines a new architectural minor groove binding motif. Nat

Struct Biol. 1997; 4(8):657–65. https://doi.org/10.1038/nsb0897-657 PMID: 9253416.

47. Kubota T, Maezawa S, Koiwai K, Hayano T, Koiwai O. Identification of functional domains in TdIF1

and its inhibitory mechanism for TdT activity. Genes Cells. 2007; 12(8):941–59. https://doi.org/10.

1111/j.1365-2443.2007.01105.x PMID: 17663723.

48. Kim SS, Zhang RG, Braunstein SE, Joachimiak A, Cvekl A, Hegde RS. Structure of the retinal determi-

nation protein Dachshund reveals a DNA binding motif. Structure. 2002; 10(6):787–95. https://doi.org/

10.1016/s0969-2126(02)00769-4 PMID: 12057194.

49. Wilson JJ, Malakhova M, Zhang R, Joachimiak A, Hegde RS. Crystal structure of the dachshund

homology domain of human SKI. Structure. 2004; 12(5):785–92. https://doi.org/10.1016/j.str.2004.02.

035 PMID: 15130471.

50. Kubota T, Koiwai O, Hori K, Watanabe N, Koiwai K. TdIF1 recognizes a specific DNA sequence

through its Helix-Turn-Helix and AT-hook motifs to regulate gene transcription. PLoS One. 2013; 8(7):

e66710. https://doi.org/10.1371/journal.pone.0066710 PMID: 23874396; PubMed Central PMCID:

PMC3707907.

51. Koiwai K, Kubota T, Watanabe N, Hori K, Koiwai O, Masai H. Definition of the transcription factor

TdIF1 consensus-binding sequence through genomewide mapping of its binding sites. Genes Cells.

2015; 20(3):242–54. Epub 2015/01/27. https://doi.org/10.1111/gtc.12216 PMID: 25619743.

52. Layton CJ, Hellinga HW. Thermodynamic analysis of ligand-induced changes in protein thermal

unfolding applied to high-throughput determination of ligand affinities with extrinsic fluorescent dyes.

Biochemistry. 2010; 49(51):10831–41. https://doi.org/10.1021/bi101414z PMID: 21050007.

53. Scarlett G, Siligardi G, Kneale GG. Circular Dichroism for the Analysis of Protein-DNA Interactions.

Methods Mol Biol. 2015; 1334:299–312. https://doi.org/10.1007/978-1-4939-2877-4_19 PMID:

26404158.

54. Anderson BJ, Larkin C, Guja K, Schildbach JF. Using fluorophore-labeled oligonucleotides to measure

affinities of protein-DNA interactions. Methods Enzymol. 2008; 450:253–72. https://doi.org/10.1016/

S0076-6879(08)03412-5 PMID: 19152864; PubMed Central PMCID: PMC3051356.

55. Weiss JN. The Hill equation revisited: uses and misuses. FASEB J. 1997; 11(11):835–41. PMID:

9285481.

56. Koyanagi Y, Harada S, Yamamoto N. Establishment of a high production system for AIDS retroviruses

with a human T-leukemic cell line Molt-4. Cancer Lett. 1986; 30(3):299–310. https://doi.org/10.1016/

0304-3835(86)90054-6 PMID: 2421869.

57. Calvanese V, Chavez L, Laurent T, Ding S, Verdin E. Dual-color HIV reporters trace a population of

latently infected cells and enable their purification. Virology. 2013; 446(1–2):283–92. https://doi.org/

10.1016/j.virol.2013.07.037 PMID: 24074592; PubMed Central PMCID: PMC4019006.

58. Dahabieh MS, Ooms M, Simon V, Sadowski I. A doubly fluorescent HIV-1 reporter shows that the

majority of integrated HIV-1 is latent shortly after infection. J Virol. 2013; 87(8):4716–27. https://doi.

org/10.1128/JVI.03478-12 PMID: 23408629; PubMed Central PMCID: PMC3624398.

59. Chavez L, Calvanese V, Verdin E. HIV Latency Is Established Directly and Early in Both Resting and

Activated Primary CD4 T Cells. PLoS Pathog. 2015; 11(6):e1004955. https://doi.org/10.1371/journal.

ppat.1004955 PMID: 26067822; PubMed Central PMCID: PMC4466167.

60. Jordan A, Defechereux P, Verdin E. The site of HIV-1 integration in the human genome determines

basal transcriptional activity and response to Tat transactivation. EMBO J. 2001; 20(7):1726–38.

https://doi.org/10.1093/emboj/20.7.1726 PMID: 11285236; PubMed Central PMCID: PMC145503.

PLOS PATHOGENS The MiDAC complex controls HIV gene expression

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1011821 May 23, 2024 27 / 31

https://doi.org/10.1093/nar/gkv068
https://doi.org/10.1093/nar/gkv068
http://www.ncbi.nlm.nih.gov/pubmed/25653165
https://doi.org/10.1093/nar/gkw1129
http://www.ncbi.nlm.nih.gov/pubmed/27899674
https://doi.org/10.1093/nar/26.19.4413
http://www.ncbi.nlm.nih.gov/pubmed/9742243
https://doi.org/10.1371/journal.pone.0037120
https://doi.org/10.1371/journal.pone.0037120
http://www.ncbi.nlm.nih.gov/pubmed/22615915
https://doi.org/10.1038/nsb0897-657
http://www.ncbi.nlm.nih.gov/pubmed/9253416
https://doi.org/10.1111/j.1365-2443.2007.01105.x
https://doi.org/10.1111/j.1365-2443.2007.01105.x
http://www.ncbi.nlm.nih.gov/pubmed/17663723
https://doi.org/10.1016/s0969-2126%2802%2900769-4
https://doi.org/10.1016/s0969-2126%2802%2900769-4
http://www.ncbi.nlm.nih.gov/pubmed/12057194
https://doi.org/10.1016/j.str.2004.02.035
https://doi.org/10.1016/j.str.2004.02.035
http://www.ncbi.nlm.nih.gov/pubmed/15130471
https://doi.org/10.1371/journal.pone.0066710
http://www.ncbi.nlm.nih.gov/pubmed/23874396
https://doi.org/10.1111/gtc.12216
http://www.ncbi.nlm.nih.gov/pubmed/25619743
https://doi.org/10.1021/bi101414z
http://www.ncbi.nlm.nih.gov/pubmed/21050007
https://doi.org/10.1007/978-1-4939-2877-4%5F19
http://www.ncbi.nlm.nih.gov/pubmed/26404158
https://doi.org/10.1016/S0076-6879%2808%2903412-5
https://doi.org/10.1016/S0076-6879%2808%2903412-5
http://www.ncbi.nlm.nih.gov/pubmed/19152864
http://www.ncbi.nlm.nih.gov/pubmed/9285481
https://doi.org/10.1016/0304-3835%2886%2990054-6
https://doi.org/10.1016/0304-3835%2886%2990054-6
http://www.ncbi.nlm.nih.gov/pubmed/2421869
https://doi.org/10.1016/j.virol.2013.07.037
https://doi.org/10.1016/j.virol.2013.07.037
http://www.ncbi.nlm.nih.gov/pubmed/24074592
https://doi.org/10.1128/JVI.03478-12
https://doi.org/10.1128/JVI.03478-12
http://www.ncbi.nlm.nih.gov/pubmed/23408629
https://doi.org/10.1371/journal.ppat.1004955
https://doi.org/10.1371/journal.ppat.1004955
http://www.ncbi.nlm.nih.gov/pubmed/26067822
https://doi.org/10.1093/emboj/20.7.1726
http://www.ncbi.nlm.nih.gov/pubmed/11285236
https://doi.org/10.1371/journal.ppat.1011821


61. Duh EJ, Maury WJ, Folks TM, Fauci AS, Rabson AB. Tumor necrosis factor alpha activates human

immunodeficiency virus type 1 through induction of nuclear factor binding to the NF-kappa B sites in

the long terminal repeat. Proc Natl Acad Sci U S A. 1989; 86(15):5974–8. https://doi.org/10.1073/

pnas.86.15.5974 PMID: 2762307; PubMed Central PMCID: PMC297754.

62. Williams SA, Chen LF, Kwon H, Fenard D, Bisgrove D, Verdin E, Greene WC. Prostratin antagonizes

HIV latency by activating NF-kappaB. J Biol Chem. 2004; 279(40):42008–17. https://doi.org/10.1074/

jbc.M402124200 PMID: 15284245.

63. Sogaard OS, Graversen ME, Leth S, Olesen R, Brinkmann CR, Nissen SK, et al. The Depsipeptide

Romidepsin Reverses HIV-1 Latency In Vivo. PLoS Pathog. 2015; 11(9):e1005142. https://doi.org/10.

1371/journal.ppat.1005142 PMID: 26379282; PubMed Central PMCID: PMC4575032.

64. Barboric M, Yik JH, Czudnochowski N, Yang Z, Chen R, Contreras X, et al. Tat competes with

HEXIM1 to increase the active pool of P-TEFb for HIV-1 transcription. Nucleic Acids Res. 2007; 35

(6):2003–12. https://doi.org/10.1093/nar/gkm063 PMID: 17341462; PubMed Central PMCID:

PMC1874611.

65. Contreras X, Barboric M, Lenasi T, Peterlin BM. HMBA releases P-TEFb from HEXIM1 and 7SK

snRNA via PI3K/Akt and activates HIV transcription. PLoS Pathog. 2007; 3(10):1459–69. https://doi.

org/10.1371/journal.ppat.0030146 PMID: 17937499.

66. Bartholomeeusen K, Xiang Y, Fujinaga K, Peterlin BM. Bromodomain and extra-terminal (BET) bro-

modomain inhibition activate transcription via transient release of positive transcription elongation fac-

tor b (P-TEFb) from 7SK small nuclear ribonucleoprotein. J Biol Chem. 2012; 287(43):36609–16.

https://doi.org/10.1074/jbc.M112.410746 PMID: 22952229; PubMed Central PMCID: PMC3476326.

67. Li Z, Guo J, Wu Y, Zhou Q. The BET bromodomain inhibitor JQ1 activates HIV latency through antago-

nizing Brd4 inhibition of Tat-transactivation. Nucleic Acids Res. 2013; 41(1):277–87. https://doi.org/10.

1093/nar/gks976 PMID: 23087374; PubMed Central PMCID: PMC3592394.

68. Gallastegui E, Marshall B, Vidal D, Sanchez-Duffhues G, Collado JA, Alvarez-Fernandez C, et al.

Combination of biological screening in a cellular model of viral latency and virtual screening identifies

novel compounds that reactivate HIV-1. J Virol. 2012; 86(7):3795–808. https://doi.org/10.1128/JVI.

05972-11 PMID: 22258251; PubMed Central PMCID: PMC3302487.

69. Abner E, Stoszko M, Zeng L, Chen HC, Izquierdo-Bouldstridge A, Konuma T, et al. A new quinoline

BRD4 inhibitor targets a distinct latent HIV-1 reservoir for re-activation from other ’shock’ drugs. J

Virol. 2018. https://doi.org/10.1128/JVI.02056-17 PMID: 29343578.

70. Turnbull RE, Fairall L, Saleh A, Kelsall E, Morris KL, Ragan TJ, et al. The MiDAC histone deacetylase

complex is essential for embryonic development and has a unique multivalent structure. Nat Commun.

2020; 11(1):3252. Epub 20200626. https://doi.org/10.1038/s41467-020-17078-8 PMID: 32591534;

PubMed Central PMCID: PMC7319964.

71. Mondal B, Jin H, Kallappagoudar S, Sedkov Y, Martinez T, Sentmanat MF, et al. The histone deacety-

lase complex MiDAC regulates a neurodevelopmental gene expression program to control neurite out-

growth. Elife. 2020;9. Epub 20200416. https://doi.org/10.7554/eLife.57519 PMID: 32297854; PubMed

Central PMCID: PMC7192582.

72. Wang X, Rosikiewicz W, Sedkov Y, Mondal B, Martinez T, Kallappagoudar S, et al. The MLL3/4 com-

plexes and MiDAC co-regulate H4K20ac to control a specific gene expression program. Life Sci Alli-

ance. 2022; 5(11). Epub 20220712. https://doi.org/10.26508/lsa.202201572 PMID: 35820704;

PubMed Central PMCID: PMC9275676.

73. D’Orso I, Frankel AD. RNA-mediated displacement of an inhibitory snRNP complex activates tran-

scription elongation. Nature structural & molecular biology. 2010; 17(7):815–21. Epub 2010/06/22.

https://doi.org/10.1038/nsmb.1827 PMID: 20562857; PubMed Central PMCID: PMC2921552.

74. Yamashita N, Shimazaki N, Ibe S, Kaneko R, Tanabe A, Toyomoto T, et al. Terminal deoxynucleotidyl-

transferase directly interacts with a novel nuclear protein that is homologous to p65. Genes Cells.

2001; 6(7):641–52. https://doi.org/10.1046/j.1365-2443.2001.00449.x PMID: 11473582.

75. Wang T, Birsoy K, Hughes NW, Krupczak KM, Post Y, Wei JJ, et al. Identification and characterization

of essential genes in the human genome. Science. 2015; 350(6264):1096–101. https://doi.org/10.

1126/science.aac7041 PMID: 26472758; PubMed Central PMCID: PMC4662922.

76. Metivier R, Penot G, Hubner MR, Reid G, Brand H, Kos M, Gannon F. Estrogen receptor-alpha directs

ordered, cyclical, and combinatorial recruitment of cofactors on a natural target promoter. Cell. 2003;

115(6):751–63. https://doi.org/10.1016/s0092-8674(03)00934-6 PMID: 14675539.

77. Greer CB, Tanaka Y, Kim YJ, Xie P, Zhang MQ, Park IH, Kim TH. Histone Deacetylases Positively

Regulate Transcription through the Elongation Machinery. Cell Rep. 2015; 13(7):1444–55. Epub

2015/11/10. https://doi.org/10.1016/j.celrep.2015.10.013 PMID: 26549458; PubMed Central PMCID:

PMC4934896.

PLOS PATHOGENS The MiDAC complex controls HIV gene expression

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1011821 May 23, 2024 28 / 31

https://doi.org/10.1073/pnas.86.15.5974
https://doi.org/10.1073/pnas.86.15.5974
http://www.ncbi.nlm.nih.gov/pubmed/2762307
https://doi.org/10.1074/jbc.M402124200
https://doi.org/10.1074/jbc.M402124200
http://www.ncbi.nlm.nih.gov/pubmed/15284245
https://doi.org/10.1371/journal.ppat.1005142
https://doi.org/10.1371/journal.ppat.1005142
http://www.ncbi.nlm.nih.gov/pubmed/26379282
https://doi.org/10.1093/nar/gkm063
http://www.ncbi.nlm.nih.gov/pubmed/17341462
https://doi.org/10.1371/journal.ppat.0030146
https://doi.org/10.1371/journal.ppat.0030146
http://www.ncbi.nlm.nih.gov/pubmed/17937499
https://doi.org/10.1074/jbc.M112.410746
http://www.ncbi.nlm.nih.gov/pubmed/22952229
https://doi.org/10.1093/nar/gks976
https://doi.org/10.1093/nar/gks976
http://www.ncbi.nlm.nih.gov/pubmed/23087374
https://doi.org/10.1128/JVI.05972-11
https://doi.org/10.1128/JVI.05972-11
http://www.ncbi.nlm.nih.gov/pubmed/22258251
https://doi.org/10.1128/JVI.02056-17
http://www.ncbi.nlm.nih.gov/pubmed/29343578
https://doi.org/10.1038/s41467-020-17078-8
http://www.ncbi.nlm.nih.gov/pubmed/32591534
https://doi.org/10.7554/eLife.57519
http://www.ncbi.nlm.nih.gov/pubmed/32297854
https://doi.org/10.26508/lsa.202201572
http://www.ncbi.nlm.nih.gov/pubmed/35820704
https://doi.org/10.1038/nsmb.1827
http://www.ncbi.nlm.nih.gov/pubmed/20562857
https://doi.org/10.1046/j.1365-2443.2001.00449.x
http://www.ncbi.nlm.nih.gov/pubmed/11473582
https://doi.org/10.1126/science.aac7041
https://doi.org/10.1126/science.aac7041
http://www.ncbi.nlm.nih.gov/pubmed/26472758
https://doi.org/10.1016/s0092-8674%2803%2900934-6
http://www.ncbi.nlm.nih.gov/pubmed/14675539
https://doi.org/10.1016/j.celrep.2015.10.013
http://www.ncbi.nlm.nih.gov/pubmed/26549458
https://doi.org/10.1371/journal.ppat.1011821


78. Wang Z, Zang C, Cui K, Schones DE, Barski A, Peng W, Zhao K. Genome-wide mapping of HATs and

HDACs reveals distinct functions in active and inactive genes. Cell. 2009; 138(5):1019–31. Epub

2009/08/25. https://doi.org/10.1016/j.cell.2009.06.049 PMID: 19698979; PubMed Central PMCID:

PMC2750862.

79. Millard CJ, Watson PJ, Fairall L, Schwabe JWR. Targeting Class I Histone Deacetylases in a "Com-

plex" Environment. Trends Pharmacol Sci. 2017; 38(4):363–77. Epub 2017/02/01. https://doi.org/10.

1016/j.tips.2016.12.006 PMID: 28139258.

80. Rasmussen TA, Lewin SR. Shocking HIV out of hiding: where are we with clinical trials of latency

reversing agents? Curr Opin HIV AIDS. 2016; 11(4):394–401. https://doi.org/10.1097/COH.

0000000000000279 PMID: 26974532.

81. Sleiman S, Dragon F. Recent Advances on the Structure and Function of RNA Acetyltransferase

Kre33/NAT10. Cells. 2019; 8(9). Epub 20190905. https://doi.org/10.3390/cells8091035 PMID:

31491951; PubMed Central PMCID: PMC6770127.

82. Thalalla Gamage S, Howpay Manage SA, Chu TT, Meier JL. Cytidine Acetylation Across the Tree of

Life. Acc Chem Res. 2024; 57(3):338–48. Epub 20240116. https://doi.org/10.1021/acs.accounts.

3c00673 PMID: 38226431.

83. Ikeuchi Y, Kitahara K, Suzuki T. The RNA acetyltransferase driven by ATP hydrolysis synthesizes N4-

acetylcytidine of tRNA anticodon. EMBO J. 2008; 27(16):2194–203. Epub 2008/08/01. https://doi.org/

10.1038/emboj.2008.154 PMID: 18668122; PubMed Central PMCID: PMC2500205.

84. Chimnaronk S, Suzuki T, Manita T, Ikeuchi Y, Yao M, Suzuki T, Tanaka I. RNA helicase module in an

acetyltransferase that modifies a specific tRNA anticodon. EMBO J. 2009; 28(9):1362–73. Epub 2009/

03/27. https://doi.org/10.1038/emboj.2009.69 PMID: 19322199; PubMed Central PMCID:

PMC2683049.

85. Ito S, Akamatsu Y, Noma A, Kimura S, Miyauchi K, Ikeuchi Y, et al. A single acetylation of 18 S rRNA

is essential for biogenesis of the small ribosomal subunit in Saccharomyces cerevisiae. J Biol Chem.

2014; 289(38):26201–12. Epub 2014/08/03. https://doi.org/10.1074/jbc.M114.593996 PMID:

25086048; PubMed Central PMCID: PMC4176211.

86. Sharma S, Langhendries JL, Watzinger P, Kotter P, Entian KD, Lafontaine DL. Yeast Kre33 and

human NAT10 are conserved 18S rRNA cytosine acetyltransferases that modify tRNAs assisted by

the adaptor Tan1/THUMPD1. Nucleic Acids Res. 2015; 43(4):2242–58. Epub 2015/02/06. https://doi.

org/10.1093/nar/gkv075 PMID: 25653167; PubMed Central PMCID: PMC4344512.

87. Taoka M, Ishikawa D, Nobe Y, Ishikawa H, Yamauchi Y, Terukina G, et al. RNA cytidine acetyltrans-

ferase of small-subunit ribosomal RNA: identification of acetylation sites and the responsible acetyl-

transferase in fission yeast, Schizosaccharomyces pombe. PLoS One. 2014; 9(11):e112156. Epub

2014/11/18. https://doi.org/10.1371/journal.pone.0112156 PMID: 25402480; PubMed Central PMCID:

PMC4234376.

88. Ito S, Horikawa S, Suzuki T, Kawauchi H, Tanaka Y, Suzuki T, Suzuki T. Human NAT10 is an ATP-

dependent RNA acetyltransferase responsible for N4-acetylcytidine formation in 18 S ribosomal RNA

(rRNA). J Biol Chem. 2014; 289(52):35724–30. Epub 2014/11/21. https://doi.org/10.1074/jbc.C114.

602698 PMID: 25411247; PubMed Central PMCID: PMC4276842.

89. Arango D, Sturgill D, Alhusaini N, Dillman AA, Sweet TJ, Hanson G, et al. Acetylation of Cytidine in

mRNA Promotes Translation Efficiency. Cell. 2018; 175(7):1872–86 e24. Epub 20181115. https://doi.

org/10.1016/j.cell.2018.10.030 PMID: 30449621; PubMed Central PMCID: PMC6295233.

90. Xie L, Zhong X, Cao W, Liu J, Zu X, Chen L. Mechanisms of NAT10 as ac4C writer in diseases. Mol

Ther Nucleic Acids. 2023; 32:359–68. Epub 20230403. https://doi.org/10.1016/j.omtn.2023.03.023

PMID: 37128278; PubMed Central PMCID: PMC10148080.

91. McIntyre W, Netzband R, Bonenfant G, Biegel JM, Miller C, Fuchs G, et al. Positive-sense RNA

viruses reveal the complexity and dynamics of the cellular and viral epitranscriptomes during infection.

Nucleic Acids Res. 2018. Epub 2018/01/27. https://doi.org/10.1093/nar/gky029 PMID: 29373715.

92. Hao H, Liu W, Miao Y, Ma L, Yu B, Liu L, et al. N4-acetylcytidine regulates the replication and pathoge-

nicity of enterovirus 71. Nucleic Acids Res. 2022; 50(16):9339–54. https://doi.org/10.1093/nar/

gkac675 PMID: 35971620; PubMed Central PMCID: PMC9458434.

93. Tsai K, Jaguva Vasudevan AA, Martinez Campos C, Emery A, Swanstrom R, Cullen BR. Acetylation

of Cytidine Residues Boosts HIV-1 Gene Expression by Increasing Viral RNA Stability. Cell Host

Microbe. 2020; 28(2):306–12 e6. Epub 20200612. https://doi.org/10.1016/j.chom.2020.05.011 PMID:

32533923; PubMed Central PMCID: PMC7429276.

94. Shen Q, Zheng X, McNutt MA, Guang L, Sun Y, Wang J, et al. NAT10, a nucleolar protein, localizes to

the midbody and regulates cytokinesis and acetylation of microtubules. Exp Cell Res. 2009; 315

(10):1653–67. Epub 2009/03/24. https://doi.org/10.1016/j.yexcr.2009.03.007 PMID: 19303003.

PLOS PATHOGENS The MiDAC complex controls HIV gene expression

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1011821 May 23, 2024 29 / 31

https://doi.org/10.1016/j.cell.2009.06.049
http://www.ncbi.nlm.nih.gov/pubmed/19698979
https://doi.org/10.1016/j.tips.2016.12.006
https://doi.org/10.1016/j.tips.2016.12.006
http://www.ncbi.nlm.nih.gov/pubmed/28139258
https://doi.org/10.1097/COH.0000000000000279
https://doi.org/10.1097/COH.0000000000000279
http://www.ncbi.nlm.nih.gov/pubmed/26974532
https://doi.org/10.3390/cells8091035
http://www.ncbi.nlm.nih.gov/pubmed/31491951
https://doi.org/10.1021/acs.accounts.3c00673
https://doi.org/10.1021/acs.accounts.3c00673
http://www.ncbi.nlm.nih.gov/pubmed/38226431
https://doi.org/10.1038/emboj.2008.154
https://doi.org/10.1038/emboj.2008.154
http://www.ncbi.nlm.nih.gov/pubmed/18668122
https://doi.org/10.1038/emboj.2009.69
http://www.ncbi.nlm.nih.gov/pubmed/19322199
https://doi.org/10.1074/jbc.M114.593996
http://www.ncbi.nlm.nih.gov/pubmed/25086048
https://doi.org/10.1093/nar/gkv075
https://doi.org/10.1093/nar/gkv075
http://www.ncbi.nlm.nih.gov/pubmed/25653167
https://doi.org/10.1371/journal.pone.0112156
http://www.ncbi.nlm.nih.gov/pubmed/25402480
https://doi.org/10.1074/jbc.C114.602698
https://doi.org/10.1074/jbc.C114.602698
http://www.ncbi.nlm.nih.gov/pubmed/25411247
https://doi.org/10.1016/j.cell.2018.10.030
https://doi.org/10.1016/j.cell.2018.10.030
http://www.ncbi.nlm.nih.gov/pubmed/30449621
https://doi.org/10.1016/j.omtn.2023.03.023
http://www.ncbi.nlm.nih.gov/pubmed/37128278
https://doi.org/10.1093/nar/gky029
http://www.ncbi.nlm.nih.gov/pubmed/29373715
https://doi.org/10.1093/nar/gkac675
https://doi.org/10.1093/nar/gkac675
http://www.ncbi.nlm.nih.gov/pubmed/35971620
https://doi.org/10.1016/j.chom.2020.05.011
http://www.ncbi.nlm.nih.gov/pubmed/32533923
https://doi.org/10.1016/j.yexcr.2009.03.007
http://www.ncbi.nlm.nih.gov/pubmed/19303003
https://doi.org/10.1371/journal.ppat.1011821


95. Hicks JA, Li L, Matsui M, Chu Y, Volkov O, Johnson KC, Corey DR. Human GW182 Paralogs Are the

Central Organizers for RNA-Mediated Control of Transcription. Cell Rep. 2017; 20(7):1543–52. Epub

2017/08/17. https://doi.org/10.1016/j.celrep.2017.07.058 PMID: 28813667; PubMed Central PMCID:

PMC5588873.

96. Margolis DM. Histone deacetylase inhibitors and HIV latency. Curr Opin HIV AIDS. 2011; 6(1):25–9.

Epub 2011/01/19. https://doi.org/10.1097/COH.0b013e328341242d PMID: 21242890; PubMed Cen-

tral PMCID: PMC3079555.

97. Marban C, Suzanne S, Dequiedt F, de Walque S, Redel L, Van Lint C, et al. Recruitment of chromatin-

modifying enzymes by CTIP2 promotes HIV-1 transcriptional silencing. EMBO J. 2007; 26(2):412–23.

Epub 2007/01/25. https://doi.org/10.1038/sj.emboj.7601516 PMID: 17245431; PubMed Central

PMCID: PMC1783449.

98. Zhang Y, Doyle K, Bina M. Interactions of HTF4 with E-box motifs in the long terminal repeat of human

immunodeficiency virus type 1. J Virol. 1992; 66(9):5631–4. Epub 1992/09/01. https://doi.org/10.1128/

JVI.66.9.5631-5634.1992 PMID: 1501295; PubMed Central PMCID: PMC289128.

99. Bruce JW, Reddington R, Mathieu E, Bracken M, Young JA, Ahlquist P. ZASC1 stimulates HIV-1 tran-

scription elongation by recruiting P-TEFb and TAT to the LTR promoter. PLoS Pathog. 2013; 9(10):

e1003712. https://doi.org/10.1371/journal.ppat.1003712 PMID: 24204263; PubMed Central PMCID:

PMC3812036.

100. Pagliuca FW, Collins MO, Lichawska A, Zegerman P, Choudhary JS, Pines J. Quantitative proteomics

reveals the basis for the biochemical specificity of the cell-cycle machinery. Mol Cell. 2011; 43(3):406–

17. Epub 2011/08/06. https://doi.org/10.1016/j.molcel.2011.05.031 PMID: 21816347; PubMed Central

PMCID: PMC3332305.

101. Neumann B, Walter T, Heriche JK, Bulkescher J, Erfle H, Conrad C, et al. Phenotypic profiling of the

human genome by time-lapse microscopy reveals cell division genes. Nature. 2010; 464(7289):721–

7. Epub 2010/04/03. https://doi.org/10.1038/nature08869 PMID: 20360735; PubMed Central PMCID:

PMC3108885.

102. Shtutman M, Maliyekkel A, Shao Y, Carmack CS, Baig M, Warholic N, et al. Function-based gene

identification using enzymatically generated normalized shRNA library and massive parallel sequenc-

ing. Proc Natl Acad Sci U S A. 2010; 107(16):7377–82. Epub 2010/04/07. https://doi.org/10.1073/

pnas.1003055107 PMID: 20368428; PubMed Central PMCID: PMC2867740.

103. Gummuluru S, Emerman M. Cell cycle- and Vpr-mediated regulation of human immunodeficiency

virus type 1 expression in primary and transformed T-cell lines. J Virol. 1999; 73(7):5422–30. Epub

1999/06/11. https://doi.org/10.1128/JVI.73.7.5422-5430.1999 PMID: 10364289; PubMed Central

PMCID: PMC112598.

104. Kashanchi F, Agbottah ET, Pise-Masison CA, Mahieux R, Duvall J, Kumar A, Brady JN. Cell cycle-reg-

ulated transcription by the human immunodeficiency virus type 1 Tat transactivator. J Virol. 2000; 74

(2):652–60. Epub 2000/01/07. https://doi.org/10.1128/jvi.74.2.652-660.2000 PMID: 10623726;

PubMed Central PMCID: PMC111584.

105. Rice AP, Kimata JT. Subversion of Cell Cycle Regulatory Mechanisms by HIV. Cell Host Microbe.

2015; 17(6):736–40. Epub 2015/06/13. https://doi.org/10.1016/j.chom.2015.05.010 PMID: 26067601;

PubMed Central PMCID: PMC4476643.

106. Felzien LK, Woffendin C, Hottiger MO, Subbramanian RA, Cohen EA, Nabel GJ. HIV transcriptional

activation by the accessory protein, VPR, is mediated by the p300 co-activator. Proc Natl Acad Sci U S

A. 1998; 95(9):5281–6. Epub 1998/06/06. https://doi.org/10.1073/pnas.95.9.5281 PMID: 9560267;

PubMed Central PMCID: PMC20252.

107. Goh WC, Rogel ME, Kinsey CM, Michael SF, Fultz PN, Nowak MA, et al. HIV-1 Vpr increases viral

expression by manipulation of the cell cycle: a mechanism for selection of Vpr in vivo. Nat Med. 1998;

4(1):65–71. Epub 1998/01/14. https://doi.org/10.1038/nm0198-065 PMID: 9427608.

108. Battivelli E, Dahabieh MS, Abdel-Mohsen M, Svensson JP, Tojal Da Silva I, Cohn LB, et al. Distinct

chromatin functional states correlate with HIV latency reactivation in infected primary CD4(+) T cells.

Elife. 2018;7. Epub 2018/05/02. https://doi.org/10.7554/eLife.34655 PMID: 29714165; PubMed Cen-

tral PMCID: PMC5973828.

109. Brou C, Chaudhary S, Davidson I, Lutz Y, Wu J, Egly JM, et al. Distinct TFIID complexes mediate the

effect of different transcriptional activators. Embo J. 1993; 12(2):489–99. https://doi.org/10.1002/j.

1460-2075.1993.tb05681.x PMID: 8440239.

110. Malim MH, Hauber J, Fenrick R, Cullen BR. Immunodeficiency virus rev trans-activator modulates the

expression of the viral regulatory genes. Nature. 1988; 335(6186):181–3. Epub 1988/09/08. https://

doi.org/10.1038/335181a0 PMID: 3412474.

111. Wilhelm E. Identification et caractérisation de nouveaux facteurs contrôlant la latence du VIH. Ph.D.
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