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Abstract

Background—The viral transactivator Tat protein is a key modulator of HIV-1 replication, as it
regulates transcriptional elongation from the integrated proviral genome. Tat recruits the human
transcription elongation factor b, and other host proteins, such as the super elongation complex, to
activate the cellular RNA polymerase I, normally stalled shortly after transcription initiation at the
HIV promoter. By means of a complex set of interactions with host cellular factors, Tat determines
the fate of viral activity within the infected cell. The virus will either actively replicate to promote
dissemination in blood and tissues, or become dormant mostly in memory CD4+ T cells, as part of
a small but long-living latent reservoir, the main obstacle for HIV eradication.

Objective—In this review, we summarize recent advances in the understanding of the multi-step
mechanism that regulates Tat-mediated HIV-1 transcription and RNA polymerase |1 release, to
promote viral transcription elongation. Early events of the human transcription elongation factor b
release from the inhibitory 7SK small nuclear ribonucleoprotein complex and its recruitment to the
HIV promoter will be discussed. Specific roles of the super elongation complex subunits during
transcription elongation, and insight on recently identified cellular factors and mechanisms
regulating HIV latency will be detailed.

Conclusion—Understanding the complexity of HIV transcriptional regulation by host factors

may open the door for development of novel strategies to eradicate the resilient latent reservoir.
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1. INTRODUCTION

Incredible progress has been made during the last 30 years of research on the human
immunodeficiency virus 1 (HIV-1). The development of novel antiretroviral therapies (ART)
has significantly improved the quality and the life expectancy of infected individuals.
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Unfortunately, this treatment does not eradicate the virus and patients must remain on
antiretroviral drugs for life. HIV persists in a latent state in so-called latent reservoirs mainly
composed of resting memory CD4+ T lymphocytes and macrophages [1, 2]. This long-lived
reservoir is established early on after infection and can re-seed viral infection upon ART
interruption.

Soon after HIV-1 entry into the host cells, the viral genomic RNA is reverse transcribed,
viral DNA integrates into the host cell chromosomes, and the provirus becomes a cellular
transcription unit. HIV transcription balances between two states both beneficial to the virus,
active viral production of new infectious particles or a latent dormancy. After infection,
active transcription from the integrated provirus is critical for viral dissemination into blood
and lymphoid tissues, while entrance into latency allows viral escape from host
immunological responses, a wait and see strategy punctuated by moments of stochastic
transcriptional reactivation, which promotes replenishment of the latent viral reservoir
granting a lifetime host infection [3]. The dogma is that HIV latency is an epiphenomenon
resulting from an accidental return of newly infected activated CD4+ T cells to a resting
state [2]. However, some believe that latency may confer evolutionary advantage to enhance
viral transmission [4]. In any case, the entrance into latency and its maintenance is a
complicated phenomenon, not yet fully understood, that is controlled and regulated by
various mechanisms involving cellular host factors, discussed below.

1.1 The viral transactivator Tat

To support its own transcription, HIV-1 hijacks the host RNA polymerase 11 (RNAPII)
machinery with the help of the viral transcriptional activator Tat, critical for robust and
efficient viral expression [5]. In the absence of Tat, cellular transcription factors such as NF-
xB, Sp1 and the TATA-box binding protein promote initiation of basal viral transcription at
the 5" long terminal repeat (LTR) promoter. However, RNAPII stalls and pauses just after
transcribing a short transcript encoding an RNA stem loop structure termed TAR [5, 6]. Tat
is initially expressed from splicing of rare two-exon transcripts, generally as a 101-amino
acid protein, however a shorter and fully functional 86-amino acid version is also observed
in some laboratory adapted strains [7]. The first 72-amino acids encoded from the first exon
are the minimum module required for Tat-mediated transcription (TMT) and is composed of
five domains including an acidic/proline-rich motif (amino acids 1-20), a zinc-finger/
cysteine-rich motif (22-37), a core domain (41-48), a basic arginine-rich motif (ARM) (49—
57) and the glutamic acid-rich motif (59-72) (Fig. 1) [7, 8]. The first three domains (1-48)
constitute the minimum activation domain, while ARM is the RNA-binding domain which
also encompasses the nuclear localization signal [7]. Tat’s main function is to potentiate HIV
provirus transcription elongation by RNAPII by recruiting to the 5'LTR all the necessary
transcriptional players, a process mediated by the interaction of Tat with TAR [9, 10].

1.2 Tat-regulated transcription elongation

A milestone in the field of HIV transcription was the discovery in the late nineties of the
positive transcription elongation factor b (P-TEFb) as a necessary cofactor in TMT [11-13].
Human P-TEFb, composed of Cyclin-dependent kinase 9 (CDK?9) and the Cyclin T (CycT)
1 or 2, is essential for RNAPII’s transition to productive elongation [14, 15]. Most cellular
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P-TEFb is found in an inactive form in complex with the 7SK small nuclear
ribonucleoprotein (7SK snRNP) [16, 17]. However, P-TEFb can be recruited by Tat to the
HIV-1 promoter, when Tat is acetylated at Lys28 by the p300/CBP-associated factor (PCAF)
[18]. The activation domain of Tat folds upon interaction with CycT1 and with the T-loop of
CDK®9 [19]. These interactions stabilize P-TEFb and promote CDK?9 autophosphorylation at
a C-terminal Ser/Thr cluster, which is required for efficient TAR/Tat/P-TEFb complex
formation at the vicinity of stalled RNAPII [20, 21]. Tat and P-TEFb post-translational
modifications (PTMSs) (acetylation, methylation, phosphorylation, polyubiquitination) play
an important role in the regulation of TMT (reviewed in [3, 22, 23]). A recent study shows
the importance of the lysine methyltransferase 7 (KMT7), encoded by the SET domain
containing KMT?7 gene, to facilitate TAR/Tat/P-TEFb complex formation and to increase
TMT [24]. KMT7 binds TAR and monomethylates Tat at position Lys51 and Lys71, PTMs
suggested to improve Tat’s affinity for TAR [24, 25]. The combination of Lys51Arg and
Lys71Arg mutations almost completely abolish TMT [24]. Moreover, numerous studies have
demonstrated the importance of the super elongation complex (SEC) to act in concert with
the TAR/Tat/P-TEFb axis to promote TMT [26-28]. Mechanisms pertaining to SEC are
detailed in section 3.

The transition of RNAPII from pausing at the HIV-1 genome start site, to transcription
elongation, depends on CDK9 phosphorylation of several protein targets. CDK9 not only
phosphorylates Ser2 of a heptapeptide repeat at RNAPII’s C-terminal domain (CTD), but
also RNAPII-bound factors impairing transcription, such as the negative elongation factor
complex (NELF) and the DRB sensitivity-inducing factor (DSIF) (reviewed in [29, 30]).
Phosphorylation of the NELF-E subunit, promotes release of NELF from the complex,
increasing the rate of RNAPII clearance from the LTR [31]. Phosphorylation of DSIF’s Spt5
subunit, converts it into a positive elongation factor, which then recruits Tat-SF1 and the
human polymerase-associated factor complex 1 (PAF1) to the polymerase to promote full
RNAPII activity [30]. Upon elongation, Tat becomes acetylated at Lys50 by p300/CBP and
hGCN5 promoting its release from TAR and P-TEFb [32]. Tat can then recruit PCAF and
the chromatin remodeling factor SWI/SNF to further facilitate the path of the polymerase by
promoting an “open” chromatin environment [23, 33-35]. It has been shown that Tat and P-
TEFDb could stay associated with RNAPII during the elongation process and sustain several
association/dissociation cycles [36, 37]. The highly processive RNAPII elongation complex
can then increase transcription of the full-length viral mMRNA by more than two orders of
magnitude [38].

2. EARLY EVENTS IN TAT-MEDIATED HIV-1 TRANSCRIPTION
2.1. The 7SK snRNP complex

P-TEFb exists in all cells mostly in an inactive state as part of the 7SK snRNP complex. The
latter includes the 7SK snRNA, a tridimensional 4 stem-loop structure that serves as a RNA
scaffold for the La ribonucleoprotein domain family member 7 (LARP7), the
methylphosphatase capping enzyme (MePCE), as well as the homodimer of the CDK9-
inhibitory protein hexamethylene bisacetamide inducible 1 or 2 (HEXIM1/2) [39-43]. The
primal function of LARP?7 is to protect 7SK snRNA from nucleolytic degradation by binding
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the stem-loop 4 and the 3" extremity of 7SK snRNA, and to promote the P-TEFb/7SK
snRNP interaction by directly associating with CDK9 [44-47]. MePCE also stabilizes 7SK
snRNA by binding at the base of the stem loop 1 and adding a methylphosphate cap at the 5’
end [41, 46, 48]. HEXIML1 directly binds to CycT1 and is responsible for the inactivation of
the kinase activity of P-TEFb [49, 50]. The phosphorylation of the key residue Thr186, in
the T-loop of CDK®9, triggers binding of P-TEFb to HEXIM1 [49, 50]. A recent review
thoroughly details the regulatory functions of the 7SK snRNP complex and surrounding
factors, in the context of general RNAPII transcriptional elongation, with pertinent examples
on HIV-1 Tat-dependent transcription [51]. In this section, we will report the latest
developments regarding the role of cellular factors on the recruitment of P-TEFb/7SK
snRNP to the chromatin, and the subsequent liberation of active P-TEFb from the inhibitory
complex in the context of TMT.

2.2. Recruitment of P-TEFb/7SK snRNP to the HIV promoter

The 2010 study by the laboratories of D’Orso and Frankel revolutionized the thinking of
how and when P-TEFb and Tat are mobilized to the HIV promoter, departing from the well-
established idea of a sole TAR-dependent mechanism [52]. While their proposal is still not
unanimously accepted, their successive studies demonstrated that Tat can be recruited to the
HIV core promoter in association with the P-TEFb/7SK snRNP complex, even prior to TAR
formation, in a Sp1-dependent manner [52-54]. Upon transcription initiation, Tat/P-TEFb
can be rapidly mobilized to TAR appearing on nascent mRNA. Several studies have
followed in an attempt to pinpoint the exact mechanism of P-TEFb/7SK snRNP recruitment
to the HIV promoter.

2.2.1. KAP1—O0ne of the most revealing studies came from the D’Orso laboratory which
uncovered a role of the Kruippel-associated box (KRAB)-interacting protein 1 (KAP1), also
called TRIM28 or TIF1p, in the P-TEFb/7SK snRNP recruitment to promoters with
transcriptionally engaged but paused RNAPII where the transcription preinitiation complex
(PIC) has been mobilized and the transcription initiated [55]. KAP1 interacts directly with
the 7SK snRNP subunit LARP7 to pre-load the inactive P-TEFb to the promoter-proximal
region, which upon stimulation facilitates a rapid transition of the paused RNAPII to
productive transcription elongation [55]. This phenomenon was absent from both fully
transcriptionally active genes and totally inactive genes [55, 56]. This mechanism, estimated
to be specific to up to 70% of genes with promoter-proximal paused RNAPII, was first
demonstrated at the HIV promoter [55]. Following KAP1 knock-down, P-TEFb/7SK snRNP
localization at the 5"LTR decreased by 3 to 5-fold promoting a 2-fold RNAPII accumulation
at the promoter most likely due to a decrease of its release to the open reading frame,
without affecting PIC assembly and transcription initiation [55]. The authors demonstrated
that upon TNF-a stimulation P-TEFb/7SK snRNP/KAP1 is recruited continuously as a
whole to the promoter-proximal region to fuel the transcription elongation machinery with
P-TEFb [55]. The study also points out that P-TEFb/7SK snRNP/KAPL1 is recruited only at
the promoter with ongoing transcription initiation and in absence of occluding nucleosomes,
explaining the absence of P-TEFb/7SK snRNP/KAPL in truly latently infected cell lines
[55]. This study done in a Tat-free environment shows that the KAP1 recruiting function is
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Tat-independent. However, it could be hypothesized that the pre-loading of P-TEFb/7SK
snRNP by KAP1 would facilitate P-TEFb release by Tat to initiate transcription elongation.

While the D’Orso study does not indicate how KAPL1 is recruited to the promoter-proximal
region, KAP1 has been described to bind to the KRAB motif of the Kriippel C2H2-type
ZNF family and could therefore be recruited by a KRAB-ZNF to positively regulate
transcription elongation [57, 58]. Two previous studies that contradict the D’Orso discovery
have shown that KAP1, involved in the repression of HIV-1 LTR transcription, implicates
two KRAB zinc finger proteins (ZNF), ZNF10 and ZNF350 [59, 60]. Alternatively, KAP1
recruitment could be mediated by a direct interaction with DNA or by binding through the
intermediary of another protein, i.e. histones, subunit of the PIC or of the RNAPII
transcription machinery. Future studies could clarify this question.

2.2.2. ZASC1—An interesting study proposed a mechanism in which Tat would be
recruited along with P-TEFb/7SK snRNP to the HIV promoter, by the intermediary of the
nine Kriippel-like ZNF 639, commonly called ZASC1 [61]. This cellular transcription factor
binds both Tat and P-TEFb, recruiting them to the 5'LTR in complex with 7SK snRNP, in a
TAR-independent manner (Fig. 2). To mediate DNA/protein interactions, ZASC1 was shown
to bind two overlapping antiparallel binding sites immediately downstream of the TATA-box
in the 5"LTR U3 promoter region [61]. This study also points out a possible cooperative role
with Spl in the recruitment process. ZASCL1 is found in complex with both the active and
inactive forms of P-TEFb, suggesting a role beyond sole docking activity. While ZASC1 has
no impact on HIV-1 basal transcription, the recruitment by ZASC1 of the Tat/P-TEFb/7SK
SsnRNP complex promotes transcription elongation in cell lines and primary T-cells.

2.2.3. HMGAL1 and BCL11B—Another mechanism of 7SK snRNP recruitment to the
HIV promoter, demonstrated in microglial cells, depends on the non-histone chromatin
protein high mobility group AT-Hook 1 (HMGAZ1) [62]. HMAGL1 recruits the B-cell CLL/
lymphoma 11 B (BCL11B), also called CTIP2, found in complex with P-TEFb/7SK snRNP,
by binding to both the 7SK stem-loop 2 and BCL11B in an RNA-dependent manner [62].
BCL11B, a C2H2-type ZNF, is exclusively expressed in microglial cells, and has been
shown to inactivate the kinase activity of CDK9 in P-TEFb-containing 7SK snRNP [63].
Contrary to ZASC1, BCL11B and HMGAL synergize to repress HIV-1 promoter activity
inhibiting early Tat-independent transcription. The double protein knock-down of BCL11B
and HMGAL relieves the block, suggesting a role in the maintenance of latency in microglial
cells, an important latent reservoir in the brain.

It is worth noting that BCL11B and ZASC1 which have a role in anchoring the 7SK snRNP
to the HIV promoter share a C2H2-type ZNF motif, a feature commonly seen in mammalian
transcription factors. Moreover, KAP1 is known to bind to KRAB-ZNF also presenting this
motif. While the BCL11B/HMGAZ1 anchor function is only observed in microglial cells,
ZASC1 and KAP1 have a broader distribution and are also expressed in primary T-cells, the
main HIV-1 latent reservoir. However, as mentioned above, these proteins present opposite
activities on HIV transcription, ZASC1 or KAP1 promotes transcription while BCL11B/
HMGAZ1 promote latency. Questions remain such as cell-specificity, redundancy, or
alternative mechanisms to recruit P-TEFb/7SK snRNP to the HIV promoter. Cell-specificity
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has already been observed with the KAP1 highly homologous TIF1y (belonging to the same
family), which can regulate transcription elongation in a small subset of erythroid specific
genes. TIF1y may interact and recruit P-TEFb in a yet unspecified manner, since the role of
7SK snRNP was not investigated in this study [64]. Moreover, KAP1 and ZASC1 may have
redundant functions in CD4+ T cells or act sequentially depending on the degree of
activation of the HIV promoter. KAP1 may be involved when Tat expression is low and most
of the RNAPII is paused on the HIV promoter-proximal region, while ZASC1 could step up
later to recruit both Tat and P-TEFb in complex with the 7SK snRNP. Further studies should
address these multiple questions and help understand why HIV has hijacked, in different cell
types, alternative anchoring mechanisms to regulate TMT.

2.3. Switching to active P-TEFb

2.3.1. P-TEFb release: Tat competes with HEXIM1—One proposed mechanism for
P-TEFb release from 7SK snRNP is the direct competition between Tat and HEXIM1 for
binding CycT1 and/or 7SK snRNA (Fig. 2) (reviewed in [51, 65]). /n vitro studies show that
Tat and HEXIM1 can both compete to recruit P-TEFb through the same N-terminal CycT1-
binding site, with Tat/CycT1 affinity measured to be 10-fold greater, thus giving an
advantage to Tat over HEXIML1 [16, 39, 66]. Moreover, AF4/FMR2 family member 1
(AFF1) part of the SEC supports Tat competition with HEXIM1 for P-TEFb release, by
increasing the affinity of Tat for CycT1 [67]. Given the high homology between Tat ARM
and HEXIM1 7SK snRNA-binding domain, Tat ARM could also interfere with HEXIM1
association with 7SK snRNA by binding to a TAR-like motif within the stem-loop 1 of 7SK
SnRNA [17, 68, 69]. However, this model backing a mechanic Tat/HEXIM1 competition for
P-TEFb release done primarily /in vitro using protein overexpression and non-stoichiometric
condition might not fully reflect what is happening 77 vivo and not completely explain how
Tat can access the CycT1 binding site already occupied by HEXIMZ1. Therefore, other
studies point to the necessity of PTMs such as Tat and CycT1 acetylation, CDK9 and
HEXIM1 phosphorylation/dephosphorylation, to trigger P-TEFb association/dissociation
from the inhibitory 7SK snRNP complex (Fig. 2) [18, 54, 70-77].

2.3.2. P-TEFb release: influence of the P-TEFb/7SK snRNP PTMs—HEXIM1
phosphorylation is one proposed step in the release of inactivated P-TEFb from the 7SK
snRNP complex. Previous studies showed that hexamethylene bisacetamide (HMBA) can
activate the PI3K/Akt kinase pathway resulting in the HEXIM1 CycT1-binding domain
phosphorylation at Thr270 and Ser278 and the subsequent P-TEFb release from HEXIM1
[72, 73]. Additionally, a positive role of the Jun N-terminal protein kinase (JNK) in HIV-1
reactivation from latency was discovered, by studying the activity of the JINK inhibitor
AS601245, an event possibly mediated by the P-TEFb release from the inactive complex
with HEXIM1 [74]. A recent study analyzing HEXIM1 PTMs upon PMA activation, using
protein affinity purification coupled to mass spectrometry, revealed the importance of the
phosphorylation of two Tyr at position 271 and 274 to release P-TEFb from 7SK snRNP
(Fig. 2) [71]. The phosphomimetic double mutation Tyr271Glu/Tyr274Glu completely
inhibits HEXIM1/P-TEFb formation, while a mutant hindering phosphorylation at position
271/274 completely blocks the release of P-TEFb [71]. Further studies are however needed
to identify the kinase responsible for HEXIM1 phosphorylation and its general regulation.

Curr Pharm Des. Author manuscript; available in PMC 2018 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mousseau and Valente

Page 7

The D’Orso laboratory reported the protein phosphatase, Mg2*/Mn2* dependent 1G
(PPM1G) as essential for the release of P-TEFb from the 7SK snRNP complex in a two-step
mechanism (Fig. 2) [54]. As mentioned previously, the CDK9 phosphorylation at Thr186 is
required to sequester P-TEFb into 7SK snRNP [49, 50]. However, the same Thr186
phosphorylation is required during Tat-dependent transactivation [78, 79]. This led to the
postulate that P-TEFb phosphorylated at Thr186, while inhibited by HEXIM1 on 7SK
snRNP complex, is in a pre-activated state to facilitate a rapid transition to transcription
elongation upon activation [49, 51, 65]. In the D’Orso study, Tat recruits the PPM1G
phosphatase to the LTR-bound 7SK snRNP complex to facilitate dephosphorylation of
CDKaQ at Thr186, abrogating P-TEFb/HEXIML1 interaction, resulting in the subsequent
release of the transcription elongation factor [54]. PPM1A, a phosphatase of the same
family, is also known to bind and dephosphorylate CDK9 at Thr186 in resting memory
CD4+ T cells, but was unable to bind either Tat or the 7SK snRNP complex in the D’Orso
study [54, 80, 81]. More studies are needed to fully understand the relevance of PPM1A
phosphatase activity in the P-TEFb release. After dephosphorylation by PPM1G, P-TEFb is
recognized by Tat, which potentiates CDK9 autophosphorylation and TAR/Tat/P-TEFb
assembly. This study resulted in a better understanding of the Tat-dependent P-TEFb
recruitment to the paused RNAPII to induce rapid gene activation and switch to efficient
transcription elongation [54]. Of note, PPM1G can also initiate P-TEFb release from 7SK
snRNP complex upon TNF-a activation in a Tat-independent manner, but only on specific
cellular genes of the inflammatory pathway [54]. It is not the first time a phosphatase has
been implicated in P-TEFb release from 7SK snRNP by dephosphorylating CDK9 Thr186.
Indeed, Tat can also bind the protein phosphatase-1 (PP1), promoting its translocation to the
nucleus where upon CDK9 dephosphorylation, releases P-TEFb, an essential step in the
activation of TMT [75-77].

2.3.3. P-TEFb release: Tat competes with Brd4—Besides Tat, the bromodomain
protein 4 (Brd4) can also recruit an active P-TEFb and release HEXIM1 from the 7SK
snRNP [82]. On that account, P-TEFb is mainly found in complex with Brd4, when not
inactivated by the 7SK snRNP complex [83]. Brd4 belongs to the large family of BRD-
containing proteins which are a diverse set of transcriptional regulators that bind acetyl-
lysine residues found on histones and transcription factors, and are readily targeted by small
molecules [84]. Indeed, both Brd2 and Brd4 are known to regulate HIV latency, and a well-
known BRD-inhibitor (JQ1) which targets these proteins, induces potent HIV reactivation
[85-89]. Given the importance of acetyltransferases (p300/CBP) in regulating HIV-
transcription, multiple BRD-containing proteins might regulate HIV-1 transcription. The
inhibition of Brd4 function is therefore considered as a viable option to reactivate the virus
from the latent reservoir, the first step in the Kick and Kill eradication strategy [27, 90]. This
approach combines a reactivation “kick” event using latency-reversing agents (LRAS) with
strategies to induce a robust anti-HIV immune response to “kill” the reactivated latently
infected cells [90-92].

Brd4 binds acetylated H3/H4 histones near cellular promoters, enabling P-TEFb to contact
the Mediator complex and promote P-TEFb-dependent transcription [93, 94]. To be noted,
the Mediator complex, but not the Mediator CDK8 module, can interact with Tat and be
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recruited by the intermediate of the MED14 subunit to induce TMT [95]. Similar
recruitment mechanism seems to take place on the HIV promoter with early data supporting
a positive role of Brd4 on Tat-independent basal HIV-1 transcription [83, 94]. Other studies,
mostly based on Brd4 overexpression, pointed out to a possible inhibitory effect of Brd4 on
Tat-dependent transcription by directly competing with Tat for P-TEFb [87, 89, 94, 96].
Brd4/Tat competition was also supported by studies showing that BRD-inhibitors can
reactivate HIV-1 from latency in an apparent Tat-dependent manner [87, 89]. However, JQ1
and other BRD-inhibitors were also able to reactivate latent HIV-1 from cell line defective in
the TAR/Tat axis (ACH-2, U1) or lacking Tat (J-Lat A72) supporting at the least the
existence of a Tat-independent mechanism [85, 88]. Nonetheless, if biologically relevant, the
competition for P-TEFb between Brd4 and Tat would be particularly visible in primary
latent memory CD4+ T cells where Tat expression is low [97-99]. Limited amounts of Tat
and Brd4 expression are both factors influencing HIV latency. An important discovery by
Jonathan Karn and colleagues demonstrates the determining role of the CDK9 Ser175
phosphorylation in regulating TMT by balancing the interaction ratio between Brd4/CDK9
and Tat/CDKO9 (Fig. 2) [100]. Ser175 is found in the activation loop of CDK9 and is
important for the interaction with Tat, but it seems critical for the interaction with Brd4,
since an alanine mutation abolishes their association [100]. Moreover, CDK9 Ser175
phosphorylation reduces the binding to Brd4 and slightly enhances the interaction with Tat,
stabilizing the Tat/CDK9 complex and excluding P-TEFb from the 7SK snRNP complex.
CDK9 Ser175 phosphorylation is even more relevant in latent memory CD4+ T cells where
residual amounts of Tat now become more competitive for P-TEFb recruitment to promote
transcription elongation [100].

2.3.4. P-TEFDb release: role of the SR-splicing factors 1 and 2—Both SRSF1 and
SRSF2 associate with the 7SK snRNA and hence are recruited to endogenous active
promoters through the 7SK snRNP to regulate cellular transcription pause release [101]. A
study focusing mainly on SRSF2 demonstrated that this SR protein may act similarly to the
TAR/Tat activation mechanism, by releasing together with P-TEFb from the 7SK snRNP
complex, through binding of SRSF2 to the exonic splicing enhancer (ESE) binding-site
appearing on nascent promoter-proximal RNA. Thereby, ESE are used as transcriptional
elongation signals to trigger transcription, and participate in a chain of events that recruit the
SEC, eventually leading to the release of RNAPII pausing at the gene promoter [101]. A
study focusing on HIV transcription shows that early during infection the splicing factor
SRSF1 plays a role in basal transcription by recruiting P-TEFb directly to the TAR sequence
from the 7SK snRNP complex. SRSF1 downregulates Tat-dependent transactivation by
competing with Tat for the binding to TAR on a partly overlapping sequence located on the
bulge and apical loop of TAR, and by binding to sequences in the 7SK snRNA [102]. These
results suggest that SR proteins have a role in both cellular and HIV transcriptional
regulation to release and recruit P-TEFb, by directly binding to the viral or gene promoters.

2.3.5. SART3—Finally, the squamous cell carcinoma antigen recognized by T-cells 3
(SART3) has also been found to associate with the 7SK snRNP, but its exact role within the
complex is still unknown [41, 54]. Several studies have reported a direct and specific contact
of SART3 with both unphosphorylated RNAPII and Tat, promoting P-TEFb recruitment
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directly to the TAR/Tat/P-TEFb complex, leading to Ser2 phosphorylation of the RNAPII
CTD and transcription elongation [103, 104]. The role of SART3 on HIV transcription has
been recently reviewed by Whitmill et al. [105].

To summarize this section, we could hypothesize a model for the release of active P-TEFb
from the 7SK snRNP to promoter-proximal stalled RNAPII, unifying the above-proposed
mechanisms. In a Tat-free environment such as in latent cells, HIV-1 basal transcription
elongation could be undertaken by several non-mutually exclusive mechanisms, for example
a TAR-dependent pathway involving SRSF1, and a TAR-independent pathway mediated by
Brd4 recruited through acetylated histones and the Mediator complex [83, 94, 102]. Once
Tat is produced a new pathway is probably set in motion to replace less efficient and
possibly competitive mechanisms such as the one mediated by Brd4. Tat would actively
recruit P-TEFb from 7SK snRNP by competing directly HEXIM1 binding to an overlapping
site within CycT1, a process facilitated by an AFF1-mediated increase in Tat/CycT1 affinity
[16, 66, 67]. The important role of AFF1 and the SEC in TMT will be discussed below. A
series of PTMs changes on the HEXIM1/P-TEFb complex appearing in a yet unknown
sequence would promote the recruitment of P-TEFb by Tat. Phosphorylation of the
HEXIM1 CycT1-binding domain either by a kinase from the PI3K/Akt pathway at Thr270
and Ser278 and/or by an unknown kinase at Tyr271 and Tyr274, would decrease the affinity
of HEXIM1 for CycT1 [71-73]. Concomitantly, acetylation of CycT1 by p300/CBP would
further decrease this interaction [70]. In parallel, Tat would most likely recruit one of the
apparently redundant phosphatase, PPM1G or PP1, to dephosphorylate CDK9 Thr186, a
necessary PTM for P-TEFb/7SK snRNP interaction [54, 75-77]. The switch in P-TEFb
affinity from HEXIML1 to Tat would lead to P-TEFb release and its recruitment by Tat to the
TAR region to phosphorylate the RNAPII CTD and promote efficient viral transcription
elongation. P-TEFb/7SK snRNP and P-TEFb/Brd4 are the two-main sources of P-TEFb /n
vivo. Tat would compete Brd4 for P-TEFb release from 7SK snRNP facilitated by a change
in affinity triggered by phosphorylation of CDK9 Ser175 [100]. It is still unclear whether the
mechanisms described above are all relevant /n vivo, since much of the supporting data came
from J/n vitro studies. Additional research efforts should be directed at the understanding of
the complex set of molecular events during basal transcription, TMT and latency.

3. THE SUPER ELONGATION COMPLEX

In 2010, two breakthrough studies from the Zhou and Benkirane’s laboratories showed Tat
recruitment of P-TEFb to the viral promoter as part of a larger entity, the SEC [26, 28].
Several types of SEC exist /n vivo, a family known to regulate transcription elongation of
various cellular genes [106]. In addition to P-TEFb, a typical SEC is composed of MLL-
fusion partners involved in leukemia, including the human transcription factors/coactivators
AFF1/AFF4, the eleven-nineteen leukemia protein/ALL1-fused gene from chromosome 9
protein (ENL/AF9) and the elongation factor eleven-nineteen lysine-rich leukemia protein 1
or 2 (ELL1/ELLZ2) [106]. The Tat/P-TEFb/SEC complex play a crucial role in TMT by
relieving promoter-proximal pausing of RNAPII resulting in a robust HIV transcription
elongation. In this section, we will highlight the role of SEC subunits and host factors in the
regulation of Tat-dependent transcription.
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3.1. The scaffolding protein AFF1/4

The structurally disordered AFF1/4 serves as a flexible scaffold to bind other transcriptional
elongation factors. AFF1/4 has separate binding sites for CycT1, ELL1/ELL2 and ENL/AF9
critical to bridge together the P-TEFb/SEC components [107, 108]. Insights into the overall
architecture of the complex was given by Chou et al., which revealed short hydrophobic
binding modules on AFF4 used to bind its different partners, with CycT1, ELL2 and
ENL/AF9 binding respectively to AFF4,_73, AFF431g_337 and AFF4710_729 [107]. A series
of structural and biochemical studies helped clarify the role of SEC subunits especially
AFF1/AFF4 in TMT. The tripartite 2.9-A crystal structure between P-TEFb and the
intrinsically disordered AFF4,_73 fragment was first resolved revealing an interaction
between AFF434_g7, which fold on CycT1 opposite to the CycT1 CDK9-binding site [109].
The position and orientation taken by AFF4 in contact with CycT1 predicted a direct and
adjacent interaction with Tat, later confirmed by the resolution of two independent
quaternary structures of Tat/CycT1/CDK9/AFF4 at 2.9-A and 3.0-A [110, 111]. The Tat/
CycT1 interaction is mediated by two Zn?*, with a special role of the second Tat zinc-finger
located in the Tat Cys-rich motif, which interacts with the Cys261 residue within the
CycT1o49_061 Tat/TAR recognition motif (TRM) [112]. AFF4 increases the order of the
flexible TRM, which by interacting tightly with Tat, exposes residues essential for Tat
transcriptional activity such as the acetylated Lys28 and the Tat ARM, favoring an
interaction with TAR [53, 110, 111]. Several key amino acids relevant for the Tat/CycT1/
AFF1/4 interaction were revealed by these crystal structures. Modeling based on the
quaternary crystal structure indicates that the TRM of CycT1 will be stabilized by the
formation of a hydrogen bond between the acetylated Tat Lys28 and the CycT1 Asn257,
thereby enhancing and facilitating the interaction with TAR [18, 110, 113]. The CycT1
binding site of AFF4 also makes multiple contacts with Tat, enhancing P-TEFb affinity for
Tat by 11-fold and promoting SEC recruitment [109]. It also increases Tat-P-TEFb affinity
for TAR by 30-fold favoring TAR recognition and binding [111]. Finally, the structure of
TAR in complex with Tat/P-TEFb/AFF4 was recently solved albeit a 5.9-A low-resolution
[114]. Backed-up by various structural approaches such as small angle X-ray scattering,
hydrogen-deuterium exchange, and 2’ -hydroxyl acylation analyzed by primer (SHAPE), the
structural study revealed a direct interaction of the TAR central loop with CycT1 TRM and
the Tat Cys-rich motif containing the Zn2* coordinating loop (Taty4_29), but detected no
direct interaction with AFF4 [114]. Instead, AFF4 indirectly enhances TAR binding to the
SEC by stabilizing the Tat/CycT1 interaction. While not directly observed due to poor
resolution, modeling allowed positioning of the amino acid main chain of the Tat ARM
within the major groove of TAR, in contact with both the TAR bulge and the RNA phosphate
backbone [114].

3.2. AFF1-containing SEC as a true partner to HIV TMT

Recent studies indicate that the AFF1-containing SEC, but not AFF4, is the specific partner
in the TMT pathway [67, 115, 116]. Lu et al. first demonstrated that AFF1 is found in all
major P-TEFb-containing complexes that regulate cellular and HIV transcription (the 7SK
snRNP, SEC and Brd4) and that P-TEFb/AFFL1 is transferred as a single unit between those
complexes during activation phases [67]. AFF1 increases the affinity of Tat for CycT1,
thereby boosting the ability of Tat to compete with HEXIM1, extract P-TEFb from the 7SK
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snRNP complex, and integrate within SEC to stimulate transcriptional elongation [67].
When Tat-AFF1 interface was mutated, both their association and transactivation of the LTR
were decreased. AFF1 rescues the lack of interaction between the CycT1 non-binding
mutant Tat Cys22Gly and P-TEFb and boosts the transcriptional activity of this Tat mutant
from 1.9 to 89-fold, showing the critical importance of AFF1 in TMT upregulation [67,
111]. It appears that full Tat/P-TEFb transcriptional activity is reached upon recruitment and
formation of a complete SEC, containing all subunits, to the HIV promoter. A follow-up
study showed that AFF1 and AFF4 are mutually exclusive and that AFF1-containing SEC
seems to be more efficient at triggering Tat-dependent transcription elongation than the
AFF4 SEC counterpart [116]. These differences lie in the differential ability of AFF1/4 to
increase Tat affinity for P-TEFb. Structures of the Tat/P-TEFb/AFF4 complex reveal AFF4
Met62 and Phe65 as the main Tat-interacting residues, corresponding to Val67 and Phe70 in
AFF1 [67, 111]. It is interesting to note that AFF1/Tat specificity lies within a single amino
acid, Val67 in the cycT1-binding site of Tat [115, 116]. Indeed, the pocket containing the
AFF1 Val67 is larger and can accommodate the acetylated Lys28 side chain of Tat, while the
one with the bulkier AFF4 Met62 cannot [116]. This single difference makes AFF1 more
prone to support Tat-dependent transcription while AFF4 is preferentially used during
activation of the heat shock-response pathway [116].

The latest work from Zhou and colleagues, allied SEC-subunits knock-out and reactivation
with LRAs, to study the role of AFF1/4 and ELL1/2 in the process of latency reversal in
Jurkat-T cell line model of HIV latency [115]. They took advantage of the specificity of
reactivation of two different types of LRAs, PMA and Prostratin to activate the PKC/NF-
xB-mediated initiation pathway, and the Brd4-inhibitor JQ1, known to induce the Tat/SEC-
stimulated elongation pathway [87, 89, 117-120]. They first showed that in HeLa and Jurkat
T-lymphocytic cell lines, AFF4 is the predominant SEC-scaffolding protein, while AFF1
represents only a minor subset [115]. Both have separate roles in transcription elongation
and reversal of latency. AFF4-SEC recruitment to the 5’ LTR strongly impacts spontaneous
Tat-independent reversal from latency, probably initiated by cellular complexes, such as the
PAF complex (PAFc) or the Mediator complex. In contrast, AFF1-SEC is Tat-dependent,
since reductions in AFF1 expression specifically repress Tat/SEC-dependent HIV-1
transcriptional elongation, as shown by experiments using the JQ1 Brd4-inhibitor believed to
specifically affect this pathway [115]. Moreover, overexpression of AFF1 in Jurkat T cell
lines, but not AFF4, could reverse latency without any reactivation agent. The same
experimental setup showed the elongation factor ELL2, but not ELL1, as critical as AFF1 to
reverse latency in a Tat-dependent manner [115]. This study also notes that the expression
level of AFF1 and ELL2 in Jurkat T cells is suboptimal, representing a limiting factor for
efficient reactivation from latency. Altogether, the small subset of AFF1/ELL2-containing
SEC appears as a specific and fundamental complex in Tat-dependent HIV transcription

(Fig. 2).

3.3. The elongation factor ELL2

The general role of the ELL1/ELL2 subunit is to prevent RNAPII backtracking to insure
successful transcription elongation [121, 122]. As mentioned above, while ELL1 and ELL2
have redundant functions during cellular transcription elongation, only ELL2 has the ability
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to reverse HIV-1 from latency, attributed to differences in their N-terminal RNAPII binding
domains [115]. In the presence of Tat, ELL2 can synergistically stimulate P-TEFb-
dependent HIV transcription elongation [26]. This potent activation is due to a direct and
close interaction of ELL2 with active P-TEFb mediated by AFF4, combined with a
protective effect of Tat against ELL2 proteasomal degradation [26]. ELL2 is also able to
connect the SEC complex to PAFc through binding to PAF1, a subunit previously found to
affinity purify with the SEC [28, 107].

3.4. The co-activators ENL/AF9

Besides ELL2, ENL/AF9 can also directly bind to the PAF1 subunit, allowing PAFc to
connect SEC to the RNAPII transcriptional unit in a Tat-independent manner [108]. Sohbian
et al. demonstrated that AF9 is required for CDK9 to reach optimal kinase activity and to
boost Tat-dependent transcription elongation [28]. AF9 and its homolog, ENL, compete for
binding to the AFF4 scaffold and for direct interaction with P-TEFb. As such, these are not
simultaneously present in the same SEC, but have an interchangeable role on Tat-dependent
transcription elongation [108]. AF9 is however the preferred subunit in the SEC for optimal
HIV transcription.

3.5. Role of the phosphatase Ssu72 within the SEC

Other factors revolving around the SEC may also help regulate TMT. Chen et al. show that
the RNA polymerase Il subunit A C-terminal domain phosphatase Ssu72 (Ssu72), a specific
RNAPII Ser5 CTD phosphatase, is recruited by Tat, P-TEFb and AFF4 to the 5" end of the
HIV-1 promoter and associates with RNAPII until just before the termination site [123]. Tat
seems to regulate the Ssu72 phosphatase/CDK9 kinase activity required for potent viral
transcription elongation. Tat stimulates the phosphatase activity of Ssu72 /n vitroin a dose-
dependent manner, through direct binding to Ssu72 C-terminal coiled-coil domain, resulting
in the removal of Ser5 and Ser7 phosphorylation, but not Ser2, from the RNAPII CTD
heptatpeptide repeat [123]. Full-length Tat is required to bind Ssu72, with Arg49 and Arg53
of the Tat ARM being particularly important for the association. Moreover, the phosphatase
activity of Ssu72 is necessary /n vitroto decrease the CTD Ser5 phosphorylation to grant P-
TEFDb access to the CTD, a requirement possibly more nuanced and less pronounced in vivo.
Altogether, this study shows that in the newly formed SEC, Tat in concert with the catalytic
activity of Ssu72 and CDK9 promotes transition from Ser5 to Ser2 RNAPII CTD
hyperhosphorylation and activates transcription elongation in a TAR- and CTD phosphatase-
dependent manner (Fig. 2) [123].

In summary, in the last few years our knowledge of how the SEC assists Tat-dependent
transcription has improved. The SEC has been found central and crucial in TMT, notably
with the scaffolding protein AFF1/4 playing an early role in P-TEFb release from the 7SK
snRNP inhibitory complex, increasing Tat/CycT1 affinity, by inducing an advantageous
conformation to the newly formed Tat/P-TEFb/AFF1 complex. This mechanism supported
by AFF1/4 seems in line with the unifying model presented earlier, with several modifying
enzymes playing important roles to weaken/strengthen the interaction with P-TEFb, leading
to recruitment by Tat (Fig. 2). The Tat/P-TEFb/AFF1 can then form a ternary complex with
TAR, a process again facilitated by the SEC scaffolding proteins. AFF1 and AFF4 appear to
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have a redundant role, but AFF1 seems to be favored during TMT. Additional studies are
needed to understand their relative roles in the formation of a competent elongation
complex. Moreover, while AFF1 seems to be necessary for latency-reversal in a Tat-
dependent fashion, AFF4 represents a likely general, alternate and complementary Tat-
independent mechanism to reactivate HIV-1 from latency by the intermediate of cellular
pathways. The discovery that AFF1/ELL2-SEC is found only as a minor complex in latently
infected T cells, and that is the specific SEC complex required to initiate latency reversal,
defines a potential target for the design of specific LRAs for the “Kick and Kill” strategy,
reducing off target effects on AFF4-SEC regulated cellular pathways. An alternative would
be to target specifically the subset Tat/P-TEFb/AFF1 with inhibitors to permanently suppress
viral transcription and reactivation. This concept was demonstrated in our laboratory using
the Tat inhibitor, didehydro-Cortistatin A (dCA) [124, 125]. Over time dCA drives HIV-1
gene expression into a state of persistent latency, or deep-latency, refractory to viral
reactivation by the usual panel of LRAs in primary CD4+ T cells isolated from infected
individuals [124]. Discontinuation of dCA treatment does not result in immediate viral
rebound, as seen by measuring p24 capsid production and viral mMRNA expression, and a
lack of recruitment of RNAPII to the promoter. We postulated that the lack of occasional
low-grade transcription caused by dCA may induce epigenetic changes that lock the HIV
promoter in a sustainable latent state. Based on dCA’s mode of action, we have postulated a
strategy of HIV-1 cure termed “Block-and-Lock”, where a specific HIV-1 transcriptional
inhibitor would promote a durable state of latency, less susceptible to spontaneous
reactivation during ART and when ART is discontinued [126-128].

4. HOST FACTORS INFLUENCING HIV-1 LATENCY

4.1 Generalities on HIV-1 latency

Multiple molecular mechanisms are responsible for the progressive silencing of HIV
transcription in resting memory CD4+ T cells, and for maintenance of a latent state. These
include transcriptional interference events, low levels or absence of important viral or
cellular regulators of HIV transcription such as Tat, CycT1, NF-xB and NFAT, as well as the
presence of repressors such as CBF-1 and YY1 (reviewed in [3]). As mentioned above, other
complexes have a role in the induction/maintenance of latency such as the low level of the
Tat-specific AFF1/ELL2-SEC, the competition of Tat/Brd4 for P-TEFb, and the HMGAL/
BCL11B repressive role in microglial cells. The epigenetic regulation at nucleosomes
surrounding the HIV promoter is also determinant for latency/active transcription balance.
For instance, repressive marks including deacetylation and methylation of histone N-
terminal tails are deposited by enzymes such as histone deacetylase 1 (HDAC1) and
Suv39H1 [3]. Importantly, Tat acts as the master switch in the transition between HIV-1
latency and transcriptional activity [129]. Tat can recruit SWI/SNF a chromatin-remodeling
factor, as well as histone acetyl transferases, such as p300/CBP to activate transcription from
the integrated provirus [3, 130, 131]. It is therefore not surprising that host factors interact
directly or indirectly with Tat to activate/suppress TMT and regulate viral transcription. The
section below summarizes recent host factors and mechanisms influencing Tat
transcriptional regulation.
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4.2 7SK snRNA pseudouridylation

HIV latency seems to be linked to the pseudouridylation state of 7SK snRNA [132]. Most
cellular 7SK snRNP is found pseudouridylated exclusively at uridine U250 by the cellular
dyskerin pseudouridine synthase 1 (DKC1) [132]. Suppression of the catalytic subunit of
DKC1, or mutations around U250, trigger 7SK snRNP disruption and P-TEFb release. This
results in an increase of other P-TEFb-containing complexes, such as the SEC- and Brd4-P-
TEFb consequently promoting cellular and HIV transcription. Interestingly, the DKC1
knock-down seems to preferentially increase the AFF1/ELL2-SEC formation favoring Tat-
dependent transcription. Tat can then recruit P-TEFb-containing SEC to the 5'LTR,
promoting transcription elongation and escape from latency. 7SK snRNA pseudouridylation
seems to be an important intrinsic mechanism of maintenance of HIV latency by promoting
a large inhibitory pool of P-TEFb/7SK snRNP.

4.3. The long non-coding RNA (IncRNA) NRON

Several studies have demonstrated the role of microRNA (miRNA) and IncRNA in
regulating HIV replication and latency mostly by targeting cellular or viral factors [133,
134]. For example, a cluster of miRNAs targeting the 3’end of the viral mMRNA have been
found to potently promote latency in resting CD4+ T cells, by limiting general viral protein
expression [135]. A recent study discovered the IncRNA NRON, enriched in resting CD4+ T
cells, decreases viral transcription and induces latency by limiting the amounts of Tat [136].
NRON mediates specific Tat proteasomal degradation by linking Tat to the ubiquitin/
proteasome subunits CUL4B and PSMD11. Moreover, it was shown in a primary CD4+ T
cell model of HIV latency that NRON knocking-down alone could reactivate transcription
from baseline by 12-fold, and in combination with the HDAC inhibitor SAHA, by 26-fold
[136]. However, in resting CD4+ T lymphocytes isolated from three infected individuals,
NRON knock-down alone was not sufficient but helped SAHA reactivation by 2 to 3-fold.
Thus, by decreasing Tat abundance, this non-protein factor NRON, can help support latency
in infected primary resting CD4+ T lymphocytes.

4.4. The facilitates chromatin transcription (FACT) complex

FACT complex, a heterodimer between SUPT16H and SSRP1, is a known histone
chaperone that assembles/disassembles the nucleosomes on cellular promoters by interacting
specifically with H2A/H2B dimer to promote transcription elongation by RNAPII [137].
However, Huang et al., using RNAI functional genomic screens, demonstrated that
individual proteins from the FACT complex act as transcriptional repressors of HIV [138].
In this study, Tat was shown to recruit the FACT complex to the HIV-1 LTR promoter by
interacting with SUPT16H [138]. By binding to Tat, SUPT16H decreases the Tat/CycT1
interaction interfering with transcriptional elongation in latent cell line models. Both
SUPT16H and SSRP1 seem to have a role in maintaining latency since the depletion of
either protein reverses latency in CD4+ T cell lines. However, the exact mechanism of
inhibition by FACT is not known and could be different from a simple block between Tat
and CycT1. Indeed, depletion of FACT in the U1 latent cell line, which contains a Tat-
defective H13L mutant impairing P-TEFb binding, also lead to the activation of both
transcription initiation and elongation, suggesting another unknown mechanism [138, 139].
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Lastly, FACT seems to have a general role on retrovirus silencing since HTLV-1 Tax-
dependent transcription was also affected [138]. Further studies will be required to
understand the exact role of the subunits of FACT in TMT and HIV-1 latency in general.

4.5. The protein hypermethylated in cancer 1 (HIC1)

A recent study indicates that HIC1 represses Tat-dependent transcription in microglial cells
[140]. The transcriptional repressor activity of HIC1 in tumor cell is regulated by post-
translational modifications of its amino acid Lys314. This residue can be acetylated by p300/
CBP, deacetylated by SIRT1, a class |1l NAD-dependent deacetylase, or SUMOylated by a
pathway involving HDAC4 [141]. While SUMOylation is not necessary, deacetylation of
Lys314 after SIRT1 recruitment by HIC1 is required for the transcriptional repressor to bind
Tat and inhibit HIV-1 Tat-dependent transcription. HIC1 also co-immunoprecipitates with
the chromatin regulator HMGAL, a protein known to bind TAR and to compete with
Tat/TAR formation /n vitro [142]. The authors suggested a coordinated role of HMGA1
recruiting HIC1/SIRT1 to the TAR vicinity, to suppress Tat-dependent transcription, a
possible mechanism regulating latency maintenance [140].

4.6. The nuclear ubiquitous casein and cyclin-dependent kinase substrate 1 (NUCKS1)

Low levels of NUCKS1 in latently infected cell line models such as ACH2 and J1.1 as
compared to the parental cell lines, may explain HIV entry into latency [143]. NUCKS1
binds directly to Tat and seems important for the recruitment of Tat to TAR, since its
depletion decreases Tat interaction with TAR. NUCKS1 appears as an important co-factor of
Tat to promote transcriptional elongation in an NF-xB-independent manner. Altogether, the
low abundance of the Tat-cofactor NUCKSL1 in latently infected cells might be one more
mechanism promoting HIV transcriptional dormancy.

4.7. The mTOR complex

Finally, Verdin and colleagues, using a pooled shRNA screen on a J-Lat based latent cell line
model, identified host proteins regulating latency. The Ser-Thr kinase mTOR complexes 1
and 2 were reported as a possible pathway for latency reversal [126]. Other well-known
complexes implicated in the latency process were identified such as P-TEFb and the
silencing complex PRC2 (EED, EZH2 and YY1 subunits), validating the ShRNA screen
approach [23]. The authors used CRISPR interference to mTOR subunits, and specific small
molecule inhibitors, to demonstrate the role of mMTOR complexes in latency reversal [126].
Decrease in mTOR expression or reduced kinase activity impaired LRA-mediated or
antigenic HIV-1 transcriptional activation, in latent cell line models and in primary CD4+ T
lymphocytes isolated from ART-treated infected individuals. Tat-independent and Tat-
dependent pathways were both moderately inhibited by mTOR inhibitors, with a 2-fold
decrease of basal transcription and 2 to 3-fold dose-dependent inhibition of Tat-mediated
LTR transactivation. This study suggests that inhibition of the mTOR signaling mediates a
general downregulation of CDK9 phosphorylation subsequently impacting TMT and latency
reversal [126].
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CONCLUSION

The viral protein Tat, acting in concert with P-TEFb, plays a central role in the HIV
replication cycle to promote strong transcriptional stimulation. In the last few years a great
deal was uncovered regarding RNAPII promoter-proximal release in a Tat-dependent
manner. The roles of major P-TEFb-containing complexes in TMT were clarified.
Significant insight was gained on P-TEFb recruitment to the HIV promoter and release from
the inhibitory 7SK snRNP complex, on Tat/Brd4 competition for P-TEFD to escape latency
in primary CD4+ T lymphocytes, and finally on the crucial and specific role of AFF1/ELL2
SEC to initiate Tat-dependent transcription elongation. These key steps are all regulated by
PTMs affecting several proteins involved in TMT. Additional studies are still needed to
completely understand the Tat-dependent transcriptional regulation, e.g., uncovering all
PTMs involved in regulating Tat/P-TEFb complex formation and the exact sequence of
events. Much could be understood from higher-resolution structures of Tat/P-TEFb/SEC
with TAR, as well as from additional structures of P-TEFb-containing complexes implicated
in TMT. Future studies should focus on determining /n vivo relevant events leading to the
establishment of HIV latency reservoirs, and to unify found discrepancies, notably the order
of events leading to P-TEFb recruitment to the HIV promoter. Fully understanding the
mechanisms of TMT and latency establishment, will be incredibly helpful in designing
specific strategies for HIV latency eradication, either through “Kick and Kill” or “Block and
Lock” type of approaches.
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Fig. 1. Schematic representation of HIV-1 Tat domains
The minimum activation domain, the nuclear localization signal (NLS) as well as the basic

region responsible for the interaction with TAR are represented. The numbering corresponds
to the amino acids. ZnF, Zinc-finger.
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Fig. 2. Regulation of Tat-dependent HIV-1 transcription. 1) ZASC1 recruitsthe 7SK snRNP to
the 5’LTR in a TAR-independent manner

Tat binds to P-TEFb within the 7SK snRNP. ZASC1 binds to Tat and recruits the 7SK
snRNP to the 5’LTR by binding two overlapping antiparallel binding sites immediately
downstream of the TATA-box with a possible cooperative role of Spl. 2) Eventsfacilitating
P-TEFb release from the 7SK snRNP. Tat competes HEXIML1 to bind P-TEFb and release
it from the inhibitory 7SK snRNP complex, assisted by the scaffolding protein AFF1, which
mediates an increase in Tat/CycT1 affinity for P-TEFb and by several coordinated PTMs of
Tat, P-TEFb and HEXIM1. p300/CBP acetylates several residues within CycT1, a necessary
step for P-TEFb release. A still uncharacterized kinase phosphorylates Tyr271 and Tyr274
on HEXIM1 facilitating 7SK snRNP dissociation. Phosphorylation of CDK9 Ser175 is also
detrimental to the HEXIM1/P-TEFb interaction. Moreover, Tat recruits the phosphatase
PPM1G to 7SK snRNP, which dephosphorylates CDK9 Thr186 leading to HEXIM1/P-TEFb
dissociation and P-TEFb/Tat exit from the 7SK snRNP complex. 3) Tat/Brd4 competition
for P-TEFb release from 7SK snRNP. Phosphorylated CDK9 at Ser175 favors Tat
competition with Brd4 for P-TEFb binding, by increasing or decreasing their CDK9 affinity
respectively and hence favors the formation of AFF1/Tat/P-TEFb over AFF1/Brd4/P-TEFb.
Acetylation of Tat Lys28 is also important for TMT. Tat may be acetylated by PCAF within
the 7SK snRNP complex or after Tat/P-TEFb release, a critical step in Tat-mediated P-TEFb
recruitment to the TAR. The required CDK9 phosphorylation by CDK7/CycH at Thr186 is
potentiated by Tat in complex with P-TEFb and the SEC subunit AFF1.
Autophosphorylation of several Ser/Thr in the CDK9 C-terminus is required for Tat/P-TEFb
association to TAR 4) SEC/Tat/TAR/P-TEFb association and role of Ssu72 in RNAPI |-
mediated transcription elongation. Following phosphorylation, HEXIM1 dissociates from
7SK snRNP and both release the 5'LTR. Active P-TEFDb, is recruited by Tat to TAR, in
complex with the complete AFF1/ELL2/AF9 SEC near the stalled RNAPII. Ssu72 is
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recruited by Tat and dephosphorylates RNAPII CTD Serb. 5) CDK9 phosphorylates
RNAPII and the negative elongation factors. CDK9 mediates Ser2 phosphorylation of the
heptapeptide of the RNAPII CTD to activate transcription elongation. The negative factor
DSIF is also phosphorylated by CDK9 becoming a positive elongation factor. PAF1c and
Tat-SF1 are recruited to phosphorylated DSIF to facilitate productive elongation. NELF
phosphorylation leads to its release and an increase of RNAPII clearance from the 5'LTR
promoter. The SEC subunit ELL2 synergizes with Tat/P-TEFb to promote transcription
elongation by preventing RNAPII backtracking. 6) RNAPII-mediated transcription
elongation. The SEC/Tat/P-TEFb complex might stay associated to the elongating RNAPII.
SL = stem-loop; P = phosphor; Ac = acetyl; T =Thr; Y = Tyr; S = Ser. Green arrow =
acetylation; Red arrow = phosphorylation; Orange arrow = dephosphorylation; Blue arrow =
ELL2 action on RNAPII.
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