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Abstract
Human immunodeficiency virus type 1 (HIV-1) encodes a transactivator of transcription (Tat) protein, which has several 
functions that promote viral replication, pathogenesis, and disease. Amino acid variation within Tat has been observed to 
alter the functional properties of Tat and, depending on the HIV-1 subtype, may produce Tat phenotypes differing from 
viruses’ representative of each subtype and commonly used in in vivo and in vitro experimentation. The molecular properties 
of Tat allow for distinctive functional activities to be determined such as the subcellular localization and other intracellular 
and extracellular functional aspects of this important viral protein influenced by variation within the Tat sequence. Once 
Tat has been transported into the nucleus and becomes engaged in transactivation of the long terminal repeat (LTR), vari-
ous Tat variants may differ in their capacity to activate viral transcription. Post-translational modification patterns based on 
these amino acid variations may alter interactions between Tat and host factors, which may positively or negatively affect 
this process. In addition, the ability of HIV-1 to utilize or not utilize the transactivation response (TAR) element within the 
LTR, based on genetic variation and cellular phenotype, adds a layer of complexity to the processes that govern Tat-mediated 
proviral DNA-driven transcription and replication. In contrast, cytoplasmic or extracellular localization of Tat may cause 
pathogenic effects in the form of altered cell activation, apoptosis, or neurotoxicity. Tat variants have been shown to differ-
entially induce these processes, which may have implications for long-term HIV-1-infected patient care in the antiretroviral 
therapy era. Future studies concerning genetic variation of Tat with respect to function should focus on variants derived from 
HIV-1-infected individuals to efficiently guide Tat-targeted therapies and elucidate mechanisms of pathogenesis within the 
global patient population.
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Introduction: overview of sequence 
variation across two exons of Tat

Human immunodeficiency virus type 1 (HIV-1) encodes the 
transactivator of transcription (Tat), which is a small basic 
protein of about 14–16 kilodaltons (kDa), that enhances the 
elongation of the HIV-1 progeny viral mRNA during the 
viral LTR-directed transcription process [1, 2]. This occurs 
through the recruitment of cellular positive transcription 
elongation factor (P-TEFb) to the transactivation response 
(TAR) element, an RNA secondary stem-loop structure 
encoded by the HIV-1 long terminal repeat (LTR), which 
consists of identical non-coding regions that flank the 5′ and 
3′ ends of the proviral genome [3]. P-TEFb is comprised 
of two major subunits, cyclin-dependent kinase 9 (CDK9) 
and cyclin-T1 (CYCT1) [4]. The recruitment of P-TEFb 
to the LTR by Tat results in the hyperphosphorylation of 
RNA polymerase II (RNAPII), which increases the rate of 

Edited by: Roberto F. Speck.

 * Michael R. Nonnemacher 
 mrn25@drexel.edu

1 Department of Microbiology and Immunology, Drexel 
University College of Medicine, 245 N 15th St, Philadelphia, 
PA 19102, USA

2 Center for Molecular Virology and Translational 
Neuroscience, Institute for Molecular Medicine 
and Infectious Disease, Drexel University College 
of Medicine, Philadelphia, PA, USA

3 Sidney Kimmel Cancer Center, Thomas Jefferson University, 
Philadelphia, PA, USA

http://orcid.org/0000-0003-4299-3779
http://crossmark.crossref.org/dialog/?doi=10.1007/s00430-019-00583-z&domain=pdf


132 Medical Microbiology and Immunology (2019) 208:131–169

1 3

transcriptional elongation and allows for the accumulation 
of a much higher level of full-length viral transcripts [5]. 
Tat is encoded by two exons that are separated by approxi-
mately 2,300 nucleotides and requires alternative splicing to 
become a full-length message and, hence, protein [6]. HIV-1 
Tat was initially thought to span 86 amino acid residues, but 
it was later determined that the full-length protein consists 
of 101 residues [5]. The functionality of each domain within 
Tat often overlaps and there are relatively few conserved 
residues across the entire protein [2], allowing for extensive 
variation within the Tat protein to occur, ultimately causing 
a myriad of activating or inhibitory effects on viral and cel-
lular gene expression.

Most of the functional domains of Tat reside in the first 
exon and include: the proline-rich, cysteine-rich, core, 
arginine-rich, and glutamine-rich domains [2]. The proline-
rich domain, also known as the acidic N-terminal region, 
contains the first 21 amino acids, and is responsible for 
mediating LTR transactivation through interactions with 
CYCT1, in conjunction with the cysteine-rich and core 
domains. While much of the proline-rich domain is some-
what variable, residue 11 is a well-conserved tryptophan and 
is required for efficient secretion of Tat [7]. The cysteine-
rich domain spans residues 22 to 37 and is named for the 
abundance of highly conserved cysteine residues, which are 
located at positions 22, 25, 27, 30, 31, 34, and 37. These 
closely associated cysteines are responsible for the formation 
of intramolecular disulfide bonds [8, 9]. Notably, residue 
31 may encode a cysteine-to-serine mutation that is preva-
lent in HIV-1 subtype C and is the subject of much debate 
because of its potential role in the reduction in neurocogni-
tive impairment in patients infected with subtype C virus 
[10]. The core domain contains residues 38–48 and, in con-
junction with the proline-rich and cysteine-rich domains, is 
responsible for interactions with CYCT1 [11]. In coordina-
tion with the cysteine-rich domain, the core domain has also 
been demonstrated to mediate cofactor binding, specifically 
with CREB-binding protein (CBP)/p300, histone acetyl-
transferase (HAT), and the Sp1 transcription factor [12, 
13]. The arginine-rich domain, also referred to as the basic 
domain, begins at residue 49 and ends at residue 57. It con-
tains a well-conserved sequence, 49RKKRRQRRR 57, that is 
crucial for the interaction with TAR as well as the secretion 
and uptake of Tat [7, 14]. The glutamine-rich domain con-
tains the remainder of the first exon, from residues 59–72. In 
conjunction with the arginine-rich domain, it is referred to as 
the basic region and is responsible for nuclear localization 
and mediates binding to CCATT enhancer-binding protein 
(C/EBP) [14–16]. The second exon of Tat is less conserved 
compared to the first exon and is classically characterized 
as its own distinct domain [17], but has been demonstrated 
to be crucial for efficient replication of macrophage-tropic 
strains of HIV-1 and contributes to mechanisms of viral 

persistence [18–20]. However, the overall genetic diver-
sity of exon II has been observed to vary in patient-derived 
sequences depending on the tropism of the virus; Tat from 
T-cell-tropic virus tended to exhibit less diversity than mac-
rophage-tropic virus [21]. The second exon also contains a 
73RGD75 motif which, in conjunction with the basic domain 
sequence, allows for interactions with molecules on the cell 
surface, such as integrins [7, 22], and can trigger intracel-
lular signaling cascades [23]. In addition, there is a frequent 
mutation within the second exon at residue 87 that causes 
a premature stop codon, encoding for the truncated  Tat86 
variant that is frequently utilized in laboratory investigations 
[17], despite the observation that  Tat101 has been shown to 
be much more prevalent in HIV-1-infected patients [24].

Within infected patients, HIV-1 is subject to selective 
pressures, such as from the immune system, antiretroviral 
therapy (ART), or the HIV-1-encoded error-prone reverse 
transcriptase [25, 26]. These pressures cause accumulation 
or depletion of specific mutations across the viral genome, 
leading to the development of large numbers of genetic 
variants or quasispecies within the patient [27]. Tat, being 
encoded by the virus, is also susceptible to mutations, and 
the genetic variation within and between patients that can 
be observed in all the HIV-1 subtypes globally [28, 29]. 
Recently, cohorts of HIV-1 subtype B, such as the Bridging 
the Evolution and Epidemiology of HIV in Europe (BEE-
HIVE) and the Drexel Medicine CNS AIDS Research and 
Eradication Study (CARES) as well as cohorts of other 
HIV-1 subtypes, have been used to initiate cross-sectional 
and/or longitudinal studies to examine sequence variation 
within Tat [17, 27, 30]. Using the CARES Cohort, it was 
determined that, in well-suppressed patients on ART, the 
first exon of Tat had a mutational rate of 0.636 nucleo-
tides/kilobase/year [27]. In the BEEHIVE Cohort, it has 
been demonstrated that  Tat101 was the most prevalent in 
their patients, but that no specific mutations appeared to be 
selected for or against over time [17].

The predominant and canonical function of Tat is to 
transactivate the HIV-1 LTR, which is mediated by the 
proline-rich, cysteine-rich, and core domains [31]. Single-
residue Tat genetic variants derived from HIV-1-infected 
individuals, such as P21A in subtype C virus, can affect 
LTR transactivation [32]. The cysteine residue at position 
31 is another notable example of a specific residue variant 
that is often mutated to a serine in HIV-1-infected subtype 
C patients [10]. This positional variation inhibits various 
functions of Tat, such as a reduction in the rate of HIV-1 
infection of CD4 + T cells, reduced neurotoxicity, and dys-
functional monocyte chemotactic activity [10, 33, 34], and 
is the subject of debate regarding its involvement in the 
reduction of neurocognitive impairment in patients infected 
with HIV-1 subtype C [35]. Likewise, variation within the 
HIV-1 LTR can influence LTR transactivation, and as such, 



133Medical Microbiology and Immunology (2019) 208:131–169 

1 3

impact interactions with factors that mediate transactivation 
and pathogenesis, including Tat and viral protein R (Vpr) 
[36–38]. HIV-associated neurocognitive disorders (HAND) 
has been in the past referred to neurocognitive impairment 
caused by HIV-1 infection, and while the complete mecha-
nism of the pathogenesis associated with the etiology of 
HAND has yet to be elucidated, Tat has been determined to 
be a crucial contributor to this pathogenic process [39–41]. 
Genetic variation within Tat has been implicated as a factor 
for differential neuropathogenesis observed between patients 
[2, 42]. Tat can also alter the expression of tight junctions, 
mimic chemokines, upregulate proinflammatory cytokines, 
induce oxidative stress [43–46], and modulate immune 
responses by upregulating IL-10, which has been argued to 
be crucial for viral persistence [47]. A single-residue change 
can affect the function of Tat, and this review will exam-
ine the alterations observed in the experimental and patient 
models of HIV-1 infection that are caused by Tat genetic 
variation within the context of HIV-1 subtype.

Subcellular localization

Nucleus versus nucleolus

HIV-1 Tat is expressed within infected cells soon after inte-
gration of the provirus into the host genome, and its pro-
duction has been shown to initiate highly processive viral 
transcription [48–50]. Tat is encoded by two exons that are 
transcribed, spliced, and translated by host enzymes [51], 
following the dogmatic process of eukaryotic protein pro-
duction. Because it is transcribed and translated by host 
cellular machinery, Tat must be able to effectively traffic 
between subcellular compartments during the course of 
the viral life cycle. HIV-1 Tat contains a unique and atypi-
cal nuclear localization signal (NLS) sequence, 49RKKR-
RQRRR 57, within its arginine-rich domain [52], which is 
a crucial characteristic, as transcription of the integrated 
provirus must occur in the nucleus of the infected cell. This 
arginine-rich domain NLS, when isolated from the rest 
of Tat protein and produced as a fusion peptide, is capa-
ble of trafficking even large proteins into the nucleus [53]. 
The arginine-rich motif peptide can be turned into an even 
stronger NLS upon mutagenesis of the tri-arginine stretch 
within the domain peptide to encode 55GGG 57, but this effect 
is unconfirmed in full-length Tat [54]. The Tat arginine-rich 
domain peptide containing the NLS has been shown to be 
capable of directly interacting with importin-A and impor-
tin-B nuclear import proteins [54, 55], but these interactions 
have also not been confirmed for full-length Tat.

Wild-type Tat has been shown to localize densely in the 
nucleolus and is, otherwise, diffused throughout the nucleus 
[56]. Both  Tat86 and  Tat101 length variants reside mainly 

within the nucleus, with  Tat101 strictly in the nucleus and 
densely in the nucleolus, and  Tat86 somewhat dispersed 
throughout the cytoplasm [57], though further study of each 
Tat length variant’s distinct localization pattern is needed. 
Given that the arginine-rich domain of Tat acts as an NLS, 
variation within this amino acid stretch could impact the effi-
ciency of Tat nuclear translocation. Nucleolar localization 
of Tat is dependent on the conservation of the arginine-rich 
domain [57, 58]. Deletion of this entire domain from Tat 
results in its exclusive accumulation in the cytoplasm and 
is also correlated with inhibited HIV-1 LTR transactivation 
[59], which may be a consequence of Tat’s exclusion from 
the nucleus.

Specific amino acid variation within the arginine-rich 
domain can help to dictate the trafficking of Tat protein. 
Variation of Tat residues 50 and 51 has been shown to nega-
tively affect the nuclear import of Tat [56, 60]. Lys50 and 
Lys51 are acetyl-accepting sites [61], so amino acid changes 
that prevent acetylation at these residues may affect the abil-
ity of Tat to traffic into the nucleus. Substitution of Lys50 
or Lys51 with glutamine, chosen to neutralize the charge of 
lysine, resulted in the diffuse distribution of Tat through-
out the cytoplasm and nucleus, as opposed to wild-type Tat, 
which mostly resided in the nucleus and nucleolus [56, 60]. 
The K50Q Tat variant also showed a 4-day replication delay 
[56], possibly because of the diffuse subcellular distribu-
tion of Tat. The presence of a delay has indicated that the 
Tat variant was at least partly functional, but, perhaps, was 
not concentrated densely enough in the nucleus to promote 
transactivation and more intense replication. In contrast to 
K50Q, K50R assisted in the exclusive localization of Tat to 
the nucleus, as the positive charge of the additional arginine 
contributed to the localization potential of the NLS [56, 60].

Variation outside of the arginine-rich domain can also 
dictate Tat subcellular localization. Mutation of Lys28 or 
Lys41 to generate K28Q, K28R, or K41A Tat variants dis-
rupted the wild-type localization phenotype. Diffuse distri-
bution within the cytoplasm in addition to the nucleus was 
observed in cells transfected with the K28Q Tat variant [56]. 
This variant, however, as well as the K28R variant and the 
K41A variant, exhibited a perinucleolar distribution within 
the nucleus [56], indicating that the conservation of Lys28 
and Lys41 is required for Tat accumulation in the nucleo-
lus. These three variants also showed significantly reduced 
potential for LTR transactivation, and the Lys28 mutants 
also displayed delayed replication kinetics as expected [56]. 
The exact mechanism that dictates the alteration of sub-
cellular localization of the Lys28 and Lys41 variants has 
remained unclear and will require more investigation, but 
may be related to the ability of Lys28 to act as an acetyl-
acceptor [62]. Interestingly, K41R and K41Q variants have 
shown opposing activity in Tat-transfected HEK 293 cells, 
where K41R decreased nuclear localization and K41Q 
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promoted nuclear localization [60]. The difference between 
these Lys41 variants may be due to the change in the charge 
of the substituted amino acid, where the positive charge is 
neutralized when replaced by glutamine. In addition, exon II 
variation has also been shown to affect nuclear trafficking of 
Tat, specifically within the tri-lysine motif that spans posi-
tions 88–90. These effects were position-specific, as K89R 
increased  Tat101 nuclear localization, yet K88R and K90R 
decreased its nuclear entry [60]. The variants that affect Tat 
localization and trafficking are summarized in Fig. 1.

Interactions between Tat and host factors may also con-
tribute to its trafficking between subcellular compartments. 
Nucleophosmin is a ubiquitous nucleolar phosphoprotein 
that has been shown to be able to shuttle proteins between 
the nucleolus, nucleus, and cytoplasm [63]. HIV-1  Tat72 
has been observed to directly interact with nucleophosmin 
via the involvement of a Tat nucleolar localization signal 

(NoLS), which was demonstrated in cell-free experiments 
using a Tat peptide derived from the arginine-rich domain 
[64], providing a potential mechanism for the shuttling of 
Tat in and out of the nucleus/nucleolus. Mutation of the argi-
nine residues in the putative NoLS to glycine, which gener-
ated a sequence change from 52RRQRRR 57 to 52GGQGGG 57, 
resulted in the loss of association of Tat and nucleophosmin 
[64], although it is unclear which of the five substitutions 
conferred the greatest cost to the loss of this interaction. 
Tat and nucleophosmin were frequently spatially associ-
ated with the nucleolus of Jurkat T cells transfected with 
Tat constructs, as well as in the nucleus and cytoplasm [65]. 
This strong association throughout the cell may be essential 
for Tat to localize to the nucleolus [64, 65], as mutations in 
nucleophosmin that prevented its trafficking to the nucleus 
and nucleolus also resulted in the retention of Tat in the 
cytoplasm [64]. Further study of this interaction revealed 

Fig. 1  Changes in the subcellular localization of HIV-1 Tat based 
on variation: variation within the Tat amino acid sequence dictates 
changes in the subcellular localization of HIV-1 Tat. Tat may be tran-
scribed from integrated HIV-1 proviral DNA, processed, and trans-
lated by host machinery, or enter a cell from the extracellular matrix 
by way of interactions with surface heparan sulfate proteoglycans 
(HSPGs) and uptake via endocytic pathways. Translocation of Tat 
from endosomes has been shown to be mediated by the exposure 
of tryptophan residue 11 (Trp11) upon late endosome acidification. 

Cytosolic Tat may associate with nucleophosmin for nuclear import 
through the nuclear pore complex (NPC), or enter and exit, otherwise, 
by mechanisms that are not clearly defined. Tat egress from the cyto-
plasm is thought to be mediated by interactions with phosphatidylin-
ositol-4,5-bisphosphate (PtdIns(4,5)P2) and by the insertion of Trp11 
into the plasma membrane. Amino acid variation within Tat that pro-
motes (green arrows) or inhibits (red bars) certain localization pat-
terns is shown
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that acetylation of nucleophosmin was essential for Tat’s 
localization into the nucleus [66]. The absence of nucle-
ophosmin acetylation completely prevented Tat trafficking 
into the nucleus, as well as Tat-mediated transactivation of 
the HIV-1 LTR [66], which may, again, be a consequence of 
defective nuclear trafficking.

Another host factor, protein arginine methyltransferase 
6 (PRMT6), has been shown to potentially be important in 
Tat localization. PRMT6 has been shown to interact with 
and methylate HIV-1 Tat at residues 52 and 53 [67, 68]. The 
methylation of Arg52 and Arg53 resulted in proportional 
decreases in Tat activity, based on the amount of PRMT6 
present in the cell [68]. Overexpression of PRMT6 also 
correlated with the exclusion of  Tat101 from the nucleolus, 
but did not disrupt Tat trafficking to the nucleus [57]. The 
replacement of Arg52 and Arg53 with lysines recovered 
nucleolar localization in the presence of PRMT6 [57], as 
the R52,53K variants were not methylated at those mutated 
residues due to the restriction of PRMT6 activity to arginine 
residues [69]. Interestingly, the analysis of nucleophosmin-
Tat nucleolar co-trafficking in relation to PRMT6 showed 
that nucleophosmin still localized to the nucleolus without 
Tat upon PRMT6 overexpression [57]. Mutation of PRMT6, 
however, showed Tat colocalization with nucleophosmin in 
the nucleolus [57], which is intriguing, as it suggests that 
the co-trafficking of Tat and nucleophosmin is dependent 
on the conservation of Tat residues Arg52 and Arg53, and 
may act as interacting residues that are disrupted by PRMT6 
methylation (Fig. 1). Further elucidation of the interactions 
between nucleophosmin, Tat, and PRMT6 will assist in the 
understanding of Tat nucleolar import, as will host factor 
interactions that prevent it.

Phosphorylation of Tat serine and threonine residues has 
also been reported to effect nuclear localization of  Tat86. 
Cellular double-stranded RNA-dependent protein kinase 
(PKR) has been shown to phosphorylate  Tat86 at several resi-
dues, including Thr23, Thr40, Ser46, Ser62, and Ser68 [70]. 
HeLa cells incubated with either normal or fully phosphoryl-
ated  Tat86 recombinant protein show differential localization, 
where the result was the trapping of fully phosphorylated 
 Tat86 within the cytoplasm [70]. The substitution of serine 
or threonine with alanine at these positions did not affect 
the localization of  Tat86 to the nucleus, while substitution 
with aspartate maintained localization to the cytoplasm [70]. 
Though aspartate substitution does not permit phosphoryla-
tion, it is possible that the replacement of Thr23, Thr40, 
Ser46, Ser62, and Ser68 with a negatively charged amino 
acid may have altered the charge of Tat overall, altering its 
nuclear localization dynamics. Consequentially, LTR trans-
activation in HeLa cells co-transfected with FLAG-Tat86 
aspartate mutants and LTR luciferase reporter plasmids 
showed decreased LTR transactivation [70], possibly due to 
the inability of aspartate-mutated  Tat86 proteins to traffic into 

the nucleus to promote LTR activity. Alanine-substituted 
mutants were not significantly impaired in LTR transactiva-
tion capacity, with the exception of the T23A mutant, pos-
sibly because the nuclear localization of these mutants was 
not impaired [70].

The dense localization of Tat to the nucleolus begs the 
question of Tat’s function or involvement with cell processes 
once there. The nucleolus is the subcellular site of ribosomal 
RNA (rRNA) synthesis and processing, as well as rRNA 
assembly with ribosomal subunits [71]. Examination of Tat’s 
activities in the nucleolus using Drosophila-based methods 
has shown that Tat was capable of interfering with normal 
nucleolar activities. Indeed, the presence of Tat in the nucle-
olus corresponded with a reduction in the total amount of 
80S ribosomes present in Drosophila cells [72]. This effect 
may be caused by the observed interference in the first step 
of pre-rRNA processing pathways, and could account for the 
decreased rRNA biogenesis seen upon the introduction of 
Tat to the nucleolus [72]. In Jurkat T cells, however, trans-
fection with a  Tat86 construct has been shown to modulate 
the composition of nucleolar proteins to favor functions such 
as ribosomal biogenesis, glycolytic and amino acid metabo-
lism, stress response, and T-cell signaling [73], which sug-
gested a shift toward cell activation. Because the length of 
Tat used in the Drosophila experiments is unknown, the 
effect of Tat length between the Drosophila and Jurkat T 
cells studies cannot be compared. The contrasting data 
gathered from these studies should be further investigated 
in human cells and in the context of Tat length and variation 
to understand the downstream effects of these observations 
on HIV-1-infected cells. Other viruses are known to interfere 
with or completely shut down host-cell translation [74–76], 
and this phenomenon may present a mechanism for host-cell 
translational interference upon infection by HIV-1.

Cytosol versus extracellular

HIV-1 Tat has also been observed to traffic between cells via 
endogenous cellular secretion and uptake pathways [77]. The 
interactions and mechanisms governing these processes are 
not fully understood, but variation of HIV-1 Tat at residue 
11 has provided some insight into Tat cellular uptake and 
secretion. Tryptophan at position 11 (Trp11) has been iden-
tified as a conserved residue of HIV-1 Tat that is essential 
for both trafficking mechanisms. Studies have shown that 
Tat can enter cells via clathrin-mediated endocytosis, and 
subsequently translocate into the host-cell cytoplasm upon 
endosome acidification [78]. The drop in pH results in a 
conformational change in Tat that has been attributed to the 
presence of an endogenous low pH sensor present in the 
protein [79]. This endogenous sensor involves interactions 
between Tat residue Gln2 and a tri-arginine stretch within 
the arginine-rich domain that spans residues 55 to 57 [79]. 
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The involvement of residue 2 in the low pH sensor is con-
sistent with a structural analysis of Tat, which demonstrated 
that residue 2 forms intramolecular bonds with residues 
within the arginine-rich domain [80] (Fig. 2). The low pH-
dependent conformational change of Tat that occurred upon 
endosome acidification exposed the Trp11 residue, which 
enabled its insertion into endosomal bilayers in vitro [79]. 
Substitution of Gln2 or the arginine-rich domain tri-arginine 
motif with alanine allows insertion of Trp11 at both low 
and neutral pH [79]. Prior investigation has also noted that 
Tat protein containing alanine substitutions at each arginine 
within the arginine-rich domain was unable to transactivate 
the HIV-1 LTR, because it did not enter host-cell cytoplasm 
when introduced extracellularly [81]. This suggests that 
the pH sensor dictates the ability of Tat to bind endosomal 
bilayers via Trp11 insertion and that the conservation of 
the amino acids that comprise it is essential for its function 
(Fig. 1).

The activity of the pH sensor at low pH is consistent with 
the ability of Trp11 to penetrate lipid monolayers in vitro 
[79]. At neutral pH, Trp11 did not insert into biological 
membranes, but shifting the conditions to an acidic pH ena-
bled this activity [79]. Tat variants with Trp11 substitutions, 
such as W11A, W11F, W11L, and W11Y, were observed to 
have decreased LTR transactivation capacity when added to 

the extracellular environment of Jurkat cells [79], suggest-
ing that they did not translocate into the cytosol or nucleus. 
None of these substitutions, however, affected the pack-
aging of Tat into endosomes [79], which implies that the 
conservation of Trp11 mainly functions in Tat cytoplasmic 
translocation. Therefore, the mechanism of Tat uptake via 
clathrin-mediated endocytosis may also rely on the ability of 
Trp11 to insert into the lipid bilayer of the endosome. This 
mechanism is similar to that of the Pseudomonas exotoxin 
A cellular entry, where a Trp residue that is sequestered in a 
hydrophobic pocket at neutral pH is exposed upon pH acidi-
fication and is able to insert into endosomal membranes [82].

A similar mechanism has been described for Tat secre-
tion, where the mutation of Trp11 to phenylalanine or tyros-
ine prevented Tat secretion from Jurkat cells by about 80%, 
when compared to wild type [7]. In HIV-1-infected primary 
CD4 + T cells, Tat accumulated along the inner plasma 
membrane, and this effect has been corroborated in ex vivo 
studies using CD4 + T cells transfected with wild-type Tat 
[7]. Transfection with Tat Trp11 variants, however, resulted 
in Tat localization mainly throughout the cytoplasm, with 
no clear accumulation at the inner plasma membrane [7]. 
This effect may have been caused by a 300-fold decrease in 
the avidity of Tat for the known binding partner phosphati-
dylinositol-4,5-bisphosphate (PtdIns(4,5)P2) which was also 
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required for Tat secretion in this system [7]. PtdIns(4,5)P2 
is a phospholipid that is involved in various cellular pro-
cesses, including trafficking, signaling, and endocytosis 
and exocytosis, and is primarily located in the inner leaflet 
of the plasma membrane [83, 84]. As shown in Fig. 1, the 
colocalization of Tat and PtdIns(4,5)P2 at the inner plasma 
membrane and the loss of avidity for PtdIns(4,5)P2 upon 
amino acid substitution of Trp11 have suggested that the 
interaction between these two components relies on the pH-
dependent availability of Trp11 for insertion into the plasma 
membrane.

Variation within Tat that changes or abolishes its sub-
cellular trafficking or localization may serve as a selective 
constraint for the strain of HIV-1 that contains the variation. 
Because Tat is essential for efficient LTR transactivation and 
HIV-1 transcription, the capacity for activity in Tat based 
on subcellular localization may be indicative of the fitness 
of each HIV-1 strain. Impaired trafficking of Tat because of 
amino acid variation at specific residues may impart a fitness 
deficit, as defective trafficking to the nucleus by Tat variants 
would result in a marked difference in LTR transactivation. 
In contrast, changes in subcellular localization with respect 
to Tat variation may serve as a functional switch; the deter-
mination of whether Tat will enter the nucleus or nucleolus 
versus exit the cell via secretion may depend on the amino 
acid sequence of the protein. For example, K50Q variants 
that localize to the cytoplasm cause viral replication defi-
cits [56], plausibly because they do not concentrate densely 
enough in the nucleus for LTR transactivation. This variant 
could be predominantly secreted for uptake by bystander 
cells, though this hypothesis has not yet been tested. Another 
point of consideration is that of Tat accumulation in the 
nucleolus. Although there has been some effort to investi-
gate nucleolus-specific Tat activity, it is unclear if Tat has a 
specific function within this subcellular compartment. Inter-
ference with rRNA assembly could impact global translation 
in the host cell, but additional nucleolus-specific functions 
of Tat have not been described. Certainly, it is possible that 
the observed dense accumulation of Tat in the nucleolus 
may confer some benefit to HIV-1 in the form of host-cell 
translational alterations, but, if so, that benefit has yet to be 
clearly defined.

LTR transactivation and activity

Variation within HIV-1 Tat has been well studied with 
regard to LTR transactivation, and the molecular diver-
sity seen within Tat has been demonstrated as a modulat-
ing factor of this function [2]. Analysis of Tat sequences 
isolated from the central nervous system (CNS) tissue of 
HIV-1-infected patients with HAND exhibited genetic het-
erogeneity and brain-derived Tat variants had differential 

LTR transactivation in a number of in vitro systems [85, 
86], indicating that Tat variability may be an important pre-
dictor of viral pathogenesis. These results are supported by 
the observation that subtype B, C, and E viruses possessed 
dissimilar LTR transactivation potentials in a Jurkat T-cell 
transfection model [87]. Cellular phenotype has also been 
implicated as a factor for differential LTR transactivation, 
and may be a contributing factor to the wide range of results 
observed in vitro, as well as in TAR-independent LTR trans-
activation studies [88, 89]. Despite the fact that much of the 
primary literature has focused on and used the experimental 
models to investigate the downstream effects of amino acid 
substitutions, patient data has translationally corroborated 
and guided this research. This section will focus on genetic 
determinants within Tat that have been shown to alter LTR 
transactivation in a number of model systems and patient 
studies, as well as with regard to alternative transactivation 
mechanisms. These results are summarized in Figs. 2 and 3.

TAR‑dependent activity

Effects of Tat variation on phosphorylation of Tat

Because Tat is heavily post-translationally modified by host 
factors, multiple sites of phosphorylation are plausible and 
may have differing effects on Tat function [90]. The asso-
ciation of HIV-1 Tat and CDK2 has been shown to con-
tribute to HIV-1 transcriptional elongation via enhanced 
RNAPII C-terminal domain (CTD) phosphorylation, a 
process dependent on the conservation of residue Cys22, 
certain residues within the core, basic, and glutamine-
rich domains of Tat, and the phosphorylation of Tat itself 
[91]. CDK2 phosphorylated Tat residues Ser16 and Ser46 
(Fig. 2) in cells infected with Tat-containing adenovirus, an 
effect that could be significantly inhibited by CDK-specific 
siRNA [92]. S16A and S46A Tat mutant plasmids trans-
fected into 293T cells each yielded Tat protein that had 2–3 
times less total phosphorylation than wild-type Tat, with 
an S16,46A double mutant being even less phosphorylated 
than the single mutants [92]. Along with decreased total 
phosphorylation, total LTR transactivation was reduced to 
about 75%, 50%, or 33% of wild-type levels for S16A, S46A, 
and double mutants, respectively [92]. A separate study 
confirmed that Ser16 could be phosphorylated by CDK2. 
Using in vitro phosphorylation assays, Tat fragments con-
taining potential phosphorylation sites, such as Ser16 and 
Ser46, were incubated with CDK2 and Cyclin E and the Tat 
fragment containing Ser16 was predominantly phosphoryl-
ated [93]. Likewise, when the same phosphorylation assay 
was conducted with Tat fragments and PKR, the Tat frag-
ment containing Ser46 was predominantly phosphorylated 
[93]. When either S16A or S46A  Tat101 mutants from this 
study were expressed in 293T cells with luciferase reporter 
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genes for LTR transactivation, the total luciferase expres-
sion significantly decreased when compared to wild-type 
 Tat101 [93], suggesting a crucial role for Ser16 and Ser46 
phosphorylation in the efficient LTR transactivation. The 
use of HLM-1 cells, which are CD4 + HeLa cells with one 
integrated copy of HIV-1 proviral genome per cell and a 
defective Tat sequence, allowed the observation of the S16A 
and S46A mutants’ effect on HIV-1 replication that arose 
because of decreased LTR transactivation. Transfection 

of mutant Tat vectors into the HLM-1 cell line resulted in 
replication deficits for each single mutant, and an additive 
replication deficit in the double mutant, when compared to 
wild-type Tat, as determined by p24 capsid protein readout 
[92]. This effect on replication could be due to the observed 
reduced LTR transactivation by Tat that contained S16,46A 
mutations [92], emphasizing the necessity of the conserved 
Ser16 and Ser46 residues and dependence on Cdk2 and PKR 
for optimal function of Tat protein.
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Fig. 3  TAR-independent functionality is limited by Tat variation. 
a Overview of TAR-dependent LTR transactivation. The forma-
tion of the Tat-P–TEFb–TAR complex results in hyperphosphoryla-
tion of the RNA polymerase II (RNAPII) C-terminal domain (CTD) 
by P-TEFb, significantly increasing RNAPII processivity and tran-
scriptional elongation. Transcription factor binding of enhancer sites 
upstream of the transcriptional start site (TSS) promotes transcrip-
tional initiation. b TAR-independent LTR transactivation is inhibited 
by Tat variation. TAR stem-loop point mutations or stem nucleotide 

mutations that destroy TAR secondary structure (red x’s) inhibit the 
formation of the Tat-P–TEFb–TAR complex, though the hyperphos-
phorylation status of the CTD in TAR-independent LTR transactiva-
tion is still unclear. Exon II Tat mutations are capable of inhibiting 
NF-κB association with upstream NF-κB enhancer-binding sites. 
Cysteine-rich domain variation blocks both direct interactions of Tat 
with NF-κB enhancer-binding sites and affects proviral DNA-directed 
transcription
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Analysis of 158 Tat sequences deposited in the Pub-
Med database showed that though Ser16 and Ser46 were 
conserved in nearly 100% of the sequences, there was an 
additional variation within the CDK2 consensus motif [92]. 
Because the CDK2 consensus motif dictates that the fourth 
position of the motif is either a lysine or an arginine as part 
of a S/T+ 0P+ 1X+ 2K/R+ 3 sequence [94, 95], the conservation 
of downstream amino acids may also affect LTR transacti-
vation and viral replication capacities. For example, when 
Tat residues 19 and 49 (corresponding to the fourth amino 
acid in the motifs containing S16 and S46, respectively) 
were analyzed, Arg49 was totally conserved across all the 
sequences, while the amino acid composition of residue 19 
in these sequences varied [92]. In the analyzed sequences, 
K/A19T/A/G substitutions present in 53% of HIV-1-in-
fected patients correlated with a healthy, “non-progressor” 
phenotype, even when the patients were not being treated 
with antiretroviral therapies [92]. It is unclear if, experi-
mentally, K/R19T/A/G Tat variants contribute to changes 
in the phosphorylation of Ser16, and if those changes are 
causative for differential health status. Prior research on the 
impact of viral replication capacity on HIV-1 disease sever-
ity has shown that the ability of virus quasispecies present 
at acute infection to replicate efficiently strongly associated 
with CD4 + T-cell decline [96]. Similarly, patients infected 
with virus that had less capacity for productive replication 
were projected to progress into clinically defined acquired 
immunodeficiency syndrome (AIDS) at a slower rate [96], 
suggesting that non-progressor patient phenotypes may arise 
from their infecting swarm of HIV-1 quasispecies. Because 
Tat is necessary for efficient viral replication, variation that 
affects its LTR transactivation may also dictate the rate at 
which an HIV-1-infected individual progresses to AIDS. 
Further analysis of this effect within larger patient groups 
is necessary to understand any downstream translational 
implications of this occurrence, though the variation within 
the CDK2 consensus motif in Tat and its relation to disease 
progression may represent an important mechanism that may 
affect the disease progression of HIV-1-infected individu-
als. This example not only demonstrates the significance of 
amino acid sequence variation on the disease progression of 
HIV-1-infected patients, but provides a bridge between the 
molecular mechanisms that govern the functional aspects 
derived from variation of HIV-1 Tat and the phenotypes that 
emerge as a result.

The DNA-dependent protein kinase (DNA-PK) has 
recently been shown to interact with  Tat86, with the inter-
action resulting in phosphorylation of Tat Ser16, Ser62, 
and Ser75 [97]. In this study, HeLa-derived HL3T1 cells, 
which contain one copy of stably integrated HIV-1 LTR per 
genome linked to a CAT reporter construct, were treated 
with 50–200 ng of exogenous recombinant wild-type  Tat86 
protein or S16A or S62A variants. These alanine-substituted 

 Tat86 variants had approximately a 10–20% decrease in 
CAT activity when compared to wild-type  Tat86, with the 
largest decrease observed in HL3T1 cells treated with an 
S16,62A double mutant [97]. Similarly, when  Tat86 or vari-
ants were endogenously expressed in Jurkat cells containing 
a luciferase gene under the control of HIV-1 LTR, lucif-
erase expression was somewhat reduced, indicating a modest 
decrease in the LTR transactivation by either the S16A or 
S62A variant when compared to wild-type  Tat86 [97]. The 
S16, 62A double mutant, however, was able to decrease the 
luciferase readout by about twofold [97], suggesting that the 
S16A, S62A, and S16,62A variants were impaired in the 
LTR transactivation function of  Tat86.

Tat86 and its truncated variant,  Tat72, can both interact 
with and act as a substrate for PKR, an interferon-inducible 
Ser/Thr protein kinase [98, 99]. Tat is known to compete 
with the translational regulator eIF2a as a substrate of PKR 
to promote viral mRNA translation in infected cells as pre-
viously reviewed [100]. The interaction between  Tat86 and 
PKR is predicted to occur by the formation of several elec-
trostatic, aromatic, and hydrogen bonds between amino acid 
interfaces of each protein [101]. Of these predicted bonds, 
the involvement of Tat residues Lys 19, Lys28, Lys29, Lys 
51, and Lys71 in salt bridge formation and Lys41 in aro-
matic interactions with PKR is of interest, as the alteration 
of these residues could negatively affect LTR transactivation 
and affect the stability of the Tat–PKR interaction [101]. 
PKR has been shown to phosphorylate residues Ser46, 
Ser62, Thr64, and Ser68, all of which are located in either 
Tat’s core domain or glutamate-rich domain [58, 93, 99, 
102] (Fig. 2). Ser62, Thr64, and Ser68 were also previously 
deemed necessary for optimal phosphorylation of Tat by 
PKR [103]. The substitution of each of these residues with 
alanine yielded decreased phosphorylation efficiency, with 
the least amount of total phosphorylation observed in a 
triple mutant [103]. Decreased phosphorylation of Tat by 
PKR corresponded to decreased HIV-1 LTR transactivation, 
with the triple Tat mutant conferring a fourfold decrease 
in LTR transactivation when compared to wild type [103]. 
The mutation of Ser68 had the highest associated cost with 
regard to loss of amino acid phosphorylation, as the other 
substitutions in combination with S68A generated more 
severe transactivation deficits when compared to combi-
nations of substitutions without S68A [103]. Interestingly, 
although the T64A single mutation did result in decreased 
LTR transactivation by about 40% [103], it was observed 
at a 15% frequency in HIV-1 subtype B sequences [86]. It 
is possible that this Tat variant confers a fitness cost that is 
well tolerated by HIV-1, as it still allowed for about 60% 
of total wild-type LTR transactivation. Even in the triple 
mutant, transactivation was not fully ablated by the loss of 
phosphorylated residues in Tat [103], so the other mecha-
nisms governing this activity could be involved. Although 
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these mechanisms have not been resolved, they likely do not 
rely on the conservation of glutamine-rich region residues 
Ser62, Thr64, or Ser68.

Lysine variants in Tat that cause loss of acetylation 
and effects on LTR transactivation

Lysines 28, 50, and 51 of Tat can be acetylated by Tat-
associated host histone acetyltransferases (HATs) in vitro 
and in vivo [104, 105]. Tat acetylation at these residues has 
been shown to both positively and negatively direct interac-
tions with host factors important for HIV-1 proviral DNA-
directed transcription, such as histone acetyltransferases 
p300, hCGN5, and PCAF [104, 106–108], as summarized 
in Fig. 2, and the p-TEFb complex [109]. The importance 
of Lys28 residue conservation for Tat activity was exempli-
fied by the consequential deficits that occur when altered. 
K28R or K28Q substitutions in Tat resulted in significant 
viral replication deficits when introduced to an integrated 
HIV-1 293T cell model system [56]. Furthermore, K28R 
and K28Q Tat variants transfected into HeLa P4 luciferase 
reporter cells caused a 6.5- or 5-fold reduction in LTR trans-
activation, respectively [56]. These Lys28 variants formed 
less efficient interactions with CYCT1 [56], which may have 
impacted the formation of the Tat–TAR–p-TEFb ternary 
complex and, thus, total LTR transactivation. In addition, 
K28R and K28Q Tat variants showed atypical subcellular 
localization with respect to wild-type Tat [56], which may 
have impaired the variants from ever reaching the site of 
activity and initiating LTR transactivation.

The histone acetyltransferase PCAF was previously 
observed to be able to interact with and acetylate HIV-1 
Tat [56, 106]. PCAF-mediated acetylation of Tat was dem-
onstrated as important for optimal LTR transactivation [62, 
106], though the integrity of the interaction between PCAF 
and Tat is potentially as important as the acetylation itself. 
Tat-PCAF binding was dependent on interactions between 
the PCAF bromodomain and lysine 50-acetylated Tat [110]. 
K28R and K41A Tat variants interacted only weakly with 
PCAF, while K28Q, K50Q, and K50R variants interacted 
with and immunoprecipitated with PCAF [56]. HIV-1 Tat 
that was treated with PCAF had fivefold enhanced affinity 
for CyclinT1, which, in turn, increased ternary complex 
formation (Tat-TAR-p-TEFb) by over 110-fold compared 
to untreated Tat, and successfully stimulated LTR trans-
activation [62]. Variation at Lys28 may or may not affect 
acetylation, and, thus, has varying effects on LTR trans-
activation. The K28R variant was not acetylated by PCAF 
and showed delayed viral replication kinetics in this sys-
tem [62]. The K28Q variant, however, maintained similar 
biochemical properties as Lys28, and was still able to bind 
CyclinT1 when treated with PCAF, as well as increase ter-
nary complex formation by about 65-fold when compared to 

untreated Tat K28Q [62]. Although K28Q bound CyclinT1 
and induced ternary complex formation, it still did not trans-
activate the LTR [62], consistent with the other reports [56]. 
PCAF has also been shown to acetylate Tat at lysine residues 
50 and 51 [106], despite the proposed requirement for pre-
acetylated Lys50 [110]. In this case, Tat K50R and K51R 
mutations conferred a 70% reduction in LTR transactiva-
tion when compared to wild-type Tat [106]. This was pos-
sibly due to the presence of Tat Y47A and R53A or R53E 
variants, which were observed as suppressing Tat-PCAF 
interactions in vivo and consequently displayed reduced Tat 
activity [106]. The largest decrease in transactivation activ-
ity was observed in the R53E variant, followed by the Y47A 
variant [106]. The R53E mutant exhibited a partial defect 
in TAR-RNA binding, but the Y47A mutant and the R53A 
mutant were still able to effectively bind TAR-RNA [106]. 
The apparent ability of the alanine-substituted variants to 
bind the TAR, but not PCAF, has suggested that Tat can bind 
TAR RNA even when it does not have acetylation patterns 
that enhance LTR transactivation.

There is conflicting evidence on whether Lys50 Tat vari-
ants confer a functional deficit to LTR transactivation. HAT 
hGCN5 has been shown to acetylate Tat Lys50 and Lys51, 
a process reliant on interactions between the cysteine-rich 
and core domains of HIV-1  Tat101 and hGCN5 [108]. Lys50 
Tat variants with glutamine substitutions (K50Q) have failed 
to transactivate the HIV-1 LTR in HeLa P4 cell lines as 
well as wild-type Tat, and was accompanied by replication 
deficits of the mutant virus [56]. The K50A and K50R vari-
ants have also been shown to have decreased LTR transac-
tivation when compared to wild-type Tat in HeLa cells co-
transfected with LTR reporter and Tat constructs [61]. In 
this study, the transactivation deficit was correlated with the 
inability of p300/(C/EBP-binding protein) CBP to acetylate 
K50R Tat, an effect that prevented Tat from interacting with 
CYCT1 [61]. Furthermore, Tat double mutants containing 
K50,51R substitutions had an additive decline in activity, 
which resulted in a more severe HIV-1 LTR transactiva-
tion deficit [61]. In contrast, the K50R Tat variant used 
in an alternate study did not have a transactivation deficit 
and achieved activity levels similar to wild-type Tat in the 
HeLa P4 cell line [56]. This variant, however, still showed 
a replication-deficient phenotype despite having wild-type 
levels of Tat activity [56]. Lys50 and Lys51 substitutions 
caused significant conformational changes in Tat that may 
have resulted in structural instability within the protein [80], 
likely inhibiting any conformation-dependent interactions. 
This may be a contributing factor for explaining the transac-
tivation deficit observed in Lys50 Tat variants, but does not 
account for Lys50 variants that maintain the wild-type levels 
of activity. The difference in LTR transactivation between 
transactivating and non-transactivating K50R Tat vari-
ants requires more investigation, as Tat-independent LTR 
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transactivation in the presence of the K50R variant has not 
been observed experimentally.

Acetylation of Tat lysines 41, 50, and 51 has been 
observed to allow interactions with binding partner 
Brahma-related gene 1 (BRG1) [111], which is a compo-
nent of the SWI/SNF chromatin remodeling complex [112]. 
Experimentally, acetylated Tat promoted LTR transactiva-
tion upon BRG1 binding, possibly due to the subsequent 
recruitment of BRG1 by Tat to the HIV-1 transcriptional 
start site-occupying nucleosome (nuc-1) [111, 113]. K41R, 
K50R, or K51R Tat variants bound less efficiently to BRG1 
and do not promote LTR transactivation [111], perhaps as 
a consequence of decreased recruitment of BRG1 to nuc-1. 
Moreover, the K50R and K51R variants do not recruit BRG1 
to nuc-1 [111], highlighting the importance of Lys41, 50, 
and 51 acetylation for recruitment of chromatin remodeling 
complexes to the transcriptional start site of HIV-1. Through 
the binding of BRG1, Tat can direct entire host complexes to 
DNA loci of functional significance and potentially induce 
chromatin modifications to enhance viral transcription.

The role of Tat variation on lysine monomethylation

Recently, the role of Tat residue monomethylation has been 
investigated with respect to conferred stability or conforma-
tional preference for TAR-dependent activity, as monometh-
ylation of Tat Lys51 has been shown to enhance Tat–TAR–p-
TEFb complex interactions and positively affect HIV-1 
transcription [114]. Monomethylation has been observed 
to occur on both Lys51 and Lys71 residues of HIV-1 Tat 
(Lys51me and Lys71me) [114, 115]. This post-translational 
modification (PTM) was caused by the robust activity of 
human lysine monomethyltransferase KMT7, which mono-
methylated both Lys51 and Lys71 of  Tat101 or the splice 
variant,  Tat72, though kinetic assays showed that K71 was 
the preferred methylation target [114, 115]. Substitution of 
Lys71 to generate K71R or K71A variants had no visible 
methylation by KMT7 in  Tat101-expressing HEK 293T cells 
when probed on western immunoblotting by K71me-specific 
antibody [115]. K71R Tat variants were shown to have about 
50% decreased LTR transactivation activity compared to 
wild type, and K51R mutants displayed a similar activity 
deficit [115]. A double mutant nearly lacked transactiva-
tion activity altogether [115], emphasizing the cumulative 
importance of these residues to Tat function. Knocking 
down KMT7 methyltransferase in TZMbl cell lines prior to 
transfection of wild-type  Tat101 yielded a fourfold decrease 
in LTR transactivation in Tat-producing cells [115], sug-
gesting that the loss of monomethylation of Lys71 and the 
substitution of Lys71 with Arg had similar effects on HIV-1 
transcription. These studies show that Lys71me is neces-
sary for optimal LTR transactivation, though not essential 
to achieve partial LTR transactivation by Tat. Therefore, 

conservation of the Lys 51 and Lys71 residues likely has a 
role in maintaining monomethylation patterns important for 
interactions that stabilize the Tat–TAR–p-TEFb complex and 
enhance HIV-1 transcription as previously proposed [114]. 
Further investigation is required to determine if the other 
interactions or host factors account for the remaining tran-
scriptional activity when Lys51 and Lys71 monomethylation 
is absent.

In contrast, methylation of Tat by the SETDB1 or PRMT6 
methyltransferases produced a transactivation-silencing 
effect [67, 68, 116]. Both SETDB1 and PRMT6 activity 
reduced the ability of Tat to transactivate the HIV-1 LTR 
and knockdown assays for both SETDB1 and PRMT6 
increased LTR transactivation of wild-type Tat [68, 116]. 
SETDB1 specifically interacts with and methylates Tat 
Lys50 and Lys51, so long as the two lysine residues have no 
other PTMs [116]. K50A and K51A Tat variants, therefore, 
caused a twofold or tenfold drop in methylation activity by 
SETDB1, respectively, and a K50,51A double variant abol-
ished the methylation of Tat by SETBD1 altogether [116]. 
The transactivation-silencing activity of SETDB1 in the 
context of Lys50 and Lys51 methylation could be due to the 
inhibition of HAT activity at these resides that have gener-
ally stimulated LTR transactivation. As such, SETDB1 may 
contribute to the restriction of viral replication, as it com-
peted with transcription-activating post-transcriptional mod-
ifications to dampen viral transcription. Likewise, Tat has 
been shown to be a substrate for and interact with PRMT6 
[67, 68], which has been shown to methylate Tat residues 
Arg52 and Arg53 [68]. This methylation pattern interfered 
with Tat–CYCT1-binding efficiency, which, in turn, nega-
tively affected the ability of the Tat–TAR–CYCT1 complex 
to form [68], accounting for the transactivation-silencing 
effect observed. Consequently, the R52K variant had four-
fold reduced LTR transactivation activity and the R52,53K 
double variant had even more severely reduced LTR trans-
activation activity [68]. The use of lysine in these variants 
maintained the positive charge of arginine at these positions, 
but, because PRMT6 activity was restricted to arginine resi-
dues [69], it should have theoretically resulted in the loss of 
monomethylation. In addition, an R49,53A double variant 
had nearly abolished transactivation activity, even though 
R49 was not identified as a methyl-accepting residue, pos-
sibly due to the loss of charge from substituting the arginines 
with alanines [68]. These variants each had reduced meth-
ylation [68], which should theoretically help to amelio-
rate the negative effects of PRMT6 activity by increasing 
transactivation capacity. Because the transactivation deficit 
was still observed in Tat variants in the absence of optimal 
methylation, it appeared that the transactivation deficit seen 
in the R52,53K Tat variants was independent of PRMT6 
activity. Overall, monomethylation of Tat by host factors 
may enhance or inhibit Tat function and has seemed to be 
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dependent on the position of the added methyl group. The 
pattern of PTMs of the arginine-rich domain and surround-
ing residues may represent an interesting interplay between 
activating and inhibitory protein states. Because several resi-
dues within the arginine-rich domain have been shown to be 
modified in experimental systems, often with overlapping 
locale, as shown in Fig. 2, these modifications may be steri-
cally unlikely, and the occurrence of one over the other may 
determine whether the HIV-1 LTR is transactivated with 
consequential provirus activation, or rather the occurrence 
of LTR silencing with the result of proviral DNA latency. 
This observation should be studied in depth, as recent efforts 
to eradicate HIV-1 from the infected patient have focused 
on viral latency as a tool to achieve an additional clinical 
benefit [117–119] and a more thorough understanding of 
these intrinsic viral mechanisms through accurate analysis 
and evaluation will most likely yield important results with 
respect to more effective therapeutic intervention.

Effect of Tat lysine variation on ubiquitination patterns 
and LTR transactivation

Host E3 ubiquitin ligases have previously been studied for 
their role as restriction factors relative to HIV-1 infection 
[120, 121], though ubiquitination of HIV-1 Tat has been 
demonstrated to promote efficient LTR transactivation. In 
GST-Tat pull-down assays of 35S-labeled, in vitro translated 
Tat, the RING finger-containing Hdm2 proto-oncoprotein 
interacted with  Tat72 and  Tat101 length variants that were 
incubated with purified, bacterially translated Hdm2 [122]. 
Hdm2 has been shown to be the human ortholog of Mdm2, 
which ubiquinates p53 to target it for proteasomal degrada-
tion resulting in the maintenance of cell homeostasis [123, 
124]; however, Tat was not targeted for degradation ubiqui-
tination, suggesting an alternate function of ubiquitination 
[122]. The Tat-Hdm2 interaction was a direct interaction—
the addition of CYCT1, a component of P-TEFb known to 
directly interact with Tat [125], to the assay still resulted in 
the exclusive pull-down of GST-Tat with Hdm2 [122]. Hdm2 
was also found to ubiquitinate both  Tat72 and  Tat101 in vitro 
and in vivo [122], and the potential lysine residues of Tat that 
could accept ubiquitin (Ub) were substituted with arginines 
to probe for ubiquitination patterns, including Lys12, Lys19, 
Lys28, Lys29, Lys50, and Lys71. The only Tat variant that 
had decreased total ubiquitination upon substitution with 
arginine was Lys71 [122], indicating that Lys71 was the pri-
mary Hdm2-associated ubiquitin attachment site of HIV-1 
Tat protein. Consideration, however, must be made for Lys71 
with regard to PTMs, as it was also a position reported to be 
methylated (Fig. 2) [115]. The determination of which PTM 
was added to this site has required further investigation, but 
may have represented redundant activating mechanisms, as 
both K71me and K71-Ub promoted LTR transactivation. 

In HeLa P4 LTR-LacZ reporter cells transfected with Tat 
K71R substitution variants, the transactivation potential of 
Tat decreased fourfold when compared to wild-type Tat and 
could not be rescued by the presence of Hdm2 [122]. The 
fusion of ubiquitin to the C-terminus of the Tat K71R vari-
ant construct, to bypass the need for the addition of ubiq-
uitin to Lys71, rescued transcriptional activation to levels 
near that of wild-type Tat, even when Hdm2 expression was 
transiently silenced with siRNA [122]. Although the Tat-Ub 
fusion protein had ubiquitin attached to an alternate physi-
cal location than Lys71, it was still able to transactivate the 
HIV-1 LTR. This was an interesting observation, because it 
has placed into question the necessity for precise positioning 
of ubiquitin along the Tat protein, despite Lys71 being the 
preferred ubiquitin acceptor for Hdm2. Even so, the interac-
tion between  Tat72 or  Tat101 and Hdm2 and the addition of 
ubiquitin to  Tat72 or  Tat101 depended on the conservation of 
Tat residue Cys22, where its substitution to glycine (C22G) 
ablated both functions [122]. Further study of the Hdm2-Tat 
interaction will be required to determine the basis for the 
loss of the interaction upon the introduction of a glycine 
substitution at Cys22.

Another E3 ligase that was experimentally able to add 
ubiquitin to Tat is the PJA2 E3 ubiquitin ligase, which 
added ubiquitin to multiple residues of Tat, though Lys28 
was the preferred target [126]. Lys41 has been determined 
to be absolutely essential for the efficient LTR transactiva-
tion [127], but did not act as a ubiquitin acceptor in the 
case of PJA2 activity, despite mediating the interaction 
between PJA2 and Tat [126]. Indeed, when all lysines except 
for Lys28 in Tat were substituted with arginine, there was 
no PJA2-mediated ubiquitination, an effect that could be 
reversed by the reintroduction of just Lys41 [126]. Similar to 
ubiquitination via Hdm2, the C22A Tat variant was unable 
to immunoprecipitate with PJA2 [126], which may be due 
to the inability of the C22A to properly fold [128]. In terms 
of each variant’s effect on LTR transactivation, the K41R 
variant reduced Tat activity to 10% of wild-type activity 
and the K28R variant maintained only about 25% of wild-
type activity [126], deeming the conservation of both lysine 
residues essential for the efficient LTR transactivation in this 
system. When only Lys28 and Lys41 were conserved and all 
other lysines were substituted with arginine, transactivation 
capacity was about 80% of wild-type, and the reintroduc-
tion of just one more lysine—for a total of three conserved 
lysines in Tat—restored Tat activity to wild-type levels 
[126]. The location of the third lysine could vary between 
Lys12, Lys51, or Lys85, but was always able to restore 
activity [126], which indicated that only three lysines were 
required for the efficient LTR transactivation and that the 
site of lysine ubiquitination was also flexible. The theme of 
flexibility in location of ubiquitin on Tat has been curious; it 
has suggested that ubiquitination of Tat does not necessarily 
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change its ability to interact with host factors that may rely 
on structural conformation or unmodified residues. Closer 
investigation of the nature of the ubiquitination state of Tat 
should assist in the understanding of the purpose and func-
tion of this PTM and how it affects HIV-1 pathogenesis.

Variation within the cysteine-rich domain and Tat 
transactivation activity

The involvement of an intact and functional cysteine-rich 
domain in HIV-1 Tat has been shown to be essential for its 
function and optimal LTR transactivation. Early mutational 
studies of Tat revealed that single substitutions of Cys with 
either Glu or Gly at residues 22, 30, 31, 34, or 37 resulted 
in near abolition of LTR transactivation when transfected 
into HeLa or COS cell lines [58, 129, 130]. The cysteine 
residues at Tat positions 22, 25, 27, 30, 34, and 37 have been 
predicted to be able to support the coordination of two zinc 
ions [131]. Therefore, amino acid variation at these sites 
could disrupt amino acid interactions with zinc ions and 
account for the reduction in LTR transactivation observed 
in some of these Tat variants [58]. Further investigation has 
corroborated LTR transactivation activity depletion by Tat 
cysteine variants through the use of C22G, C30G, and C31G 
substitutions, where the C22G and C30G variants had lit-
tle activity, and the C31G variant only maintained partial 
Tat activity [132]. Another study showed that, in U-937 
promonocytic cells, the C22G and C31G variants had essen-
tially no transactivation capacity, even when the cells were 
activated with PMA [133]. In addition, an H13L variant had 
greatly reduced LTR transactivation, which was only partly 
restored with PMA-induced activation [133]. PMA stimu-
lation induced the formation of the Tat–P-TEFb complex, 
as shown by immunoprecipitation of P-TEFb components 
CyclinT1 and CDK9 with Tat [133]. The H13L, C22G, and 
C31G Tat variants were all unable to bind CDK9 [133], 
indicating that the conservation of these three positions was 
essential for Tat–P-TEFb complex formation. The lack of 
association between the Tat variants and CDK9 prevented 
the LTR transactivation by inhibiting P-TEFb activity, as 
demonstrated by the total abolition of RNAPII CTD phos-
phorylation [133]. Despite the observation that Cys31 vari-
ants, depending on the substitution, may not associate with 
P-TEFb, subtype C Tat containing the C31S variation main-
tains its activity. Tat C31S transfected into HEK 293T cells 
was able to transactivate an LTR reporter construct, while 
the C30S subtype C variant had significantly decreased abil-
ity to transactivate the LTR [10]. This observation has been 
very interesting, as subtype C C31S Tat has been well stud-
ied for its reduced capacity to induce monocyte chemotaxis 
[10], suggesting that the functions of LTR transactivation 
and chemokine mimicry are independent of one another.

The Tat C22S mutation, originally observed in the sub-
type C HIV-1OYI strain that was isolated from a Gabonese 
patient, conferred an LTR transactivation-defective phe-
notype [134]. When introduced to subtype B HIV-1BRU, a 
strain that does not normally encode a C22S variation, the 
same defective phenotype was observed [134]. Although 
the C22S  TatOYI mutant appeared as a minor variant in the 
study, it was mainly found in healthy HIV-1-infected patients 
that did not quickly progress to AIDS or develop AIDS-
like symptoms [134]. This correlation suggested that HIV-1 
strains with defective or sub-optimally performing Tat may 
be unable to efficiently replicate in host cells. Furthermore, it 
has opened the question as to whether defective Tat found in 
HIV-1 strains was representative of the fitness of the entire 
proviral genome, or if a viral replication deficit was solely 
dependent on the integrity of Tat as previously discussed 
[134]. The other studies have suggested that Cys22 amino 
acid substitutions may contribute to the partial unfolding 
of Tat [128], which may impair the ability of Tat to inter-
act with its targets. Regardless of the interactions in which 
Tat may participate, the conformation of the viral transac-
tivator protein has been thought to be critically important 
for its activity. An unfolded Tat protein may not allow the 
efficient LTR transactivation due to a lack of intact struc-
tural domains and essential interactions with the other viral 
and cellular proteins, though further structural analysis and 
experimental evidence will be required to elucidate these 
mechanisms.

Downstream of Cys22, the mutation of cysteine residues 
34 and 37 to histidine significantly reduced Tat activity and 
LTR transactivation [130]. Because of the LTR transactiva-
tion deficit, there was a parallel reduction in viral protein 
synthesis with each of the C34H and C37H Tat variants 
[130]. In contrast, the C31H substitution variant had a less 
dramatic decrease in LTR transactivation and viral protein 
synthesis [130]. The disparity of Tat activity between the 
C31H and C34H and C37H variants has indicated that not all 
cysteines within the cysteine-rich domain contribute equally 
to Tat activity. Moreover, these cysteine substitutions did 
not affect nuclear or nucleolar localization of Tat within 
the cell [130], so the observed reduction in Tat activity was 
not likely due to Tat trafficking dysfunction. The conferred 
deficit may directly impact Tat’s ability to transactivate the 
HIV-1 LTR, since it reached the nucleus in this model, but 
still lacked the capacity for full transactivation. In addition, 
the alteration of non-cysteine residues within and near the 
cysteine-rich domain, such as H33A, F38A, and K41A sub-
stitutions, also imparted a Tat activity deficit [132]. Simi-
larly, the introduction of a K41T mutation into HIV-1  Tat101 
has been observed to result in failure to activate HIV-1 LTR 
in vitro, as K41T HIV-1  Tat101 could bind TAR, but was 
transcriptionally inactive [127]. This has implied that the 
conservation of both cysteine and non-cysteine residues 
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located in and near to the cysteine-rich region was equally 
important for maintenance of Tat function. The complete 
summary of cysteine-rich domain variation that contributes 
to effects on LTR transactivation is shown in Fig. 2.

TAR-dependent Tat activity and variation in patients

Many of the residue substitutions that produce a functional 
change in the LTR transactivation capacity of Tat have been 
identified in the DNA of CNS, cerebral spinal fluid (CSF), 
peripheral blood mononuclear cells (PBMC), spleen, and 
lymph-node samples from HIV-1-infected patients. In one 
study, 44 deceased human AIDS patients that had dementia 
and HIVE were analyzed, and 46 unique tat alleles were 
identified [86]. The substitutions of note within Tat from 
these samples included variation at amino acid positions 2, 
11, 16, 22, 28, 31, 34, 41, 46, 47, 50, 51, 56, 57, 62, and 
64 [86], many of which have been studied in the context of 
effects on LTR transactivation, as discussed in the above 
sections. Although the functional variants containing sub-
stitutions at amino acids 2 and 11 have not been observed 
to directly influence transactivation, residue Asp2 has been 
shown to participate in an intramolecular hydrogen bond 
with residues Lys51 and Arg53 that stabilized the tertiary 
structure of the protein [135], and the introduction of a stop 
codon that replaced Trp11 resulted in a severely truncated 
Tat protein that was unlikely to interact with transactivation 
components [86]. Therefore, even though variation at Tat 
residues 2 and 11 did not directly affect LTR transactivation, 
the indirect consequences of substitutions at these positions 
may have associated costs that restrict Tat’s function, such 
as Gln2 and Trp11 variants that impair the efficient traf-
ficking of Tat [7, 79, 136]. This study, along with the study 
that isolated the HIV-1 subtype C  TatOYI C22S variant that 
is associated with slow progression to AIDS [134] and the 
subtype C Tat dicysteine motif variants that correlate with 
reduced neurocognitive impairment [10, 137], is examples of 
how functional variation in residues that confer LTR transac-
tivation deficits may be useful with respect to HIV-1 transla-
tional research. Certainly, more investigation concerning the 
implications of these variants on HIV-1 disease severity is 
necessary, but these preliminary data provide the framework 
for these studies.

TAR‑independent activity

Implication of TAR-defective HIV-1 with respect to Tat 
activity

In contrast to the TAR-dependent mechanism of LTR trans-
activation, Tat can also stimulate HIV-1 transcription in a 
TAR-independent manner. The first study investigating the 
phenomenon of TAR-independent LTR transactivation arose 

from the notion that TAR serves as a site of attachment for 
host proteins involved in transcriptional elongation of HIV-1 
mRNA transcripts rather than directly participating in LTR 
transactivation itself (Fig. 3a), as hypothesized by Berkhout 
et al. [138]. Subsequent studies have attempted to address 
the host and viral factors that are required for LTR transacti-
vation when TAR–RNA binding is inhibited. When the TAR 
sequence was mutated in HIV-1 LTR-CAT reporter con-
structs to prevent TAR-dependent host–factor interactions 
and transfected into Jurkat T cells along with Tat constructs, 
there was an observed decrease in LTR transactivation that 
could be somewhat ameliorated upon T-cell activation with 
PMA [139]. These TAR mutations included a single point 
mutation in the loop sequence, a 4-bp substitution of loop 
nucleotides, interruption of the stem sequence that preserved 
base-pairing and secondary structure, and interruption of the 
stem sequence that disrupted TAR stem secondary struc-
ture. LTR transactivation and viral replication were most 
severely affected when the stem secondary structure was 
disrupted, though loop base-pair substitutions also greatly 
impacted these functions [139] (Fig. 3b). In both the PMA-
stimulated and non-stimulated Jurkat cell experiments, LTR 
transactivation was never entirely abolished [139], indicating 
that although the TAR was defective, some remaining LTR 
transactivation still occurred and the remaining transacti-
vation under these conditions could be enhanced by T-cell 
activation. Moreover, there was still a strict requirement for 
Tat, as well as the endogenous LTR Sp1 and TATA-bind-
ing domains, for LTR transactivation [139], though it was 
unclear from this study whether Tat bound other factors or 
DNA to promote the residual levels of LTR transactivation 
in the absence of TAR.

The conservation of certain Tat residues in TAR-inde-
pendent LTR transactivation appeared to be as important as 
residue conservation in its TAR-dependent counterpart. As 
in TAR-dependent transactivation [58, 133], cysteine-rich 
region deletions in Tat conferred a transactivation-defective 
phenotype to the TAR-mutated in vitro model [139]. The 
inability of C22G Tat mutants to bind upstream promoters 
was observed in the HeLa cells transfected with LTR TAR-
deleted reporter and Tat constructs, as evident by reduced 
LTR transactivation [140]. H33A, F38A, and K41A Tat 
variants also negatively affected LTR transactivation in a 
TAR-independent manner, though all four Tat variants still 
had deleterious effects on TAR-dependent LTR transactiva-
tion when TAR-intact constructs were used [140]. Overall, 
it seemed that there was some redundancy in the function 
of these residues in Tat, which may serve as an evolutionary 
constraint to HIV-1. If Tat contains an amino acid substitu-
tion at one of the above residues that caused activity deficits 
in both TAR-dependent and TAR-independent manners, then 
HIV-1 transcription surely could not proceed. This may be a 
contributing factor behind the strict conservation of the TAR 
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sequence. More information regarding TAR-independent 
transactivation will be required to truly understand what this 
redundancy means with respect to HIV-1 transcription. The 
further study of functional Tat variant redundancy present 
in LTR transactivation that is dysfunctional for both TAR-
dependent and TAR-independent mechanisms will help to 
clarify this relationship.

In an alternate TAR-deleted HIV-1 model using a lucif-
erase reporter assay and 293T cells infected with a viral 
strain with the Y26A variant of HIV-1 Tat, selected based 
on its previously observed role in LTR transactivation defi-
cits in TAR-dependent models [141], showed a fourfold 
decrease in LTR transactivation when compared to wild-
type Tat, but maintained wild-type levels of virus replica-
tion, despite decreased Tat activity at the LTR [142]. This 
result suggested that the Y26A amino acid substitution did 
not affect the ability of the virus to replicate under TAR-
independent transactivation conditions, and that this muta-
tion mainly affected TAR-dependent viral transcription in 
that system. Indeed, in a presumably TAR-dependent model, 
SupT1 cells transfected with LTR-CAT reporter and HIV-1 
Tat constructs, the Y26A variant produced a 93% decrease 
in LTR transactivation activity and abolished the replication 
ability of HIV-1 in cells transfected with the subtype B LAI 
infectious HIV-1 clone construct [141]. In primary PBMCs, 
however, the requirement for wild-type Tat sequence con-
servation was less stringent, as the Y26A variant still had 
low levels of virus replication upon electroporation with the 
mutant construct [141]. Transactivation studies on Y26A Tat 
have demonstrated that there may be a different repertoire of 
variants that affect TAR-independent versus TAR-dependent 
LTR transactivation. This could be important for the future 
investigations, as variants used in classical TAR-dependent 
LTR transactivation studies may not be useful for studies 
focused specifically on TAR-independent transactivation.

Direct interactions between Tat and LTR DNA at upstream 
enhancer sites

During TAR-dependent LTR transactivation, Tat was 
shown to interact with CYCT1, and indirectly with CDK9 
to form P-TEFb, which then directly interacted with the TAR 
RNA (Fig. 3a) [5]. In contrast, the manner in which Tat is 
required for TAR-independent LTR transactivation seems 
to rely somewhat on the proposed and hypothetical ability 
of Tat to bind to LTR DNA or to direct the other cellular 
factors to bind LTR DNA, possibly with the use of canoni-
cal transcription factors. TAR-independent LTR transactiva-
tion may afford the opportunity for Tat to interact directly 
with LTR DNA transcription factor-enhancing regions, as 
observed by structural studies. Wild-type Tat was shown 
to be able to interact with the NF-κB enhancer element in 
nuclear extracts of Jurkat (J6) cells, although this interaction 

depended on the conservation of Tat residue Cys22 [143]. 
As shown in Fig. 3b, the C22G Tat variant lost its ability to 
interact with the NF-κB enhancer element and transactivate 
the LTR, as observed by electrophoretic mobility gel shift 
(EMS) assays [143]. NF-κB enhancer element oligonucleo-
tides that interacted with Tat were deduced by screening 
an oligonucleotide library using the SELEX software for 
use in circular dichroism (CD) experiments, and subsequent 
analysis of the oligonucleotide hits by MEME motif anal-
ysis software was used to identify the interacting regions 
of the NF-κB enhancer domain locus [143]. CD spectra of 
 Tat86 protein incubated with oligonucleotides containing the 
NF-κB enhancer element showed a negative band of reduced 
intensity when compared to  Tat86 protein alone [143], indi-
cating an interaction between the two components. This 
association was sequence-dependent, as incubation of  Tat86 
with mutated NF-κB enhancer element oligonucleotide frag-
ments resembled the CD spectrum of  Tat86 alone [143]. This 
study demonstrated that the interaction between HIV-1 Tat 
protein and LTR DNA was plausible when observed at the 
molecular level. The presence of endogenous NF-κB and 
Sp1 enhancer-binding sites located upstream of the TAR in 
the LTR [138] may enable the interaction of Tat or NF-κB 
and Sp1 transcription factors with LTR DNA to aid in the 
LTR transactivation. Variation within these sites and Tat 
may complicate direct interactions for TAR-independent 
LTR transactivation [144]. It is still unclear if Tat can inter-
act directly with DNA in vivo or if it requires the recruitment 
of host cellular factors to achieve optimal activity in all the 
cases. Further investigation, however, is necessary to ensure 
that these interactions occur with integrated HIV-1 provirus 
and in physiologically relevant conditions, such as in native 
or modified chromatin environments. In addition, because 
of the apparent nucleotide sequence specificity, variation in 
the LTR sequence may affect the DNA-binding potential of 
Tat. The degree of variation tolerated for both the NF-κB 
enhancer sequence and Tat protein should be investigated 
to enhance the knowledge of this interaction.

Tat variation and impact of upstream enhancer elements 
on transactivation

The observation made using CD that Tat may bind directly 
to the NF-κB enhancer sequence [143] has contributed some 
supporting evidence to the hypothesis that Tat can bind 
upstream genetic elements to stimulate LTR activity. Indeed, 
the ability of HIV-1 Tat to activate LTR-mediated transcrip-
tion was inhibited in the absence of TATA domains, NF-κB-, 
or Sp1-binding sites in the HIV-1 LTR enhancer and pro-
motor regions [127, 138, 140]. Likewise, in a TAR-mutated 
model, deletions of the Sp-binding sites or TATA domains 
resulted in a transactivation-defective phenotype [139]. 
NF-κB and Sp enhancer-binding sites were determined to 
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be essential for optimal transactivation of the HIV-1 LTR, as 
shown in a study where all NF-κB and Sp enhancer-binding 
sites were deleted from the HIV-1 LTR, but replaced with 
the SV40 promotor sequence to preserve functionality [138]. 
Although the SV40 promotor was a strongly enhancing, con-
stitutive promotor [145], it failed to transactivate the LTR in 
response to Tat exposure in the absence of the endogenous 
NF-κB and Sp enhancer-binding sites, even in the presence 
of an intact TAR sequence [138]. The TAR was, however, 
dispensable when Tat was guided to the LTR by a fused Jun 
domain [138], supporting the hypothesis that the TAR serves 
merely as a point of physical attachment for transactivation-
associated factors.

The development of an in vitro, TAR-independent HIV-1 
model system has helped to define the mechanism by which 
Tat may transactivate the HIV-1 LTR in the absence of TAR. 
The HIV reverse tetracycline-controlled transactivator (HIV-
rtTA) lacks a functional TAR sequence, but contains an 
incorporated Tet-on gene-expression system within the 5′ 
and 3′ LTRs between the endogenous NF-κB and Sp-binding 
sites to preserve transcriptional activation in the absence of 
TAR, as well as an optimized rtTA transcriptional activator 
protein gene sequence that replaces the nef gene [146–148]. 
The introduction of a Tat one-nucleotide frameshift muta-
tion to generate a mutant containing only 19 N-terminus 
residues from Tat or the substitution of a STOP codon at 
the Tat START codon to prevent Tat production altogether 
into the HIV-rtTA model rendered Tat functionally defec-
tive and resulted in significantly reduced transactivation 
and reduced replication, even with the availability of the 
TAR-independent transcriptional activation pathway in the 
model [142]. This has suggested that even though HIV-rtTA 
tolerated TAR deletion in this system, it still required Tat 
activity for effective transactivation. The presence of Sp 
or TATA-binding sites in the HIV-1 LTR in the HIV-rtTA 
model system dictated LTR responsiveness to Tat [142], as 
LTR deletion mutants lacking the Sp-binding sites, NF-κB 
enhancer-binding sites, TATA domains, or TAR were unre-
sponsive to Tat, but could be rescued upon the addition of 
the Sp enhancer sites and the TATA domain back into the 
LTR [142].

Recent studies have revealed that the involvement of 
the NF-κB enhancer sequence may occur in physiologic 
circumstances where Tat concentrations were low. Trans-
fection of the NF-κB reporter and 100 ng of wild-type 
 Tat101-expressing plasmid DNA into Jurkat T cells resulted 
in significantly increased NF-κB activity, which was accom-
panied by the LTR stimulation, and both effects were abro-
gated by the introduction of K88,89,90A or E92,94,96A 
variation [149] (Fig. 3b). At transfection concentrations of 
500 ng/mL or higher, however, LTR stimulation was mainly 
TAR-dependent, as observed by a drop in NF-κB activity 
at the higher  Tat101 transfection concentration [149]. The 

altered functionality of these exon II mutants illustrated 
the importance of conservative amino acid motifs in the 
C-terminus of Tat for TAR-independent LTR transactiva-
tion. These Tat variants also presented the opportunity to 
study potential Tat–host protein interactions that involve Tat 
exon II and affect overall Tat activity. A remaining question 
centers on intracellular Tat concentrations; the use of physi-
ological concentrations will assist in research relevant to the 
role of amino acid variation in Tat-mediated LTR transacti-
vation. The complete role of Tat exon II in LTR transactiva-
tion is still unclear, but could help to define the relationship 
between TAR-dependent and TAR-independent Tat activity.

Cell type and ability of Tat to transactivate the LTR

The study of TAR-independent LTR transactivation has 
revealed a surprising detail about Tat activity with respect to 
cell type. An initial observation regarding the requirement of 
TAR for transactivation was that the deletion of TAR abol-
ished LTR transactivation in cell types that were non-glial, 
such as unstimulated T-cell lines or epithelial cell types, like 
HeLa cells, but proceeded in both the rodent C6 and human 
U138MG glial cell lines [89]. Furthermore, when the TAR 
was intact, transactivation in glial cells only reached about 
30% of non-glial transactivation levels [89], suggesting that 
TAR-independent LTR transactivation may proceed prefer-
entially in glial cells. This was an important observation, as 
it could mean that TAR-independent activity was restricted 
to certain tissues infected with HIV-1, specifically peripheral 
and central nervous system glial cells. The Tat residues that 
modulate TAR-dependent and TAR-independent transactiva-
tion also differ between glial and non-glial cells, particularly 
within the cysteine-rich domain. The introduction of C22G 
and Q35A substitutions to HIV-1 Tat significantly decreased 
LTR transactivation in U87MG glial cells with TAR-deleted 
LTRs (Fig. 3b), while the presence of other Tat cysteine-
rich or core domain variants T23A, N24A, Y26A, K28,29A, 
C31G, H33A, K41A, and Y47A only showed transactivation 
deficits with TAR-intact LTRs with intact TAR elements 
[150]. Both the C22G and Q35A mutations have, however, 
been shown to inhibit LTR transactivation in the other LTR 
systems with intact TAR elements [122, 132, 133], so these 
should be verified in TAR-independent models with further 
experimentation. This effect may be astrocyte-dependent, as 
a subsequent study isolated an NF-κB isoform from astro-
cytic cells that differed from “prototypical” NF-κB, such 
as that observed in T cells [151] and prior data have shown 
that NF-κB enhancer domains in U87MG glial cell-mediated 
Tat activity with the TAR-deleted mutant HIV-1 LTR [89]. 
These data lend plausibility to a mechanism exclusive to 
glial cells, as the other studies have declared the necessity 
for the NF-κB enhancer-binding sites for TAR-independent 
LTR transactivation [138, 143]. Moreover, nuclear extract 
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from PMA-stimulated U87MG glial cells was capable of 
initiating transactivation in LTR reporter HeLa cell line 
extracts that contained TAR deletions in the LTR [89]. The 
astrocyte-specific NF-κB isoform, which was presumably 
present in astrocyte nuclear extracts, may interact with 
upstream NF-κB enhancer elements to stimulate LTR trans-
activation in the absence of TAR. Overall, TAR-independent 
LTR transactivation may represent an alternative mechanism 
for viral transcription and may help to explain the low lev-
els of HIV-1 expression observed in the infected astrocytic 
cell populations [152]. In addition, curative therapeutic 
strategies, such as Tat inhibitors or CRISPR-Cas9 excision 
therapies aimed at TAR regions, may face obstacles in glial 
cell types, as TAR-independent mechanisms may impact the 
efficacy of both of these methodologies. Confirmation of this 
transactivation pathway as preferentially used in glial cell 
types would be an important finding relevant to the study 
of HIV-1 pathogenesis, as HAND still occurs in patients 
that adhere to ART and HIV-1-infected glial cells have been 
proposed to be an HIV-1 tissue reservoir prior to and after 
initiation of ART [153, 154].

Tat‑mediated apoptosis

The effects of HIV-1 Tat on both infected and uninfected 
cells are diverse, but one of the most severe for individual 
cells is the induction of apoptosis. Tat may cause apop-
tosis in a range of cells, including T cells and neurons 
[155–158], though the exact mechanisms governing the 
initiation of apoptosis in each cell type are not fully under-
stood. The early studies concerning the apoptotic potential 
of Tat focused on the susceptibility of Tat-transfected cells 
to intrinsic cell death. These original observations included 
increased doubling time in Jurkat E6-1 T cells that were 
stably transfected with Tat or incubated overnight with 
exogenous Tat, which was attributed to the loss of Tat-
transfected cells from culture via programmed cell death 
[155]. Further transfection experiments confirmed that Tat-
transfected cells were, indeed, more susceptible to apoptosis 
than non-producing cells [159]. Much of the early research 
in this area focused on T cells and T-cell lines because of 
the observation of CD4 + T-cell depletion in HIV-infected 
patients [160], though additional studies have identified 
specific HIV-1 Tat amino acid variants that have a role in 
promoting or preventing Tat-mediated apoptosis in T-cell 
lines, macrophage cell lines, and neuronal cell cultures [156, 
161, 162].

Caspase and Fas‑mediated apoptosis

Prior studies have observed the modulation or induction 
of apoptotic pathways in HIV-1-infected cells or bystander 

cells, which are uninfected, but are located near infected 
cells. These accounts include: the upregulation of Fas ligand 
that is further accelerated by the presence of Tat [163], 
increased TNF-related apoptosis-inducing ligand (TRAIL) 
expression on the surfaces of CD4 + T cells and PBMCs 
[164], and the presence of activated, immunoreactive 
caspase-3 enzyme in cerebrocortical brain tissue of HIV-
1-infected patients [165]. The apoptotic pathways are com-
posed of signaling and proteolytic cascades that culminate 
in physiological and morphological cell changes, leading to 
the death of the cell. Activated initiator caspases 8 and 9 are 
the enzymes responsible for the propagation of death signals 
via the cleavage of effector caspases 3, 6, and 7, and subse-
quently, apoptosis [166]. Subtype B  Tat86 has been shown 
to induce fourfold more apoptosis in both Jurkat T cells or 
CD4 + primary T cells in culture than the subtype B  Tat101 
isoform [167]. This contrasted with the ability of each length 
isoform to transactivate the LTR, as the  Tat101 isoform had 
increased activity when compared to the  Tat86 isoform in T 
cells [167].  Tat86 was significantly more capable of initiating 
apoptosis than  Tat101 due to increased expression of pro-
caspase-8, procaspase-9, and FADD (Fas-associated death 
domain) [167]. Variation in the length of the Tat C-terminus 
may contribute to its potential to induce apoptosis, though 
no specific residues in the C-terminal domain between resi-
dues 86 and 101 have been identified as responsible for this 
disparity.

Certain amino acid determinants within the Tat protein 
have been associated with the regulation or triggering of 
these pathways. Both Jurkat T cells and primary CD4 + T 
cells that were transfected with Tat or infected with HIV-1 
were more sensitive to apoptosis than cells that were unin-
fected or did not express Tat [168]. In this study, this effect 
was not dependent on the presence of other HIV-1 accessory 
proteins, since cells infected with Vpu-, Vpr-, Rev-, Vif-, 
or Nef-deleted HIV-1 strains were still more susceptible to 
apoptosis than uninfected cells [168]. Increased caspase-8 
expression in these cells was implicated as the causative 
basis for the increased susceptibility to apoptosis in this sys-
tem, as the addition of a caspase-8 inhibitor prevented the 
apoptosis of nearly all Tat-producing cells [168]. The C22G 
and K41A HIV-1 Tat variants, which have been reported as 
LTR transactivation-deficient, had no effect on the ability of 
Tat to induce apoptosis, and were able to cause apoptosis in 
a similar percentage of cells as wild-type Tat [168]. Though 
specific Tat residues have not been shown to alter caspase-8 
specifically, the second exon of Tat may be essential for the 
induction of this pathway, as one-exon Tat  (Tat72) did not 
cause the apoptosis of HIV-1-infected Jurkat cells, despite 
its ability to transactivate the HIV-1 LTR [168].

Early research exploring the effects of HIV-1 Tat protein 
on neuronal cells demonstrated that exposure of primary 
hippocampal neurons in culture to exogenous Tat caused 
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a significant cell death [158]. This was accompanied by 
increased caspase-3 activity, significant influx of calcium 
into the cytoplasm and mitochondria, and the accumula-
tion of reactive oxygen species (ROS) within mitochondria 
that was paired with membrane depolarization [158], all of 
which were characteristics of apoptosis [169]. The C22G Tat 
variant was significantly less neurotoxic upon extracellular 
incubation with primary hippocampal cell cultures when 
compared to incubation with wild-type Tat, manifesting as 
abrogation of apoptosis [156]. The underlying cause was 
revealed to be the inability of Tat C22G to activate intrinsic 
initiator caspase-9 and effector caspase-3/7, where wild-type 
HIV-1 subtype B Tat initiated the activity of both initiator 
and effector caspases [156]. The interactions leading to pro-
caspase-9 cleavage in this case have not yet been elucidated, 
though the advent of caspase-mediated apoptosis in response 
to wild-type Tat exposure suggested a potential mechanism 
of neuronal damage that could contribute to HAND. Fur-
thermore, it has suggested that HIV-1 strains containing 
nonsynonymous amino acid mutations at residue 22 caused 
less severe HAND, though, historically, Cys22 is a strictly 
conserved residue in subtype B Tat [170].

Microtubule polymerization

Studies have shown that Tat protein found in the HIV-1 sub-
type D proviral genome from rapidly progressing Ugandan 
patients induced widespread apoptosis upon extracellular 
incubation with the Jurkat T-cell line [171]. In contrast, Tat 
protein generated from the sequences of subtype D infected 
long-term survivors prompted about 41% less apoptosis in 
Jurkat cells when compared to the rapidly progressing group 
[171]. Structural studies that compared HIV-1 subtype D 
Tat from one long-term survivor and one rapid progressor 
against Tat Mal, a subtype D reference strain, showed defin-
ing variation within the glutamine-rich domain [171]. The 
presence of Q63H and T64A substitutions was present in 
the amino acid sequence from the long-term survivor and 
distorted the short alpha-helix secondary structure of this 
domain [171]. Whether this variation accounts for the dif-
ference in apoptosis induced between HIV-1-infected rapid 
progressors and long-term survivors remains to be investi-
gated, but the mechanism by which apoptosis occurs in these 
cells may be due to previously observed phenomena.

Prior studies had shown that Tat could directly interact 
with αβ tubulin dimers and stabilize polymerized microtu-
bules in Tat-exposed cells [162, 172, 173], an observation 
that was also observed with subtype D Tat derived from 
rapid progressor Ugandan patients [171]. Tat from long-term 
survivors did not bind free tubulin with the same affinity 
in vitro as Tat derived from a rapid progressor [171], sug-
gesting a functional difference between Tat sequences of 
each patient group that affected the ability to bind free αβ 

tubulin dimers. This effect was also demonstrated across 
HIV-1 subtypes, where Tat from subtypes generally clas-
sified as being more toxic was more efficient at promoting 
microtubule polymerization [172]. These “toxic” strains 
included the subtype B HXB2 strain and subtype D Eli 
strain, which were isolated from patients that were rapid 
progressors [6, 174]. In contrast, Tat from the subtype C 
strain HIV-1OYI—originally isolated from a highly exposed 
but persistently seronegative patient—did not efficiently pro-
mote microtubule polymerization in vitro [134, 172].

A mutant form of Tat-containing alanine substitutions 
from amino acid positions 36–39 was incapable of binding 
tubulin αβ dimers [162], suggesting that the peptide motif 
spanning residues 36–39 in Tat was necessary for association 
with free tubulin. The introduction of the alanine stretch did 
not affect Tat uptake or secretion, as these processes were 
unchanged by the mutations [162]. Moreover, this form of 
Tat could still transactivate the HIV-1 LTR [162], suggesting 
that Tat(36–39)A was biologically active in this model. The 
phenomenon of subtype B HIV-1 Tat binding to free tubulin 
in target cell cytoplasm was accompanied by the promotion 
of microtubule elongation and stabilization of formed micro-
tubule filaments [162, 172]. Eventual cell death in response 
to Tat exposure was triggered by the prevention of microtu-
bule depolymerization, an effect also observed when cells 
are treated with paclitaxel, a chemotherapeutic that prevents 
disassembly of microtubules [162]. Perturbation of microtu-
bule disassembly by paclitaxel or wild-type subtype B Tat in 
this study resulted in the cleavage of procaspase 9, initiating 
the downstream apoptotic cascade [162]. Tat(36–39)A was 
incapable of inducing procaspase-9 cleavage in Jurkat cells 
because of its inability to bind both αβ tubulin dimers and 
polymerized microtubules [162]. The lack of procaspase-9 
cleavage in Tat(36–39)A-treated Jurkat cells prevented 
apoptosis in these cells and conveyed the importance of the 
tubulin-binding domain for Tat-medited intrinsic cell death. 
In comparison, extrinsic, Fas-FasL-mediated cell death was 
not found to be a major pathway in Tat-induced apoptosis 
in this system [162].

HIV-1 subtype B Tat residue 37, which was within the 
mutated motif in the prior study, usually presents as a con-
served cysteine and has been deemed important for the 
coordination of a zinc ion and is central to Tat’s structural 
stability [131]. Indeed, the zinc-coordinated form of Tat 
promoted the formation of Tat-tubulin complexes in both 
microtubule assembly and non-assembly cell conditions 
[175]. The replacement of cysteine at this residue position 
in Tat may account for the loss of tubulin-binding activity 
and induction of caspase-9-mediated apoptosis, though more 
specific mutational analysis is required to fully understand 
this effect. In contrast, extracellular treatment of Jurkat T 
cells with the C22G Tat variant has been reported to induce 
apoptotic cell death at levels similar to wild-type Tat in 
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Jurkat T-cell culture, though this conflicted with data from 
the other studies using the C22G Tat variant [156, 162]. 
Cys22 is another of the seven cysteine residues within the 
cysteine-rich domain, and like Cys37, its conservation may 
also be central to zinc-ion coordination by Tat [131]. Moreo-
ver, structural analyses have indicated that Cys22 and Cys37 
could be involved in the coordination of the same zinc ion 
[131]. Unlike Tat(36–39)A, the Tat C22G variant had signif-
icantly reduced capacity for LTR transactivation [132, 133, 
140, 150]. This has prompted the question of the relative 
contributions of each cysteine to the functional integrity of 
Tat cysteine variants and whether each cysteine within the 
amino acid sequence of Tat has a single function, or is capa-
ble of functional redundancy. In addition, it challenges the 
definition of biological activity for Tat. Is the capacity for 
HIV-1 LTR transactivation a firm requirement for biological 
activity, or are there other functions that qualify Tat as being 
biologically active in lieu of LTR transactivation?

RGD motif in subtypes B and C alters apoptosis 
induction

The second exon of HIV-1 subtype B Tat contains an RGD 
motif that spans residue positions 78–80, while subtype C 
Tat was found to code for a QGD motif at these residues 
[161]. Subtype B Tat that contained the exon II RGD motif 
caused about 29% cell apoptosis in a Tat-producing PMA-
stimulated THP-1 monocyte cell line culture, compared to 
a baseline 11% apoptosis in cells not exposed to Tat [161]. 
Interestingly, subtype C Tat-treated cells underwent apopto-
sis at a level comparable to the baseline, at 14% [161], indi-
cating that the presence of the RGD motif in Tat exon II con-
tributed to the increased apoptotic cell death in this system. 
The mutation of residue 78 from Gln to Arg in subtype C 
Tat to introduce the RGD motif to the second exon induced 
additional apoptosis in PMA-stimulated THP-1 cells, even 
though the converse introduction of QGD into subtype B Tat 
exon II did not abrogate apoptosis induction, as one would 
expect [161]. These data demonstrated that the presence of 
the RGD motif in exon II is sufficient to trigger apoptosis, 
although its absence does not prevent apoptosis altogether.

Tat‑mediated upregulation of Bcl‑2—promotes 
and prevents apoptosis

Tat has been shown to be a modulator of anti-apoptotic 
Bcl-2 protein expression and activity in HIV-1-infected 
cells. Prior research has investigated the role of a number 
of HIV-1 proteins in the regulation of Bcl-2 [176, 177], but 
a bulk of the studies have focused on the effect of Tat on 
this important pathway. The role of Bcl-2 as a mediator of 
Tat-induced apoptosis has been controversial, as both the 
promotion and prevention of apoptosis have been observed 

upon the analysis of the relationship between Bcl-2 and Tat 
[178–180]. The upregulation of Bcl-2 has been shown to 
protect Tat-transfected Jurkat T cells from apoptosis, even 
when cultured in conditions that promote apoptosis, such as 
serum-free culture, or treatment with cytotoxic agent TNF-α 
or anti-Fas antibody [181, 182]. Similarly, MDMs (mono-
cyte-derived macrophages) exposed to soluble  Tat86 exhib-
ited increased Bcl-2 mRNA and protein production [183]. It 
has been hypothesized that, because Tat-producing or Tat-
exposed cells may be protected from apoptosis, there is a 
window of time for viral production or viral spreading before 
apoptotic cascades overcome anti-apoptotic signals [182, 
183]. In this way, the infected cell would not be eliminated 
by host defenses prior to viral dissemination or integration 
of the HIV-1 genome into the host-cell chromosome(s). In 
contrast, Jurkat cells transfected with the C22G variant of 
Tat showed the levels of Bcl-2 mRNA and protein that were 
similar to control, untransfected cells [179]. In the same 
model, Tat C22G-transfected cells also exhibited a progres-
sive increase in apoptosis over time [179], suggesting that 
conservation within the cysteine-rich domain is crucial for 
the protection of these cells from apoptosis, even though 
variation of Cys22 had the opposite effect of increasing 
the level apoptosis. Furthermore, Cys22 Tat variants have 
been reported as LTR transactivation-deficient [132, 133, 
140, 150], indicating a potential correlation between LTR 
transactivation and the upregulation of anti-apoptotic Bcl-2 
expression. Contradictory evidence, however, has noted that 
Tat production by Tat-transfected Jurkat or H9 T-cell lines 
can downregulate Bcl-2 expression and lead to increased 
apoptosis in serum-free conditions, as characterized by 
increased DNA fragmentation and expression of the pro-
apoptotic protein, Bax [180]. This evidence agrees with the 
reports on Tat-mediated apoptosis in T-cell lines [155, 168], 
though contrasts with the other major studies of Bcl-2 regu-
lation by Tat [179]. Future investigation of the association 
between Tat and Bcl-2 activity will help elucidate the condi-
tions that are responsible for the regulation of Bcl-2 in these 
systems. In addition, in vivo studies of these pathways will 
add physiological significance to the mechanism.

Cell activation

Endothelial cells

Human endothelial tissues have represented an impor-
tant population of bystander cells during the course of 
HIV disease; although they are not very susceptible to 
HIV-1 infection, they are very prone to the consequences 
of infection of the other cell types and of secreted viral 
protein(s), including Tat. Tat has been shown to modulate 
the expression of endothelial cell (EC) surface proteins, 
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tight junction proteins, and oxidative stress pathways, 
notably in brain microvascular endothelial cells, which 
are an important component of the blood–brain barrier 
(BBB) [43, 184, 185] as well as the populations of cardiac 
endothelial cells and other types of endothelial cell popu-
lations [186–188]. Therefore, changes in endothelial tissue 
behavior in response to Tat exposure in an HIV-1-infected 
patient may affect the integrity of the blood–brain barrier 
and provide an access point for viral entry into the CNS. 
Variation within Tat may affect disease severity by impair-
ing this process.

Vascular endothelial growth factor receptor-2 (VEGFR-2) 
has been shown to be a receptor present on ECs that works to 
activate ECs mainly through interactions with ligand VEGF-
A [189]. Activated ECs have been characterized by prolifera-
tive and migratory activity, as well as enhanced survival, and 
endothelial tissue permeability [189]. VEGFR-2 has been 
reported to act as a Tat receptor, where the engagement of 
VEGFR-2 by HIV-1 Tat activated vascular endothelial cells 
[190]. This was possible because of amino acid sequence 
homology between the arginine-rich domain of Tat and 
known human angiogenic, heparin-binding proteins, such 
as fibroblast growth factor, VEGF-A, and hepatocyte growth 
factor [191]. Likewise, Tat can bind heparin, as observed 
in Sepharose column pull-down experiments, which most 
likely facilitates its uptake, as low concentrations of hepa-
rin have been observed to assist in Tat internalization into 
EaHy926 endothelial cells [191]. Low heparin concentra-
tions can also enhance Tat-mediated EaHy926 endothelial 
cell and human umbilical vein endothelial cell (HUVEC) 
proliferation and migration [191], both of which are charac-
teristics of VEGFR-2-mediated cellular activity [192]. Tat 
was also found capable to upregulate the expression of cell 
adhesion molecules on the surface of HUVEC monolayers 
in vitro, resulting in greater adherence of HL-60 monocytic 
cells to EC monolayers [193]. Interestingly, Tat peptides 
containing only the arginine-rich domain or part of the RGD 
motif present in exon II could elicit EaHy926 endothelial 
cell proliferation on their own [191], warranting a closer 
look at specific residue conservation within the known Tat 
domains that mediate endothelial cell behaviors.

Of the domains of HIV-1 Tat, the cysteine-rich domain, 
arginine-rich domain, and second exon RGD motif are 
all determined to have some effect on the ability of Tat to 
induce EC proliferation, migration, or adhesion to the extra-
cellular matrix [194]. The cysteine-rich domain of Tat86 
was found to be important for Tat-induced HUVEC prolif-
eration and migration, but not adhesion to the extracellular 
matrix, as a variant with C(22,25,27)A substitutions was 
only competent at weakly activating migration and prolifera-
tion of these cells, and was still able to adhere to extracel-
lular matrix at wild-type levels [194]. This effect may be due 
to the loss of zinc coordination by cysteines 22, 25, and 27, 

all of which are predicted to interact with a total of two zinc 
ions to assume the complete tertiary structure of Tat [131].

Mutations within the arginine-rich domain of Tat 
decreased the ability of Tat to activate EC proliferation, 
migration, and adhesion to the extracellular matrix. A 
 Tat101 variant with alanine substitutions at each of the six 
arginines within the arginine-rich domain severely reduced 
these activities in HUVEC cultures [194], emphasizing 
the extreme importance of amino acid conservation within 
this region. Less severe reduction of HUVEC proliferation, 
migration, and extracellular matrix adhesion correlated with 
fewer substitutions in the arginine-rich domain of  Tat86, as 
demonstrated upon the introduction of successive substi-
tutions encoding either R49G/K50I/R52L/R53I or R49G/
K50I, respectively [194]. The R49G/K50I  Tat86 variant 
showed the reduced migration and proliferation of HUVECs 
upon treatment, but did not affect the ability of the cells 
to adhere to extracellular matrix [194], indicating that the 
number and charge of conserved arginine residues may be 
more important for EC adhesion than the maintenance of 
specific amino acids.

The RGD motif that is located in the second exon of 
HIV-1 subtype B  Tat86 spans residues 78–80 and its con-
servation has been associated with the increased apoptosis 
of Tat-producing PMA-stimulated THP-1 monocytic cells 
in vitro [161]. In the context of EC activation, mutation of 
residue 80 to produce a D80E variant prompted EC migra-
tion and proliferation, while treatment with a double vari-
ant containing an additional R78K substitution in the RGD 
motif resulted in reduced HUVEC proliferation, migra-
tion, and adhesion to extracellular matrix [194]. Though 
the effects of treatment with a single R78K variant were 
not studied in this investigation, it is unclear if these EC 
behaviors were developed by the disruption of Arg78 alone 
or if Asp80 substitutions also contributed to the outcome. 
ECs express VEGFR-2 receptors that have been observed to 
bind extracellular Tat with high affinity [190]. The R78K/
D80E variation did not affect the adherence of  Tat86 to EC 
monolayers [194], which has suggested that the ability of 
Tat to activate ECs via VEGFR-2 engagement likely did not 
depend on residue conservation within the second exon RGD 
motif in this model system. Alternatively, cysteine-rich and 
arginine-rich domain variants demonstrated lower affinities 
for EC monolayer cells than wild-type Tat [194].

Furthermore, the activation of ECs may depend on 
the ability of Tat variants to promote phosphorylation of 
VEGFR-2. VEGFR-2 phosphorylation in vitro may be indic-
ative of dimerization that occurs upon receptor engagement 
by a ligand, leading to autophosphorylation or transphos-
phorylation of the dimerized VEGFR-2 units [189]. Tat 
binding to VEGFR-2 resulted in phosphorylation, which 
stimulated a variety of signal transduction pathways that 
characterize EC activation, including those involved in 
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EC proliferation, migration, cell survival, transcriptional 
activation, and vascular permeability [189]. Arginine-rich 
mutants of  Tat86 have been reported to have reduced ability 
to promote VEGFR-2 phosphorylation in EC monolayers 
when compared to wild-type  Tat86 [194]. As with prolif-
eration, migration, and adhesion to extracellular matrix, 
the severity of this effect was dependent on the number of 
substitutions within the arginine-rich domain, where total 
replacement of all arginines in the domain resulted in the 
greatest observed defect, and R49G/K50I/R52L/R53I and 
R49G/K50I  Tat86 variants promoted lesser, but still a sig-
nificant reduction of VEGFR-2 phosphorylation [194]. The 
C(22,25,27)A cysteine-rich domain  Tat86 variant also dem-
onstrated the reduced phosphorylation of VEGFR-2 in EC 
monolayers upon treatment [194]. Therefore, reduced phos-
phorylation of VEGFR-2 in response to subtype B Tat vari-
ation has suggested that the ability of Tat to act as a strong 
VEGFR-2 ligand depends on amino acid conservation within 
the arginine-rich and cysteine-rich domains. Altogether, it 
has appeared that the ability of HIV-1 Tat variants to engage 
VEGFR-2 on ECs determines the degree of EC activation by 
Tat. This could be important in the context of BBB perme-
ability, as it has been proposed to contribute to the develop-
ment of HAND in HIV-1-infected patients [195]. Variation 
within Tat may abrogate the activation of ECs at the BBB, 
but this hypothesis will still require experimental validation.

Immune cells—chemokine mimicry

The ability of HIV-1 Tat to dictate cell migration has been 
well documented [196–198]. Tat has been shown to be capa-
ble of initiating chemotaxis of endothelial cells, monocytes, 
dendritic cells, PMNs, and B cells, all of which are hypoth-
esized to respond accordingly to the interactions between 
functional domains of Tat and chemokine receptors endog-
enous to each cell type [196]. Early observations concerning 
the chemotactic capacity of Tat relied on the potential of 
certain domains to prompt cell migration, where arginine-
rich or RGD motif-containing Tat peptide fragments span-
ning positions 46–60 and 65–80, respectively, were found 
to be sufficient to elicit chemotaxis of primary monocytes 
or primary monocyte-derived dendritic cells through micro-
chambers, though only achieving about 50% efficacy of  Tat86 
[197]. Tat peptides encompassing both the cysteine-rich and 
arginine-rich domains (spanning residues 24–51) were also 
able to potently induce primary monocyte migration and 
polarization to a degree similar to  Tat86 [198], indicating 
a key role for these domains in Tat-mediated chemotaxis. 
While various Tat fragments may elicit the chemotaxis of 
monocytes, studies have shown that  Tat86 is more efficient 
in this process and shows higher affinity for surface receptor 
binding [197, 198]. Therefore, the analyses of specific amino 

acid variants within Tat that affect its chemotactic properties 
are of interest.

The dicysteine motif present in the cysteine-rich domain 
of HIV-1 Tat has been studied for its chemotactic poten-
tial. The CCF motif sequence observed in HIV-1 subtype 
B  Tat86 amino acid sequences spanning residues 30 to 32 
has molecular homology to several known β-chemokines, 
including MCP-1, -2, and -3, as well as RANTES, MIP-1α, 
and MIP-1β [44]. Mutation of the cysteine residues in this 
motif to serines abolished cytoplasmic influx of  Ca2+ in 
primary monocytes indicative of β-chemokine receptor 
engagement and was observed upon treatment with CCF-
containing β-chemokines or  Tat86 [44, 199]. Analysis of 
the consensus sequence of the Tat cysteine-rich domain in 
HIV-1 subtype C isolates from several countries revealed 
that the dicysteine motif encodes a serine at position 31, 
resulting in a C30S31 motif [10]. Experimentally, the use 
of modified Boyden chemotactic chambers to observe the 
primary PBMC migration in response to dicysteine motif 
subtype C Tat variants showed that the alteration of the 
motif affected the ability of PBMCs to migrate toward the 
Tat chemotactic gradient, where the C30C31 variant elicited 
the most monocyte migration and the C30S31 and S30C31 
variants elicited markedly less [10]. This function of Tat 
has been identified as a potential mechanism for monocyte 
entry into the CNS, which has been thought to contribute to 
neuropathology observed in HAND [200–202].

Regulation of gene expression

HIV-1 has been shown to cause global gene-expression 
changes in infected cells [203]. Research concerning the reg-
ulation of HIV-1-mediated host gene expression has revealed 
that HIV-1 and Tat were capable of inducing the production 
of inflammatory cytokines and chemokines in a number of 
cell types [204–206]. It has been documented that Tat can 
also act as a chemokine [10], and the regulation of these 
and other genes may represent redundant and independent 
functional characteristics of Tat. These regulatory effects 
have been demonstrated to occur both directly and indirectly.

Indirect mechanisms associated with the regulation of 
gene expression by HIV-1 Tat protein include the modulation 
of NF-κB activity in Tat-producing cells. The acetylation 
status of the NF-κB p65 subunit determines its activity and 
ability to initiate the transcription of NF-κB-inducible genes, 
including those that control T-cell activation and cytokine 
regulation, and is part of a signaling pathway known to be 
appropriated during viral infection [207, 208]. HIV-1 wild-
type  Tat101 has been shown to cause cell hyperactivation by 
inducing hyperacetylation of NF-κB, a downstream effect 
of inhibiting the activity of deacetylase SIRT1 [209]. In 
an in vitro cell system that utilized 293T cells transfected 
with expression vectors encoding Tat, SIRT1, HAT p300, 
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and the p65 subunit of NF-κB, wild-type Tat was shown 
to interact with SIRT1 and prevent deacetylation of p65 at 
residue Ser310, thus maintaining the active form of NF-κB 
that can promote the expression of NF-κB-inducible genes 
[209]. Cysteine-rich and core domain Tat variants includ-
ing C22G, F38A, or K41A substitutions decreased hypera-
cetylation of the p65 subunit of NF-κB in the same model 
system [209], indicating that these residues were essential 
for the interaction between Tat protein and SIRT1 leading 
to the inhibition of SIRT1 activity, though this still requires 
experimental validation.

Wild-type  Tat101 strongly induced the expression of 
IL-2 in Jurkat T cells infected with LTR-Tat-GFP-express-
ing lentiviral vectors [209], thereby providing a system to 
facilitate the characterization of the downstream effects of 
SIRT1 inhibition. IL-2 is a cytokine that is expressed after 
viral infection, is a growth factor that supports T-cell sur-
vival and proliferation, and functions to stimulate immune 
responses [210]. The hyperactivation of T cells in response 
to HIV-1 infection has been previously attributed to  Tat101 
protein expression and occurred only in the presence of full-
length Tat [211]. The K41A Tat variant lacked the ability to 
super-induce the expression of IL-2 mRNA in Jurkat T cells 
when compared to wild-type Tat or alternate lysine residue 
variants, K50A and K51A [209], suggesting that though Tat 
may normally induce the overexpression of IL-2 in T cells, 
the substitution of Lys41 affects this function. Therefore, 
Lys41 may have special importance in the process of IL-2 
overexpression in Tat-producing T cells and may be essential 
for this function of Tat.

HIV-1 Tat may also be able to regulate gene expression 
of HIV-1-infected cells via direct interactions with promo-
tor regions of specific genes. ChIP-seq analysis of an HIV-1 
lentivirus-infected THP-1 monocyte cell line demonstrated 
that Tat could directly interact with promotor regions for 
66 cellular genes [212]. This study focused on those genes 
that may be important for the development of HAND, such 
as brain-derived neurotrophic factor (BDNF), cytokine 
receptor-like factor 2 (CRFL2), complement component 5 
(CR5), and amyloid beta precursor protein-binding family A, 
member 1 (APBA1) [212]. The presence of Tat increased the 
expression of each of these genes except CRLF2, for which 
expression was decreased [212]. As mentioned above, the 
K50A variation blocked acetylation of Tat by p300 HAT or 
methylation by SETDB1 and affected LTR transactivation 
[61, 116], but did not affect binding to THP-1 monocytic 
DNA regions, despite changes in the expression patterns 
of the downstream genes [212]. The K50A substitution 
altered Tat-mediated gene expression, resulting in signifi-
cant increases in the expression of CRLF2, BDNF, APBA1, 
and decreased expression of C5 by 48 h post infection with 
HIV-1 K50A Tat-expressing lentivirus [212]. This has sug-
gested that Lys50 plays a substantial role in the regulation of 

these genes, though the consequences of altered expression 
by Tat still require investigation. Overall, it underscores the 
importance of post-translational modifications of Tat resi-
dues, ranging from the effects on LTR transactivation to the 
modified host gene expression.

In addition to direct interactions between Tat and host 
genomic DNA, HIV-1 Tat has been observed to associate 
with human cellular mRNA transcripts in primary CD4 + T 
cells [213]. The use of MEME-ChIP analysis revealed that 
Tat could bind mRNAs containing stem-loop structures 
resembling those of TAR [213]. This interaction was found 
to be mediated by Tat lysine residues 50 and 51, as K50S/
K51G variants were unable to efficiently bind RNA, as evi-
denced by an 85% decrease in the immunoprecipitation of 
RNA with Tat variants in a CEM T-cell line infected with 
a Tat-encoding lentiviral vector [213]. Intriguingly, Gene 
Ontology analysis of the Tat-interacting mRNA showed 
many shared functional annotations of the transcripts, 
including nucleotide binding, transferase activity, and tRNA 
metabolic processes [213], suggesting that, in addition to 
transcriptional regulation, HIV-1 Tat may be able to regu-
late RNA and protein expression. Although the downstream 
effects of Tat–mRNA interactions in this system have not 
yet been thoroughly detailed, increased expression of many 
of the genes identified in this analysis has been previously 
shown to be involved in HIV-1 pathogenesis [24, 214–216], 
and Tat residues Lys50 and Lys51 may play a role in their 
positive regulation.

Experimental subtype B HIV-1 Tat variants that have the 
observed capacity to regulate gene expression are generally 
founded in amino acid residue substitutions that interfere 
with LTR transactivation, such as those at Cys22, Lys41, 
Lys50, and Lys51. Sequence analysis of HIV-1 isolates clas-
sified as subtype E, however, has been observed to code for 
a naturally occurring tryptophan at Tat amino acid position 
32, which possessed differential functionality with respect 
to TNF gene expression, although it was still maintained 
the ability to transactivate HIV-1 LTR [217]. Where sub-
type E Tat contains tryptophan at position 32, the consensus 
sequences of subtype B and subtype C molecular clones 
encoded phenylalanine or tyrosine, respectively [217]. TNF 
gene expression and cytokine release from HIV-1-infected T 
cells has been implicated as a factor-guiding nuclear trans-
location of NF-κB, as well as stimulating HIV-1 proviral 
genome expression [218–220]. When co-transfected with 
a TNF-α promotor-luciferase reporter construct into Jurkat 
T cells, the subtype E Trp32 variant exhibited suppressed 
TNF gene expression and subsequent decreased TNF-α pro-
tein production, as compared to Tat from subtypes B and 
C [217]. Mutation of the Trp32 to encode a subdominant 
W32G variant partially restored TNF-α transcription and 
protein production to about 30% of that found with subtype 
B, despite the replacement of a large ring-containing amino 
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acid with glycine [217]. DNase I hypersensitivity assays, 
which were used to identify areas of decondensed chromatin 
within genomic DNA, demonstrated that the TNF-α gene 
was precluded in PMA-stimulated Jurkat cells transfected 
with subtype E  Tat86 harboring the Trp32 sequence variant, 
but was accessible upon transfection with the subtype B LAI 
molecular clone [217]. Further investigation in this model 
cell system demonstrated that the Trp32 variant interfered 
with the ability of P/CAF and GCN5 HATs to remodel chro-
matin in the regions surrounding the TNF-α locus [217]. 
The reduced recruitment of P/CAF and GCN5 to the TNF-α 
locus could be partly restored with the introduction of the 
W32G mutation, though still did not fully recover function 
to levels near that of the subtype B LAI molecular clone 
[217]. Overall, this study demonstrated a disparity between 
HIV-1 subtypes regarding transcriptional functionality and 
the induction of cytokine gene expression. The differences 
in pathogenesis between HIV-1 Tat subtypes represent an 
area of research that is important for a deeper understanding 
of HIV-1 altogether, as modulation of gene expression by 
the Tat protein has the potential to affect HIV-1-mediated 
inflammatory responses.

Tat‑mediated neurotoxicity

Tat–NMDAR interactions

The study of Tat-mediated neurotoxicity began with the 
observation that certain peptides derived from subtype 
B  Tat86 were able to induce excessive neuroexcitation in 
human fetal neurons in culture. This study identified Tat 
residues 31–61 as a neurotoxic domain within Tat [221]. 
Variation within this region is, therefore, of interest in the 
continued investigation of Tat, as it may provide insight 
to clinical examples of Tat-induced neurotoxicity. Fur-
ther research identified a mechanism to explain the effects 
originally observed. HIV-1 Tat has been shown to elicit 
neurotoxicity via interactions with N-methyl-D-aspartate 
receptors (NMDARs), which occurred between Tat and 
NMDAR NR1 and NR2a subunits [222]. This interaction 
was between amino acid residue Cys744 of the NR1 subunit 
and conserved Tat residue Cys31 [222]. NR1 Cys744 nor-
mally forms a dicysteine bond with downstream Cys798, 
but was disrupted by the presence of Tat when Tat Cys31 
paired with NR1 Cys744, forming an alternative disulfide 
bridge between the two proteins (Fig. 4) [222]. To inves-
tigate the consequences of this effect, studies performed 
utilized the HEK 293T cell line, which was transfected 
with pertinent NMDAR subunits and, similar to cells that 
endogenously express NMDARs, there were decreases 
shown in cell viability upon exposure to excessive concen-
trations of NMDA [222]. Subtype B Tat, in which Cys31 

was strongly conserved, induced neurotoxicity in the form 
of reduced NMDAR-expressing HEK 293T cell viability to 
a degree similar to NMDA treatment [222]. Subtype C Tat, 
which encodes a serine at residue 31, showed attenuated 
neurotoxicity when compared to Tat or NMDA treatments 
[222]. As expected, variation of Cys31 to an amino acid 
that inhibits disulfide bond formation with the NR1 Cys744 
residue blocked this interaction and reduced neurotoxicity 
by Tat. Indeed, subtype C patient samples that had a con-
served Cys31 caused similar neurotoxicity to samples from 
patients infected with subtype B [222]. Similarly, mutation 
of NMDAR NR1 residue Cys744 from cysteine to alanine 
decreased toxicity to the NMDAR-expressing HEK cells 
[222]. The C31S variation present in subtype C Tat pro-
tected cells from toxicity, but did not prevent Tat binding to 
NMDARs, as the Tat–NMDAR interaction was only inhib-
ited upon the deletion of the arginine-rich domain [222], 
suggesting that binding may occur at a site other than the 
NR1 Cys744 residue. These data reveal an intricate, two-step 
binding and activation mechanism for Tat-mediated neuro-
toxicity that requires residue conservation in both the argi-
nine-rich and cysteine-rich domain, though clarification of 
the specific residues required for binding in the arginine-rich 
domain requires further analysis. The downstream effects of 
NMDAR-mediated neurotoxicity include the production of 
reactive oxygen species and nitric oxide, which accumulate 
in neurons and may lead to cell death [223, 224], repre-
senting an important pathway of damage involved in Tat-
mediated neurotoxicity.

Synaptodendritic damage

Regarding neuronal damage at synapses, the three HIV-1 
subtype B isoforms—including the 72, 86, and 101 amino 
acid length proteins—have all been shown to cause a similar 
degree of synaptodendritic damage when exposed to pri-
mary rat fetal hippocampal neurons in culture [225]. In this 
cell culture model, synaptodendritic injury was represented 
by decreased F-actin puncta accompanied by decreased 
dendritic branching and increased cell death after treatment 
with Tat (Fig. 4) [225]. The number of F-actin puncta pre-
sent within neuronal dendrites are indicative of the overall 
capability of a neuron to maintain synapse structure [226]. 
Therefore, decreased F-actin puncta in hippocampal neuron 
culture in response to Tat treatment conveys that Tat medi-
ated the disruption of synaptic structure, and likely function, 
within affected cells. The cysteine-rich domain of Tat has 
been implicated as essential for the generation of synap-
todendritic damage in hippocampal neurons in culture, as 
deletion of the entire cysteine-rich domain failed to cause 
the loss of F-actin puncta, decreased dendrite branching, or 
reduced cell viability that occurred upon exposure to wild-
type Tat [225].
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Similar to its complete removal, variation within the 
cysteine-rich domain of subtype B Tat has also been shown 
to attenuate synaptodendritic damage. The C22G  Tat86 
variant did not significantly reduce the number of F-actin 
puncta, affect cell viability, or alter the number of dendrite 
branches within primary rat fetal hippocampal neurons 
[225]. Rather, the use of this variant for treatment of neu-
ronal cells in culture generated the activity levels similar to 
controls [225], suggesting that Cys22 in subtype B Tat was 
essential to produce synaptodendritic injury in this model. 
Subtype C  Tat101, which encodes the naturally occurring 
C31S variation, also showed similar abrogation of synap-
todendritic injury in cultured hippocampal neurons as the 
untreated control, as well as the subtype B C22S  Tat86 [225]. 

These results have suggested that the conservation of the 
cysteine residues within the cysteine-rich domain is neces-
sary for Tat to impart damage to the synaptic terminals of 
neurons, regardless of the exact location of the variation 
within the domain and the length of the Tat isoform.

Beta amyloid aggregation

Studies concerning the effect of beta amyloid protein (Aβ) 
aggregation in the CNS have supported its role in neuro-
degeneration and destabilization of neurons [227–229]. 
Increased Aβ deposition has been observed in the brains 
of HIV-1-infected patients when compared to age-matched 
HIV-1-negative patients, even when treated with ART [230]. 

Fig. 4  Proposed model of the effect of cysteine-rich domain HIV-1 
Tat variants on Tat-mediated neuronal neurotoxicity Overview of 
HIV-1 Tat variants that produce neurotoxic effects differing from 
wild-type (WT) Tat. (Top left) Interaction between Tat Cys31 and 
NMDAR NR1 Cys744. Excitotoxicity generated by the formation of 
a disulfide bond between WT Tat Cys31 and Cys744 of the NMDAR 
NR1 subunit is reduced with the replacement of Tat Cys31 with ser-
ine. This is presumably due to the inability of Tat C31S to form this 
disulfide bond. (Bottom left) Tat variants modulate F-actin puncta 
loss in neuronal dendrites. Although the mechanism of Tat-mediated 
synaptodendritic injury is not fully understood, treatment of pri-

mary hippocampal neurons with WT Tat results in decreased F-actin 
puncta, the presence of which normally indicates pre- and post-syn-
aptic structural integrity. The Tat-mediated decrease in F-actin puncta 
is not seen upon treatment with C22G or C31S. (Right) Amyloid 
beta production is altered by exposure to Tat variants. Treatment of 
primary hippocampal neurons with WT Tat promoted beta amyloid 
1–42 production and release into cell culture supernatant, where it 
may aggregate and form stiff fibrils in the presence of WT Tat. The 
introduction of the C22G or C31S variant restored beta amyloid 1–42 
production to control levels. EC extracellular, IC intracellular
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Recently, the study of Aβ in the context of Tat-mediated 
neurotoxicity has revealed important mechanisms of neu-
ronal damage. Beta amyloid concentrations were reported 
to be significantly increased in the cell bodies of neurons 
from HIV-1-infected patients in the absence or presence 
of HIV encephalopathies (HIVE) and were more likely to 
extend into the axons of neurons from patients with HIVE 
[231]. The aggregation of Aβ in HIV-1-infected patients 
is structurally different than that of Alzheimer’s Disease 
(AD)—while Aβ aggregates in AD form neuritic plaques or 
tangles, HIV-associated Aβ aggregates lacked these features 
[231]. In contrast, HIV-1-negative patients showed little-to-
no beta amyloid accumulation in or around CNS neurons 
[231]. In vitro assays demonstrated that the normal drop in 
endolysosomal pH was disrupted by HIV-1  Tat72 upon entry 
into primary rat cortical neurons [232]. This observation 
preceded  Tat72-induced production and accumulation of Aβ 
within the endolysosomes, leading to their enlargement and 
dysfunction [232], indicating a possible mechanism of neu-
ronal damage upon  Tat72 uptake. Lysosomal dysfunction in 
neurons has been closely linked to neurodegeneration in Aβ 
disorders [233, 234] and the dysfunction observed upon Tat 
uptake may prevent the degradation of lysosome contents 
and promote Aβ aggregation.

Tat has been observed to bind amyloid precursor protein 
(APP), a large transmembrane protein that is proteolytically 
cleaved into shorter Aβ peptides within endosomes [235]. 
The ability of Tat to bind APP was dependent on the pres-
ence of the cysteine-rich domain, although cysteine-rich 
domain variants C22G, H33A, or a C34Q35 deletion mutant 
had no effect on the Tat–APP interaction [236]. Recent 
results have supported that Tat could also bind Aβ, an inter-
action that led to the formation of rigid, aggregating Tat-Aβ 
fibrils, which generated a synergistic neurotoxic effect in 
neuronal cell culture (Fig. 4) [237]. The exact nature of the 
Tat–Aβ interaction is not fully understood, but may occur 
at the external surface of the Aβ fibrils, as predicted from 
crystal structure analysis [237]. Identification of the interact-
ing residues in both Tat and Aβ is vital for the understanding 
of this pathogenesis, and if certain Tat variants may exhibit 
attenuated neurotoxicity for this reason.

The other studies have examined amino acid varia-
tion within the cysteine-rich domain of Tat to identify 
required residues for Tat-mediated beta amyloid produc-
tion and aggregation. In vitro investigation of hippocam-
pal neuron cultures exposed for 3 days to subtype B  Tat86 
showed significant increases in Aβ1–42 in conditioned 
culture medium as well as decreased cell viability [238]. 
The introduction of the transactivation-defective C22G 
variation in this system both restored Aβ1–42 produc-
tion to control levels and rescued cell viability (Fig. 4) 
[238]. Congo red staining of these cells exposed to sub-
type B  Tat86 demonstrated that, as a consequence of Tat 

treatment, over 20% of cells produced Aβ, while non-
treated cells produced very little [238]. Subtype C  Tat101 
that contained the C31S variation. but maintained Cys22; 
however, stimulated Aβ production in hippocampal neuron 
cultures that was similar, if not less than, control cultures 
that were not treated with Tat at all, and was also capable 
of rescuing cell viability [238]. An interesting takeaway 
from this study is apparent from the Tat variants used. 
The ability of subtype B  Tat86 to induce Aβ1–42 produc-
tion was lost after the introduction of the transactivation-
defective C22G variation, suggesting that the ability to 
stimulate LTR transactivation may be linked to increased 
Aβ production. However, subtype C  Tat101 was not able to 
induce significant concentrations of Aβ1–42 [238], despite 
prior reports that show the subtype C C31S protein which 
retains LTR transactivation potential [10], but also because 
subtype C Tat has about fivefold greater transactivation 
capacity than subtype B Tat [239]. Similarly, subtype B 
101 amino acid Tat isoforms have also been reported to 
have significantly greater transactivation activity than the 
86-amino acid protein [167]. Certainly, it is well known 
that HIV-1 subtypes B and C differentially affect cells in 
culture and within hosts, including the incidence of neuro-
toxicity, strength of transactivation, and degree of induced 
cytokine expression [34, 240, 241]. Granted, the differ-
ences in amino acid length between the two forms of Tat 
could account for the Aβ disparity in this case, though 
evidence of this remains to be determined.

The presence of Tat in the brain may also modulate intrin-
sic host factors to prevent the clearance of Aβ from CNS 
tissues. Neprilysin is a ubiquitously expressed endopepti-
dase that is a major host factor responsible for Aβ clear-
ance in the CSF [242]. Inhibition of neprilysin has been 
shown to increase the accumulation of Aβ in the brain and 
reduced neprilysin activity may contribute to the genera-
tion of extracellular amyloid beta aggregates [242]. Through 
the investigation of neprilysin inhibition by HIV-1 Tat pep-
tides, the conserved cysteine-rich domain KCCF motif that 
spans residues 29–32 was identified as a key amino acid 
stretch responsible for neprilysin-inhibited accumulation of 
beta amyloid [243]. This was confirmed by a subsequent 
study, though the same effect was not validated using the 
full-length Tat [244].

Overall, the fact that Tat can interact with amyloidogenic 
proteins in the CNS is significant to the study of cognitive 
impairment associated with HIV-1 infection in era of cART. 
Aβ has been extensively studied for its role in the develop-
ment of AD and neurodegeneration [229, 245, 246]. Moreo-
ver, if Aβ accumulation in the CNS was responsible for the 
development of neurocognitive impairment, genetic predis-
positions for developing AD [247] in the HIV-1-infected 
patient could potentially increase the risk of neurocognitive 
impairment. Further investigation of the variation within 
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Tat that dictates the degree of Aβ accumulation and Tat-Aβ 
complex formation may assist in the diagnosis and treatment 
of HAND.

Discussion

The study of HIV-1 Tat variants has provided perspective to 
the study of HIV-1 pathogenesis overall. Variation within 
Tat may occur at amino acid residues spanning the entire 
protein and is one component of the overall genetic varia-
tion across the HIV-1 genome that is observed during the 
development of the HIV-1 quasispecies during the course 
of HIV-1 infection and disease. The complete list of these 
variants and their effect on known functions is summarized 
in Table 1. While the properties of each Tat variant may not 
be fully understood, the range of functions that variation 
affects is as broad as the functions themselves. This review 
has focused on specific amino acid changes within Tat and 
how those alterations have been experimentally shown to 
shift the functional properties of the protein.

Tat trafficking, potential for LTR transactivation, and 
mediation of pathogenicity all provide context for the impact 
of genetic variation within the protein. Future studies of Tat-
mediated pathogenesis should incorporate variants, as their 
use may provide some mechanistic understanding, since the 
domains of Tat have been well annotated through the years. 
Yet, despite the reinforcement that each piece of validat-
ing data may add to the growing body of literature on Tat’s 
functions, the full gamut of activities assigned to Tat will 
obviously continue to increase. The tendency of HIV-1 to 
develop into genetically unique quasispecies dictates that 
Tat should also change in genetic composition. The selec-
tive pressures for these changes are not totally resolved, 
but may include CD8 + T-cell epitope escape [248, 249] 
and the gradual shift between HIV-1 co-receptors [250] as 
well as other pressures associated with therapy, the immune 
response, and others.

Retrospective analysis of the effects of Tat variants identi-
fied in the literature, however, is often complicated by the 
omission of Tat protein length. Protein length disclosure, 
in these cases, have been an important aspect of data inter-
pretation, as the use of one-exon Tat versus the two-exon 
protein may mean a difference of 14–29 amino acids in  Tat86 
and  Tat101, respectively. Viral subtype utilized also adds a 
layer of difficulty to the study of Tat variability, due to the 
presence of amino acid determinants that are unique to each 
subtype. Much of HIV-1 research occurs in the western hem-
isphere where subtype B is most common, leaving the other 
subtypes underexplored despite higher incidence globally. 
Because these studies have shown that Tat from different 
HIV-1 subtypes displays different functional characteristics, 

results from studies on single subtypes may not be applica-
ble to the understanding of the remaining viral subtypes.

In addition, the half-life of functional Tat variants should 
be considered in future studies of Tat genetic variation. 
Though the pool of knowledge of Tat variant half-life has yet 
to develop, it could provide the means for important re-eval-
uations of functional discrepancies between wild-type and 
variant functionality. For example, a study that analyzed dif-
ferences in half-life between Tat of certain HIV-1 subtypes 
found that in  [35S]Met/Cys pulse-chase experiments of HEK 
293 cells transfected with subtype B, C, or E Tat constructs, 
subtype B and C Tat was shown to have a half-life of about 
3 h, while subtype E Tat had a half-life of over 6 h [251]. 
This result was concurrent with subtype E Tat’s increased 
LTR transactivation capacity [251], suggesting that there 
could be genetic variability in subtype E Tat that differenti-
ates it from subtypes B or C Tat, affecting its half-life, and 
subsequently altering its functional efficiency. Though no 
specific amino acid variants were implicated in the half-life 
disparity observed in this study, it presents an interesting 
avenue for future research.

Another factor that needs to be considered in the inter-
pretation of studies using Tat variants is the model system, 
especially in in vitro studies. Because in vitro studies often 
utilize cell lines to investigate the effects of Tat genetic vari-
ation on Tat function, it is important that the model system 
is able to simulate the likely conditions of in vivo condi-
tions. For example, several HeLa-based cell lines, such as 
HLM-1, HL3T1, and HeLa P4 reporter cells, have been 
used to study Tat functional variation, mainly with respect 
to subcellular localization or LTR transactivation [56, 70, 
92, 97, 122]. The use of HeLa-based cells, however, does 
come with caveats, as HeLa cells have been shown to exhibit 
chromosomal aberrations, abnormal cell biology, and dys-
regulated protein expression [252, 253]. These cellular 
characteristics may not allow the accurate recapitulation of 
Tat expression in primary cell models or in vivo, poten-
tially biasing the results of some studies. The Jurkat T-cell 
line has also been frequently used in Tat genetic variation 
studies [65, 79, 87, 139, 149, 162, 209], though a thorough 
analysis of changes in gene expression between the Jurkat 
T-cell line and primary CD4 + T cells with respect to HIV-1 
Tat expression has not been done. More recently, primary 
cell culture models have been used to study the effects of 
Tat genetic variation [7, 141, 156, 198, 225, 232]. Primary 
cell culture models provide the advantage of cell physiology 
more closely related to that of in vivo systems, though many 
of the effects seen in cell lines have not been corroborated 
in primary cell experiments, especially with regard to LTR 
transactivation data, levels of Tat produced in transfected 
cells, and post-translational modification patterns. Overall, 
much of the literature on functional Tat variants has utilized 
cell lines, likely because of their ease of use in culture and 
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Table 1  Overview of experimental HIV-1 Tat functional variants

Tat residue variant Length Subtype Functional alteration(s) Reference Year

Q2A 86 B Trp11 exposure at neutral pH Yezid et al. 2009
W11A 86 B Decrease in LTR transactivation Yezid et al. 2009
W11L 86 B Decrease in LTR transactivation Yezid et al. 2009
W11Y 86 B Decrease in LTR transactivation Yezid et al. 2009

Unable to be secreted Rayne et al. 2010
W11F 86 B Decrease in LTR transactivation Yezid et al. 2009

Unable to be secreted Rayne et al. 2010
H13L 72 B Decreased LTR transactivation; unable to bind p-TEFb Reza et al. 2003
S16A 86 B Reduction in post-translational phosphorylation; decrease 

in LTR transactivation; reduction in viral replication
Ammosova et al. 2006

86 Not specified Resistant to phosphorylation by PKR; decrease in LTR 
transactivation

Tyagi et al. 2011

101 Not specified Resistant to phosphorylation by CDK2; decrease in LTR 
transactivation

Ivanov et al. 2018

S16D 101 Not specified Resistant to phosphorylation by CDK2; decrease in LTR 
transactivation

Ivanov et al. 2018

S16,46A 86 B Reduction in post-translational phosphorylation; decrease 
in LTR transactivation; reduction in viral replication

Ammosova et al. 2006

C22A Not specified Not specified Ablation of binding to P-TEFb D’Orso et al. 2012
86 B Unable to bind PJA2 E3 ubiquitin ligase Faust et al. 2017

C22G 72 B Decrease in LTR transactivation Reza et al. 2003
72, 101 Not specified Resistant to ubiquitination by Hdm2 Bres et al. 2003
86 B Reduction in binding efficiency to NF-κB Dandekar et al. 2004
86 B Reduction in neurotoxicity; inability to activate caspase-9, 

caspase-3, and caspase-7
Aksenov et al. 2009

86 B Restored normal levels of amyloid beta production; res-
cued cell viability

Aksenov et al. 2010

101 Not specified Reduction of hyperacetylation of the p65 subunit of 
NF-κB

Kwon et al. 2008

86 B Protection from reduction of F-actin puncta; protection 
from reduction in total dendrite branch number

Bertrand et al. 2013

86 B Decrease in LTR transactivation Rice and Carlotti 1990
86 B Decrease in TAR-independent LTR transactivation Yang et al. 1997
Not specified B Unable to bind LTR promotor domains Southgate and Green 1991
Not specified Not specified Increased apoptosis of Jurkat T cells; decreased Bcl-2 

levels
Zauli et al. 1995

C22S 72 C Decrease in LTR transactivation Huet et al. 1989
72 B Decrease in LTR transactivation Garcia et al. 1988
86 B Reduced synaptodendritic injury Bertrand et al. 2013

C22,25,27A 86 Not specified Reduction in HUVEC proliferation and migration; reduc-
tion in VEGFR-2 phosphorylation

Mitola et al. 2000

T23D 86 Not specified Decrease in LTR transactivation Yoon et al. 2015
Y26A 86 B Decrease in LTR transactivation; reduction in viral repli-

cation
Verhoef et al. 1997

72 B Decrease in TAR-independent LTR transactivation Das et al. 2011
C27S 72 B Decrease in LTR transactivation Garcia et al. 1988
K28Q 72 B Decrease in nuclear import; decrease in LTR transactiva-

tion; delayed replication kinetics; reduction in binding 
efficiency to CycT1; atypical subcellular localization

Bres et al. 2002

Not specified Not specified Decrease in LTR transactivation D’Orso and Frankel 2009
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Table 1  (continued)

Tat residue variant Length Subtype Functional alteration(s) Reference Year

K28R 72 B Decrease in nuclear import; decrease in LTR transactiva-
tion; reduction in binding efficiency to CycT1; atypical 
subcellular localization; reduction in binding efficiency 
to PCAF

Bres et al. 2002

86 B Decrease in LTR transactivation Faust et al. 2017
Not specified Not specified Reduction in acetylation by PCAF; delayed viral replica-

tion kinetics
D’Orso and Frankel 2009

C30G 86 B Decrease in LTR transactivation Rice and Carlotti 1990
C30S 72 C Reduction in primary PBMC migration; decrease in LTR 

transactivation
Ranga et al. 2004

C31G 86 B Decrease in LTR transactivation Rice and Carlotti 1990
72 B Decrease in LTR transactivation Reza et al. 2003

C31S 72 C Reduction in primary PBMC migration Ranga et al. 2004
72 C Protection from Tat-mediated neurotoxicity Li et al. 2008
101 C Restored normal levels of amyloid beta production; 

restored cell viability
Aksenov et al. 2010

101 C Reduced synaptodendritic injury Bertrand et al. 2013
C31H Not specified B Decrease in LTR transactivation Sadaie et al. 1990
W32G 101 E Restoration of P/CAF and GCN5 HAT chromatin remod-

eling; restored expression of TNF genes
Ranjbar et al. 2006

H33A Not specified B Decrease in TAR-independent LTR transactivation Southgate and Green 1991
86 B Decrease in LTR transactivation Rice and Carlotti 1990

C34H Not specified B Decrease in LTR transactivation Sadaie et al. 1990
C34,37H Not specified B Decrease in LTR transactivation Sadaie et al. 1990
C34S 72 B Decrease in LTR transactivation Garcia et al. 1988
C34G 67 B Decrease in LTR transactivation Kuppuswamy et al. 1989

Not specified B Decreased protein stability Sadaie et al. 1990
Q35A 86 B Decrease in TAR-independent LTR transactivation Yang et al. 1997
36,37,38,39A Not specified B Reduction in binding efficiency to tubulin; unable to 

activate caspase-9
Chen et al. 2002

C37H Not specified B Decrease in LTR transactivation Sadaie et al. 1990
C37G 67 B Decrease in LTR transactivation Kuppuswamy et al. 1989
F38A 101 Not specified Reduction of hyperacetylation of the p65 subunit of 

NF-κB
Kwon et al. 2008

Not specified B Decrease in TAR-independent LTR transactivation Southgate and Green 1991
86 B Decrease in LTR transactivation Rice and Carlotti 1990

T40D 86 Not specified Decrease in LTR transactivation Yoon et al. 2015
K41A 101 Not specified Reduction of hyperacetylation of the p65 subunit of 

NF-κB; increase the expression of IL-2
Kwon et al. 2008

72 B Decrease in nuclear import; decrease in LTR transactiva-
tion; reduction in binding to CycT1; reduction in bind-
ing efficiency to PCAF

Bres et al. 2002

Not specified Not specified Decrease in efficiency of p-TEFb binding D’Orso et al. 2012
Not specified B Decrease in TAR-independent LTR transactivation Southgate and Green 1991
86 B Decrease in LTR transactivation Rice and Carlotti 1990

K41Q 101 Not specified Increase in nuclear localization He et al. 2013
K41R 86 B Reduction in binding efficiency to BRG1; decrease in LTR 

transactivation
Agbottah et al. 2006

86 B Decrease in LTR transactivation; resistant to ubiquitina-
tion by PJA2

Faust et al. 2017

101 Not specified Decreased nuclear localization He et al. 2013
K41T 101 Not specified Decrease in LTR transactivation El Kharroubi et al. 1998
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Table 1  (continued)

Tat residue variant Length Subtype Functional alteration(s) Reference Year

S46A 86 B Reduction in post-translational phosphorylation; decrease 
in LTR transactivation; reduction in viral replication

Ammosova et al. 2006

101 Not specified Resistant to phosphorylation by PKR; decrease in LTR 
transactivation

Ivanov et al. 2018

S46D 86 Not specified Decrease in LTR transactivation Yoon et al. 2015
101 Not specified Resistant to phosphorylation by PKR; decrease in LTR 

transactivation
Ivanov et al. 2018

Y47A 101 Not specified Reduction in binding efficiency to PCAF; decrease in LTR 
transactivation

Dorr et al. 2002

R49,53A 72 B Decrease in LTR transactivation Xie et al. 2007
R49G,K50I 86 Not specified Reduction in HUVEC proliferation and migration; reduc-

tion in VEGFR-2 phosphorylation
Mitola et al. 2000

R49G,K50I,R52L,R53I 86 Not specified Reduction in HUVEC proliferation and migration; reduc-
tion in VEGFR-2 phosphorylation

Mitola et al. 2000

K50A 101 Not specified Increase in expression of CRLF2, BDNF, APBA1; 
decrease in expression of C5

Carvallo et al. 2017

101 Not specified Decrease in LTR transactivation Ott et al. 1999
86 Not specified Resistant to methylation by SETDB1 Van Duyne et al. 2008

K50R 101 Not specified Decrease in LTR transactivation Dorr et al. 2002
72 B Increase in nuclear localization; reduction in viral replica-

tion
Bres et al. 2002

101 Not specified Decrease in LTR transactivation; reduction in binding effi-
ciency to CycT1; resistant to acetylation by p300/CBP

Ott et al. 1999

86 B Reduction in binding efficiency to BRG1; decrease in LTR 
transactivation

Agbottah et al. 2006

K50Q 72 B Decrease in nuclear import; decrease in LTR transactiva-
tion

Bres et al. 2002

K50,51A 86 Not specified Resistant to methylation by SETDB1 Van Duyne et al. 2008
K50,51R 101 Not specified Decrease in LTR transactivation Ott et al. 1999
K50S,K51G 101 B Reduced RNA binding efficiency Bouwman et al. 2014
K51A 86 Not specified Resistant to methylation by SETDB1 Van Duyne et al. 2008
K51R 72 Not specified Decrease in LTR transactivation Ali et al. 2016

86 B Reduction in binding efficiency to BRG1; decrease in LTR 
transactivation

Agbottah et al. 2006

101 Not specified Decrease in LTR transactivation Dorr et al. 2002
K51,71R 72 Not specified Decrease in LTR transactivation Ali et al. 2016
52GGQGGG 57 72 Not specified Inhibition of association with nucleophosmin; decreased 

nuclear localization
Li et al. 1997

R52K 72 B Decrease in LTR transactivation Xie et al. 2007
101 Not specified Resistant to methylation by PRMT6 Fulcher et al. 2016

R52,53K 72 B Decrease in LTR transactivation Xie et al. 2007
R53A 101 Not specified Reduction in binding efficiency to PCAF; decrease in LTR 

transactivation
Dorr et al. 2002

R53K 101 Not specified Resistant to methylation by PRMT7 Fulcher et al. 2016
R53E 101 Not specified Reduction in binding efficiency to PCAF Dorr et al. 2002
55AAA 57 86 B Trp11 exposure at neutral pH Yezid et al. 2009
S62A 86 B Resistant to phosphorylation by PKR; decrease in LTR 

transactivation
Endo-Munoz et al. 2005

86 Not specified Resistant to phosphorylation by PKR; decrease in LTR 
transactivation

Tyagi et al. 2011

S62D 86 Not specified Decrease in LTR transactivation Yoon et al. 2015
S62,64,68A 86 B Resistant to phosphorylation by PKR; decrease in LTR 

transactivation
Endo-Munoz et al. 2005
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in transfection experiments. Although cell line-based stud-
ies have provided valuable information about Tat function, 
many of these functions have yet to be verified in primary 
cell culture, in in vivo models, such as rodent models, or in 
patient populations.

Control of HIV-1 replication in infected patients has been 
dramatically improved, since the advent of ART, although a 
functional cure of HIV-1 infection may be possible through 
the treatments directed against Tat itself. Recently, the dis-
covery and exploration of Tat inhibitor, didehydro-cortistatin 
A (dCA) has stimulated the discussion regarding Tat as a 
drug target. dCA has, most notably, been proclaimed as pre-
venting the reactivation of HIV-1 from viral latency [117]. 
As Tat could be involved in low-level viral transcription 
in patients on ART (particularly in viral reservoirs), dCA 
inhibition of Tat activity to inhibit low-level viral produc-
tion could be an important component to the next genera-
tion of therapies for the treatment of HIV-1-infected indi-
viduals. Genetic variation of Tat, however, may present a 
unique obstacle, as dCA binds to the arginine-rich domain 
to prevent Tat–TAR interactions [254]. Although specific 
natural Tat variants that prevent dCA binding have not yet 
been encountered, it is possible that the overall quasispecies 
present in HIV-1-infected individuals may be pools for the 
expansion of pre-existing or newly generated dCA-resistant 
quasispecies during the course of dCA therapy.

As Tat is essential for the productive replication of the 
HIV-1 proviral genome, it is produced early on in infection, 
and acts aggressively to recruit host factors to enhance viral 
transcription. In a system where viral transcription has been 
suppressed by ART, however, Tat functional activity still 

persists and is apparent in the development of HIV-1-asso-
ciated neurocognitive dysfunction. Tat-associated toxicity 
is an important area of research in neuroscience, immunol-
ogy, and viral pathogenesis that will benefit greatly from 
the continued genetic, structural, and functional analyses 
of patient-derived Tat sequences. However, basic discov-
ery, translational, and clinical studies are not always geared 
toward analyzing genetic variation of quasispecies and HIV 
proteins within each patient. The BEEHIVE, Drexel CARES 
cohort, and several other studies, however, have focused on 
the longitudinal analyses of HIV-1 genetic variation and evo-
lution within individuals [17, 27]. Results from these studies 
have provided valuable insight into viral genome structure, 
function, pathogenesis, and evolution/adaptation, and should 
serve as important resources for future studies of variation 
within HIV-1 proteins as well as in the development of new 
vaccine and therapeutic strategies.

Vpr is another HIV-1 accessory protein that has been 
implicated as a causative factor for the development of 
HAND [255, 256]. Just as Tat is subject to mutation dur-
ing replication and selection, the Vpr coding sequence may 
vary as HIV-1 infection progresses. As such, Vpr derived 
from patient HIV-1 sequences have also been studied for 
genetic heterogeneity that affects its functionality. Specific 
genetic determinants in blood- and brain-derived Vpr, such 
as Ile37 and Ser41, have been correlated with more severe 
neurocognitive deficits in patient populations [257], which 
emphasizes the detrimental impact of certain genetic vari-
ants throughout the HIV-1 genome on CNS function. Vpr 
has been determined to be a cis-acting element produced by 
HIV-1 [258] and its likeness to Tat in pathogenic function 

Table 1  (continued)

Tat residue variant Length Subtype Functional alteration(s) Reference Year

T64A 86 B Resistant to phosphorylation by PKR; decrease in LTR 
transactivation

Endo-Munoz et al. 2005

S68A 86 B Resistant to phosphorylation by PKR; decrease in LTR 
transactivation

Endo-Munoz et al. 2005

S68D 86 Not specified Decrease in LTR transactivation Yoon et al. 2015
K71A 72 Not specified Resistant to methylation by KMT7 Ali et al. 2016
K71R 72 Not specified Decrease in LTR transactivation; resistant to methylation 

by KMT7
Ali et al. 2016

72, 101 Not specified Decrease in LTR transactivation, resistant to ubiquitina-
tion by Hdm2

Bres et al. 2003

Q78R Not specified C Increased apoptosis of THP-1 cells Sood et al. 2008
R78K/D80E 86 B Reduced HUVEC proliferation, migration, and adhesion 

to extracellular matrix
Mitola et al. 2000

K88R 101 Not specified Decrease in nuclear localization He et al. 2013
K89R 101 Not specified Increase in nuclear localization He et al. 2013
K88,89,90A 101 B Decrease in TAR-independent LTR transactivation Mahlknecht et al. 2008
K90R 101 Not specified Decrease in nuclear localization He et al. 2013
E92,94,96A 101 B Decrease in TAR-independent LTR transactivation Mahlknecht et al. 2008
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suggests that variation within either protein may enhance or 
deplete neuropathogenesis in an additive manner. Studies 
concerning the effect of co-linear variation in both Tat and 
Vpr function have not yet been published, but may provide 
genetic signatures to help explain differential neurocognitive 
comorbidity in HIV-1-infected patients.

Overall, HIV-1 Tat represents a significant hurdle in the 
pursuit of a functional cure for HIV-1, as well as for the 
study of HAND disease progression. Recent evidence of 
Tat interactions with amyloid beta in the CNS represents 
an exciting area of investigation, as research on amyloid 
beta in the context of AD has generated several therapeutic 
approaches that may be useful in the treatment of HAND 
that is characterized by Aβ accumulation [259, 260]. Genetic 
heterogeneity of Tat, however, may impact the potential effi-
cacy of AD treatments on HIV-associated neurocognitive 
impairment, as several of them are monoclonal antibody 
therapies that target Aβ and may be blocked by the interac-
tion of Tat with Aβ fibrils. Broadening our knowledge of 
Tat genetic architecture and function will be one of many 
critical areas of research in our quest to develop tomorrow’s 
diagnostics, vaccines, and therapeutic agents.
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