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Abstract

Over 38.0 million people live with the human immunodeficiency virus (HIV) as of 46
2019. HIV hijacks the host's cellular machinery to replicate its viral DNA and transcribe
the corresponding RNA. HIV-1 transcription relies on both cellular and viral transcription
factors for proper regulation. The viral transcriptional activator Tat is a primary regulator.
Transcription activation and elongation is controlled through the interaction of Tat with
Positive Transcription Elongation Factor b (P-TEFD), a cellular transcriptional activator.
The focus of this paper is 1) an in-depth understanding of the interaction between
P-TEFb and Tat in HIV transcription, and 2) a review of recent therapeutic approaches
for controlling HIV. First, | will describe the P-TEFb/Tat interaction involved in the
activation of HIV-1 transcription and the post-translational modifications of Tat and
P-TEFbD that either inhibit or activate the complex. Then, | will discuss therapeutic
approaches used to control HIV transcription and prevent cells from remaining in
latency, and provide possible future studies for determining the efficacy of an

experimental long-acting drug.
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Introduction

Over 38.0 million people live with immunodeficiency virus (HIV) as of 2019 (1). HIV
hijacks the host's cellular machinery to replicate. HIV-1 destroys the immune system by
infecting and replicating its genome within CD4+ T lymphocytes, ultimately destroying
the cells. The viral RNA first enters into the cytoplasm of the CD4+ lymphocytes by
binding to the CD4 receptor along with the CCR5 or CXCRS5 coreceptor and fusing with
the host cell (2). Therefore, HIV-1 is a lentivirus. Once the single stranded RNA is in the
cytoplasm, it is reverse transcribed into dsDNA by the viral enzyme reverse
transcriptase. In the nucleus, the dsDNA is integrated into the host genome with the
help of dsDNA preintegration complex and viral integrase (3). The integrated dsDNA
then behaves as a cellular gene and is able to direct the transcription of the viral
genome into RNA by RNA polymerase Il, Tat, and positive transcription elongation
factor b (P-TEFb) (3). Differential splicing of the viral RNA transcripts leads to different
resulting viral proteins via translation (2). Either simultaneously or after being cleaved by
viral proteases into maturity, the assembled virus buds from the host cell enter into the
bloodstream (3). Figure 1 shows a schematic overview of the HIV-1 replication cycle.
Transcription of viral HIV-1 DNA initiates from the U3 promoter within the
upstream long terminal repeat (LTR) and requires the viral transactivator protein Tat for
efficient elongation (3). The cellular protein P-TEFb is recruited by Tat to the viral
transactivation response (TAR) element within the viral transcript (3). P-TEFb consists
of two subunits: cyclin-dependent kinase 9 (CDK9) and Cyclin T1. Phosphorylation of

serine 2 within the 7 amino acid repeat, YSPTSPS, of the carboxy terminal domain



(CTD) of RNA polymerase Il by CDK9 stimulates transcription elongation (3). This
results in the integrated HIV-1 DNA being transcribed into RNA within the host cell.

Understanding HIV-1 transcription is important as it is the rate determining step
of viral replication (4). The most efficient transcriptional activator is Tat, allowing viral
DNA to be turned into RNA very rapidly (4). Due to the high mutation rate within the
rapidly occurring transcription process, viral quasispecies are expected (4). This results
in HIV’s rapid acquisition of resistance to the host immune response and various
anti-HIV drugs (5). In addition, transcription is the step at which the virus maintains its
latency, meaning the viral DNA is integrated into the host’'s genome, but is not actively
replicating (4, 6). By entering into latency, the viral DNA is invisible to the host immune
defense and existing antiviral drugs (6). For these reasons, it is very difficult to eradicate
HIV after a stable infection.

The focus of this thesis is 1) an in-depth understanding of the interaction
between P-TEFb and the HIV-1 transactivator Tat protein in HIV transcription, and 2) a
review of recent therapeutic approaches for controlling HIV. | will describe the
Tat/P-TEFb interaction involved in the activation of HIV-1 transcription, and the post
translational modifications of Tat and P-TEFb that either inhibit or activate the complex.
Next, | will discuss therapeutic approaches used to control HIV transcription toward

preventing HIV latency.

Structural Composition of Tat/P-TEFb Interaction

Tat Functional Domains



Tat is a protein of 101 amino acids and is encoded in two exons (7). Exon one and two
encode residues 1-72 and 73-101, respectively (7). Within the two exons are several
critically functioning regions, which make up the activation domain, and the neighboring
arginine-rich motif, known as “ARM.” Figure 2 depicts the orientation of those functional
domains. “ARM” is composed of amino acid residues 49-57 and is essential for the
binding of Tat to TAR RNA, nuclear localization of Tat, and Tat protein stability (7). The
basic motif RKKRRQRRR makes up this region and confers the TAR RNA binding
properties to Tat, as well as the uptake of Tat by cells (7). This motif contributes to the
affinity of Tat protein to TAR RNA, but it does not dictate the specificity of binding (7).
Amino acids flanking this basic motif influence the specificity of the Tat-TAR interaction
(7).

Within the activation domain are the acidic proline-rich domain, cysteine-rich
domain, and the core domain. These three domains are responsible for the interaction
between Tat and CyclinT1 (8). The cysteine-rich domain contains six cysteines and one
histidine and is critical for zinc binding and Tat-mediated transcription (9).

The other two main domains of Tat are the glutamine-rich domain at amino acids
87-101 encoded by the exon 2 (7). The glutamine-rich domain and exon two do not
contribute greatly to the ex vivo propagation of HIV-1 (7). However, those are highly
conserved in various HIV-1 isolates, indicating their biological importance (7). In
addition, exon two has been shown to be significant in several biological assays,
although its exact function is not known (7). It has been hypothesized that an
arginine-glycine-aspartate (RGD) motif within the exon two mediates Tat binding to cell

surface integrins (10 ).
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Figure 5. Posttranslational Modifications within “ARM” region of Tat

Posttranslational modifications either inhibit or activate the association of Tat with TAR
RNA and P-TEFb. To inhibit translation, PRMT6 methylates Arg 52 and 53 and SETDB1
methylates Lys50 and 51 within the Tat “ARM.” The methylation of these residues
interferes with the interaction between Tat and P-TEFb, leading to the disassembly of
the complex. To activate transcription, CDK9, the kinase subunit of P-TEFb,
phosphorylates Ser2 of the CTD of RNA polymerase, NELF and DSIF. Other activating
modifications include polyubiquitination of Lys71 by proto-oncoprotein Hdm2,

acetylation of Lys28, and methylation of Lys51. Reprinted from Reference 12.
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Figure 6. 7SK snRNP in HIV-1 Transcription

7SK snRNP sequesters P-TEFb within the cell and inactivates it via HEXIM1, which
inhibits the kinase activity of CDK9. Tat recruits P-TEFb from the complex in order to
activate HIV-1 transcription. The association of BRD4 with activated P-TEFb can also
induce HIV-1 transcription if BRD4 is present in the optimal amount. Reprinted from

Reference 12.

PMAL PYK1
& B
—_— PR — Tl P [ — Sari-F
- e —— T - P
= e = e = . ——
— — Tl —— sari-F
Wl - P Ll — r——
— —-—— L LT — — — L
— eewh — . — m— Sarh-F
o - | [r—— - . HFE - B
— e -— L = CLT T
i - — [t — — — nEih-F
i e E.-.- S e
—— — e . — e m— | U
i Pt | i ] ] L] a §  HEE Prasbaie | 8 £ (] L] ¥ i HsE



45

Figure 7. Dephosphorylation of Ser5 by Ssu72

Ssu72 functions by aiding in the dephosphorylation of Ser5. By knocking down Ssu72
phosphatase, the Ser(P)5 form of RNA polymerase |l accumulates across the PMA1
and PYK1 genes. The accumulation of Ser(P)5 is evident by darker bands associated
with the ssu72-2 -37 degrees Celsius mutant as compared to the WT- 37 degrees

Celsius. Reprinted from Reference 48.
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Figure 8. Misregulation of Ser2 by Ssu72 Knockdown
Knockdown of Ssu72 phosphatase leads to the misregulation of Ser2 phosphorylation.
The ssu72-td mutant has a recognizably different pattern of Ser2-P than the WT at the

primer pairs. The band darkness is quantified in part C, which further supports the
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finding as the darkness increases as the primer pair nears the 3’ end for the WT.

However, for the mutant, the band's darkness decreases. Reprinted from Reference 48.
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Figure 9. Epigenetic Modifications of Tat used to Induce Latency

In order to silence HIV-1 transcription in latently infected cells, epigenetic modifications
are used. This can include the recruitment of histone deacetylases (HDACs) by the
NF-kB p50/p50 homodimer, which deacetylates histones at NucO and Nuc1
nucleosomes, and the recruitment of histone methyltransferases (HMTs) like Suv39h1,
EZH2, and G9a, which methylate histones and CpG islands. HDAC, HMT, and DNMT
inhibitors are being explored to escape latency using the “shock and kill” strategy.

Reprinted from Reference 6.



