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Abstract
The emergence of drug-resistant human immunodeficiency virus type I (HIV-1) strains presents a
challenge for the design of new drugs. Anti-HIV compounds currently in use are the subject of
advanced clinical trials using either HIV-1 reverse-transcriptase, viral protease, or integrase
inhibitors. Recent studies show an increase in the number of HIV-1 variants resistant to anti-retroviral
agents in newly infected individuals. Targeting host cell factors involved in the regulation of HIV-1
replication might be one way to combat HIV-1 resistance to the currently available anti-viral agents.
A specific inhibition of HIV-1 gene expression could be expected from the development of
compounds targeting host cell factors that participate in the activation of the HIV-1 LTR promoter.
Here we will discuss how targeting the host can be accomplished either by using small molecules to
alter the function of the host’s proteins such as p53 or cdk9, or by utilizing new advances in siRNA
therapies to knock down essential host factors such as CCR5 and CXCR4. Finally, we will discuss
how the viral protein interactomes should be performed to better design therapeutics against HIV-1.

Introduction
The human immunodeficiency virus type I (HIV-1) has persisted for decades despite the use
of Highly Active Anti-Retroviral Therapy (HAART) in treating infection. HAART therapy
can suppress HIV-1 infections but cannot cure viral infections. In addition, long term
administration of HAART therapy has highlighted just how quickly the virus can generate
resistant mutants and escape the drug compounds that are currently used to target viral proteins
[1–2]. The retrovirus mutates rapidly because its reverse transcriptase enzyme possesses a very
low fidelity (compared to other DNA polymerases) and creates de novo mutations in
approximately a third of each generation of new viruses. In fact, multiple resistant strains of
HIV-1 are likely to arise within a single patient during the course of their infection. Often these
resistant strains replicate better in the presence of a particular HAART compound [3].
Consequently, there is a growing effort to develop new anti-HIV-1 therapies that do not target
the viral proteins, but instead target the host proteins which aid in viral replication. Currently,
HAART therapies may include the drug maraviroc, which targets the host’s CCR5 surface
receptor. Maraviroc forces the CCR5 receptor to misfold, which subsequently prevents gp120-
mediated viral fusion. Even though resistance to maraviroc has been observed in cell culture,
very few clinically isolated strains of HIV-1 have shown resistance to the drug itself. Clinical
isolates instead showed a shift in tropism from R5 tropism to dual-tropism and X4 tropism
[1]. This drug serves as one example of how much more difficult it is for the virus to adapt
when host proteins are the target instead of viral proteins.
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The purpose of this review is to discuss current and potential anti-HIV therapies that target the
host instead of the virus, with the intent of making the host an unfit environment for viral
replication. Targeting the host can be accomplished either by using small molecules to alter
the function of the host’s proteins such as p53 or cdk9, or by utilizing new advances in siRNA
therapies to knock down essential host factors such as CCR5 and CXCR4. For example, p53
and its downstream effector p21/waf1 are known to be suppressed during HIV-1 infection.
Small molecules that can activate these proteins and overcome viral suppression hold promise
as potent HIV-1 inhibitors [4]. Similarly, HIV-1 transcription depends on the action of cyclin-
dependent kinases (cdks) such as cdk2 and cdk9. Using small molecules to block the function
of these cdks can inhibit the transcription of HIV-1 [5–6]. Finally, since small molecules may
eventually prove insufficient for side-stepping the problem of viral hyper-mutability,
colleagues in the field have investigated the possibility of using siRNA to knock down target
genes. One of the most advanced trials of anti-HIV siRNA therapy targets the CCR5 gene in
an attempt to create a population of HIV-1 resistant lymphocytes [7]. Additionally, siRNA
screens have been performed in search of novel essential host factors. New drugs and siRNA
therapies seek to specifically target the host factors that are necessary for viral replication but
not host survival [8].

2.1: p53: “The Guardian of the Genome”
The tumor suppressor protein p53 plays a central role in protecting the integrity of the genome,
thus often being referred to as the “guardian of the genome” [9]. While p53 is present at low
levels under unperturbed conditions, it becomes rapidly activated and stabilized upon induction
by a number of stimuli, including the use of compounds that cause DNA damage[10–15]. Once
it has been activated, p53 is involved in a variety of physiological events. These include
inducing apoptosis by both transcription-dependent and transcription-independent
mechanisms [16–21], as well as inducing cell cycle arrest at both the G1/S [22–26] and G2/M
checkpoints [27–31]. Some well known transcriptional targets of p53 are p21/waf1, MDM2,
14-3-3, GADD45, p53-R2, FAS, PIG3, IGF-BP3, Killer/DR5, AIP1, which are involved in
cell cycle control, modulation of DNA repair, differentiation, senescence, and control of p53
stability/activity [32–37].

Although there are numerous reports investigating p53 activation and stabilization due to
cellular stress, the exact mechanism is still far from being fully understood. The classical model
of p53 regulation stipulates that p53 is stabilized through phosphorylation, allowing p53
binding to its responsive promoters in a sequence specific manner, followed by the induction
of target genes resulting in downstream events [38]. p53 can be phosphorylated by numerous
kinases including ATM, ATR, DNA PK, and mTOR on various residues [38]. Post translational
modifications of p53 are extremely important for its activation and stabilization. p53 has been
shown to be phosphorylated, acetylated, methylated, ubiquitinated, sumoylated, glycosylated,
ADP-ribosylated, and neddylated [38–39]. Some of these modifications are known to influence
the interaction between p53 and the E3 ubiquitin ligase, MDM2, which is a major mechanism
for controlling p53 through inducing proteasomal degradation. Interestingly, MDM2 is also a
transcriptional target of p53, resulting in a negative feed-back loop for p53 expression [40].

Among the various post-translational modifications, phosphorylation is the most extensively
characterized. There are eighteen known phosphorylation sites on p53 to date; with eleven
located within the transactivation domain/Proline-rich domain, three within the DNA-binding
domain, one with the tetramerization domain, and the remaining three within the C-terminal
domain [39]. p53 is phosphorylated at many of these sites upon both genotoxic and non-
genotoxic stresses. Of particular interest is the phosphorylation of Ser15, which is generally
considered to be activated in response to different stress signals [41–45]. Ser15
phosphorylation is viewed as a priming event necessary for other post-translational
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modifications. This phosphorylation has been shown to stimulate the recruitment of p300, CBP,
and p/CAF, which function to acetylate the C-terminus of p53, resulting in decreased
ubiquitination and proteasomal degradation [46]. Other phosphorylation sites of p53 at the N-
terminus such as Ser20 and Thr16 are phosphorylated subsequent to Ser15. Phosphorylation
at all three of these sites induces C-terminal acetylation, which has been implicated in p53
stabilization. Stabilization of p53 is accomplished primarily via interruption of the interaction
between p53 and the ubiquitin ligase MDM2 [47–51]. The sum total of these events is that
p53-phospho-Ser15 is now more stable and is able to transcribe its downstream targets.

2.2: p53 and HIV-1 infection
It has been demonstrated that the p53 pathway plays an important role in HIV infection [52–
53]. Wildtype p53 results in the inhibition of HIV-1 transcription from the viral Long Terminal
Repeat (LTR) [54–55], which can be relieved by overexpression of Tat [55]. In contrast, mutant
forms of p53 can activate LTR transcription [55–56]. p53 has not been shown to bind directly
to the LTR, but rather is thought to be recruited to the promoter through its binding with TFIID
[55]. It was later discovered that Tat binds directly to p53 through the p53 dimerization domain
(aa 341–355) [57]. This interaction leads to two outcomes, inhibition of Tat transcription by
p53 and downregulation of p53 dependent transcription by Tat [58]. Thus, it would be
advantageous to keep p53 levels low in order for optimal viral transcription and replication to
occur. The consequences of p53 and HIV-1 Tat binding has been thoroughly investigated by
other researchers. As mentioned above, p53 acetylation influences its activation. Specifically,
p300/CBP and p/CAF acetylate residues Lys373/Lys382 and Lys320 of p53 [59–61]. Tat
competes with p53 binding to p300/CBP resulting in decreased p53 acetylation, p53
transcription and responsiveness to DNA damage [62]. Collectively these studies demonstrate
the influence of p53 on Tat dependent transcription and also the potential implications of p53
inactivation for HIV-1 associated malignancies.

2.3: p21/waf1 and its role in HIV-1 biology
p21/waf1 is a well known transcriptional target of p53, having important roles in cell cycle
checkpoints, differentiation, and cellular senescence [63–64]. Its ability to inhibit cell cycle
progression is multifaceted. First, p21/waf1 is a cdk inhibitor, binding to cdk through a N-
terminal domain and to its cyclin partner utilizing residues present in both its N and C-terminus
[65]. p21/waf1 also associates with PCNA, blocking DNA synthesis that is required for the S
phase of the cell cycle. In the cytoplasm, p21/waf1 can influence anti-apoptotic and pro-
survival functions. Cytoplasmic p21/waf1 is important for the formation and stabilization of
cyclin D/cdk4, 6 complexes, which are required for progression through the G1 phase of the
cell cycle [66–68]. p21/waf1 inhibits Fas-mediated apoptosis through complexing with
procaspase 3 and inhibiting the cleavage of procaspase 3 to its active form [69–70]. Nuclear
p21/waf1 can influence transcriptional responses through acting as a transcriptional cofactor
as well as regulating DNA methylation [71–72]. p21/waf1 has a relatively short half-life, which
is regulated by its subcellular localization as well as its interacting partners. Interestingly, many
of these partners actually share the same binding sites on p21/waf1 [65], indicating that there
is a dynamic relationship between p21/waf1 protein interactions and function.

Previous research has established a model where p53 inactivation by HIV-1 Tat results in the
loss of p21/waf1 induction following DNA damage, thus allowing increased cyclin E/cdk2
activity [73]. Elevated cyclin E/cdk2 activity results in loss of the G1/S checkpoint and
increased virus production. In addition, pharmacological cdk inhibitors (PCIs) that mimic
endogenous cdk inhibitors such as p21/waf1 inhibit HIV-1 replication [74–75]. p21/waf1 has
also been investigated as a molecular barrier for HIV-1 infection of stem cells [76].
Hematopoietic stem cells were previously demonstrated to be highly resistant to HIV-1
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infection [77–79]. However, when p21/waf1 was knocked down using siRNAs, the stem cells
became highly susceptible to HIV-1 infection. This effect was specific as silencing of other
p21/waf1 related proteins, p27 and p18 did not affect HIV-1 infection. Therefore, p21/waf1
was suggested to be a possible restriction factor, similar in function to the TRIM5 and
APOBEC3G proteins [80–84]. Along these lines, high-titer infection of HIV-1 in T-cells results
in a loss of p21/waf1 [73], further indicating the restrictive effect of p21/waf1 on HIV-1
infection.

2.4: p53 activating compounds
Numerous small molecules, such as leptomycin B, actinomycin D, and 9-aminoacridine (9AA)
are able to efficiently reactivate p53 in some cancer cell lines [85–87]. Therefore, the restoration
of p53 function may provide new ways for combating cancers and virus infection where this
pathway is impaired or sequestered [4,88–89]. There are also a number of compounds such as
CP-31398, WR1065, and PRIMA-1 that have the ability to activate mutant p53, which holds
promise for treatment of cancers with p53 mutations [90]. There has been an active search
within the cancer community to identify small molecule compounds that would inhibit the
MDM2-p53 interaction, as this would be an effective way to stabilize p53. A number of
compounds have been studied including, chalcones, Chlorofusin, and the Nutlins [91]. The
Nutlins are the most promising MDM2-p53 disrupting compounds as they are very selective
and potent with an in vitro IC50 of 100–300 nM [92–93]. We have tested a number of p53
activating compounds including actinomycin D, Nutlins, and (9AA), but out of these tested
compounds only 9AA showed a selective effect on HIV-1 infected cells. To our knowledge,
9AA is the only p53 activating compound that has been used to inhibit HIV-1 replication in
infected cells [94].

9AA was originally identified as an anti-bacterial agent, but more recently has gained notice
as a potential treatment for cancer, viral, and prion diseases [87,95–96]. Unlike some of the
other p53 activating compounds, such as Nutlins, the mechanism of p53 activation by 9AA is
not known. It was initially thought that 9AA was toxic and induced p53 through a DNA damage
response caused by DNA intercalation and possible topoisomerase II poisoning [97–99].
However, multiple studies have now demonstrated that 9AA can be utilized in a selective
manner, especially for virally infected cells. In fact, no toxicity was observed in uninfected
cell lines or PBMCs when up to 20 μM 9AA was utilized [100]. In addition, an independent
group showed that 9AA treatment did not induce phosphorylation of histone H2A.X or activate
the DNA response kinases ATM or ATR, all of which are indicators of DNA damage [87].
9AA was not found to poison topoisomerase II as had been previously suggested [87].
Therefore, 9AA does not activate p53 through the classical DNA damage response pathway.
There have been a number of studies aimed at identification of the molecular mechanism of
9AA treatment in cancer cells, such as renal carcinoma and T-cell leukemia cells. These studies
have indicated that 9AA treatment results in both NF-κB inhibition and p53 activation, with
NF-κB inhibition being upstream of p53 activation [87,94,100]. In HTLV-1 infected cells 9AA
induced cell death is dependent on p53, as p53 siRNA blocks cell death [100]. Finally, a recent
study from Guo et al. demonstrated alterations in the AKT/PI3K pathway upon 9AA treatment,
which may contribute to p53 and NF-κB alterations [101].

Treatment with 9AA has also proven to reactivate the p53 and p21/waf1 pathway in HIV-1
infected cells [94]. This was demonstrated through increased phosphorylation of p53 on Ser15
and increased levels of p21/waf1 protein. In addition, p53 phosphorylated on Ser15 was no
longer found in complex with Tat, freeing p53 from Tat inhibition. Importantly, virus
replication was found to be inhibited in HIV-1 infected PBMCs by 9AA in a dose-dependent
manner. Recently, we have also demonstrated that 9AA treatment inhibits Tat dependent
transcription through the inhibition of cdk9 binding to the viral LTR (unpublished results).
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9AA inhibition of LTR transcription was specific as other 9AA derivatives (2-aminoacridine,
4-aminoacridine, and acridine hydrochloride) did not display transcription inhibition. In
addition, we observed for the first time p21/waf1 in complex with p-TEFb (cyclin T1 and cdk9)
in vitro, suggesting a role of p21/waf1 in HIV-1 transcription and 9AA mediated inhibition of
viral transcription (unpublished results).

While there are a number of studies focused on determining 9AA’s mechanism of action, none
have identified a protein that is specifically bound by 9AA, which is critical to understanding
its biological effects. One method to determine 9AA binding partners would be to couple 9AA
to immobilized beads to be used as a matrix for affinity chromatography. This method has been
used successfully with the cdk inhibitor, Cyc202 [102]. However, for this method to be applied,
sites on 9AA that are critical for its mechanism of action must not be blocked by the attachment
to the beads. We and other laboratories are currently performing studies to determine the
functional groups of 9AA that are critical for its mechanism of action. Thus far, through the
use of various 9AA derivatives, we determined that the amino moiety of 9AA is critical for
the observed transcriptional inhibition (unpublished data). Future studies will focus on
determining additional moieties that are critical for its activity and elucidating the directprotein
target of 9AA.

3.1: Targeting cdk and cyclin proteins
The progression of a cell through the cell cycle is strongly regulated by the sequential activation
and inhibition of a group of proteins known as cyclins and cyclin dependent kinases. When the
ATP dependent serine/threonine kinase catalytic cdk subunit forms a heterodimeric complex
with its regulatory cyclin subunit, the resulting complex can phosphorylate key cellular
substrates. These substrates in turn regulate not only cell cycle progression, but also
transcription, neuronal differentiation, and transcript splicing. Depending on the phase of the
cell cycle, specific cyclins are expressed in an oscillating fashion such that the stably expressed
cdks can combine with variable cyclin partners. This variable pairing of partners allows the
cell to respond to molecular signals during growth and development [103]. The sequential
phosphorylation events induced by cdk/cyclin complexes assist in the progression of the cell
cycle through key molecular “checkpoints” found primarily at the interphase between cell cycle
stages, i.e. G1/S and G2/M. In general upon entry of a cell into the cell cycle at G1, cyclin D
is expressed in response to extracellular signals, and consequently complexes with cdk4. This
G1 regulatory phase complex phosphorylates the Retinoblastoma protein, Rb, which acts as a
tumor suppressor by binding to E2F transcription factor complexes and therefore suppressing
the expression of E2F-mediated gene products [103–104]. The phosphorylation of Rb by cdk4/
cyclin D inactivates Rb, therefore removing Rb from E2F dependent promoters, allowing for
the binding of E2F and subsequent activation of E2F responsive gene products such cyclin A
and cyclin E. The association of the newly expressed cyclin E with cdk2 results in the clearance
of the G1/S cell cycle checkpoint and the subsequent passage of the cell into S phase. The
expression of these cyclins and other proteins needed for DNA replication are critical for the
cell’s progression into S phase [103]. G1 associated cdk/cyclin complexes also target S phase
inhibitors for proteasomal degradation following ubiquitination. Additionally, multiple cellular
events can trigger the arrest of the cell cycle at S phase, most of which are precipitated by DNA
damage and halt cell cycle progression until the damage is repaired [103]. Progression through
S phase can be controlled by cdk2/cyclin A by activating the CDC6 gene, a crucial initiator of
synthesis [105]. Following successful replication, the G2/M checkpoint is regulated by the
phosphorylation of the APC complex by the cdk1/cyclin B complex, which acts to break down
the nuclear envelope in preparation for the mitotic prophase.

In addition to regulation of the cell cycle, cdk/cyclin complexes also play a key role in the
regulation of transcription, primarily by phosphorylating RNA Polymerase II (RNA Pol II)

Coley et al. Page 5

Expert Opin Biol Ther. Author manuscript; available in PMC 2010 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



along its C-terminal domain (CTD). Transcriptional initiation and elongation require that the
CTD becomes hyperphosphorylated by various complexes that contain cdks. For example, the
initiation factor TFIIH/CAK is composed of cdk7, cyclin H, and MAT1 while the elongation
factor p-TEFb is composed of cdk9 and cyclin T1 [6,106].

The highly diverse and interactive network of cdks and their associated cyclins are regulated
by a large number of mechanisms, including endogenously expressed cdk inhibitors.
Regulating these kinases is important in maintaining in both cell cycle progression and gene
transcriptional events. To this effect, it is not surprising that a large amount of cell cycle
dysregulation is seen in disease states such as cancer and viral infections, where the cell is
driven towards unnatural proliferation or senescence. These types of disease states can be
acquired either by the activation or inhibition of cdk/cyclin complexes which control cell cycle
progression or the expression of certain genes [25,103]. Consequently, the development of
PCIs is an attractive means for controlling the specific cdks which aid either tumorigenesis or
viral infection.

Endogenous cellular cdk inhibitors act as negative regulators of the cell cycle through the
inhibition of the cdk/cyclin kinase activity. These cdk inhibitors can be classified into two
families; the INK family which inhibits cdk4 and cdk6, and the CIP/KIP family which inhibits
all cdks that associate with cyclin A, E, D, and L [107]. The INK family is composed of
p16INK4a, p15INK4c, and p19INK4d and acts to specifically inhibit the association of cyclin D
with either cdk4 or cd6 [108–109]. The representative member of the INK4 family is
p16INK4a which has most recently has been shown to share the same transcript as p19INK4d.
The CIP/KIP family, which is composed of p21Cip1/waf1, p27Kip1, and p57Kip2, acts to
negatively regulate the cell cycle progression through the G1 phase [109].

3.2: Natural cdk inhibitors and pharmacological cdk inhibitors
The members of the CIP/KIP family of cdk inhibitors have been linked to cell cycle regulation
and dysregulation in a variety of cancerous and infectious phenotypes. p27 is overexpressed
during quiescent stages of the cell cycle and is downregulated upon entry into the cell cycle.
Meanwhile p57, which is regulated by Notch/Hes1, MyoD, and p73, appears to be the only
cdk inhibitor that is required for embryonic development. In contrast the protein p21/waf1 has
been well characterized as a cofactor in the DNA damage pathway. Stable p53 induces the
expression of p21/waf1 which then leads to cell cycle arrest. p21/waf1 is also involved in
transcriptional regulation in that it can inhibit the activity of E2F1, c-Myc, and STAT3 as well
as activate the p300/CREB-binding protein (CBP) complex to induce transcriptional activation
of certain genes. In particular, p21/Waf1 interacts with the cdk2/cyclin E complex at the G1/
S checkpoint and inhibits further progression into the S phase [73]. As a result of its
functionality, p21/waf1 selectively inhibits most cdk/cyclin complexes observed during G1/S,
including cdk2, 3, 4 and 6. However, p21/waf1 does not associate with cdk7/cyclin H and only
weakly inhibits cdk1/cyclin B [73]. The loss of the p21/waf1 cell cycle regulator has been
associated with manipulation of p53 by Tat, followed by failure to halt at the G1/S checkpoint,
increased entry into S phase, and eventual apoptosis [73]. This checkpoint loss also results in
increased Rb phosphorylation and increased activity of cdk2/cyclin E, which promotes
unregulated viral transcription and viral progeny formation [73]. Again, all of these naturally
occurring cdk inhibitors are often dysregulated by both cancer and viral infections. The study
of these endogenous cdk inhibitors should allow for the development of chemicals and
synthetic compounds that mimic the inhibition seen in vivo.

The frequent dysregulation of cdks and cdk inhibitors in disease states has highlighted their
importance in tumorigenesis and viral infections. The development of pharmacological cdk
inhibitors as therapeutic agents holds obvious potential for treating diseases. PCIs can be
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designed as non-specific or specific inhibitors of particular subsets of cdks. Although all PCIs
are flat, heterocyclic, low molecular weight compounds, they can be classified according to
their structure (purine or non-purine) as well as by their level of selectivity for the cdk of
interest. These compounds are designed to structurally interfere with and competitively inhibit
the catalytic-ATP binding sites of the cdk proteins. Most of the PCIs to date have been designed
around the scaffold of the structure of cdk2, although the structure of cdk9 complexed with the
PCI Flavopiridol was recently resolved [110]. The two most studied PCIs are Roscovitine and
Flavopiridol, which inhibit cdk1, 2, 5, 7, 9 and cdk1, 2, 4, and 9 respectively [111–114]. The
use of these compounds as therapeutic agents is appealing due to their low IC50, the amount
of the compound needed to inhibit a target by 50%. Roscovitine is an effective inhibitor of all
of its target cdks at an average IC50 of less than 1 μM. On the other hand, Flavopiridol inhibits
cdk9 at an IC50 of 3 nM, a concentration approximately 10 times lower than the IC50 for the
other cdks inhibited by this PCI [113–115]. Due to the success of Roscovitine and Flavopiridol,
second generation PCIs with a higher potency and specificity have been developed based on
these two aforementioned drugs. Although PCIs have been important in the development of
cancer therapeutics, no clinical trials have been initiated to assess the effect of PCI’s on the
course of HIV-1 infections.

3.3: cdks in HIV-1 infection
As described previously, Tat interacts with an RNA hairpin-like loop structure at the 5′-LTR
of the viral transcript, known as the Transactivating Regulatory Element (TAR). Once bound
to TAR, Tat carries out its role as the viral transactivator primarily through its interaction with
cellular kinases (Tat-associated kinases, TAKs), which includes multiple cdk/cyclin
complexes. cdk2/cyclin E is critical for the Tat-mediated activation of HIV-1 transcription.
Specifically, the phosphorylation of cdk7 by cdk2/cyclin E in the early elongation complex is
important for the cdk7-containing complex, T-cell-derived kinase (TTK). Tat recruits cdk2/
cyclin E to the promoter to assist in the phosphorylation of the RNA Pol II CTD, and it has
been shown that the loss of cdk2/cyclin E blocks Tat-dependent viral transcription [5,116].
Additionally, cdk2 has also been shown to directly phosphorylate Tat both in vitro and in
vivo on residues Ser6 and Ser46, both of which are critical for Tat’s transactivation activity
[5,116]. However, cdk2 is not essential for normal host cell proliferation, therefore making the
inhibition of cdk2/cyclin E in HIV-1 infected cells an attractive therapeutic target.

In addition to cdk2, both cdk7 and cdk9 are known to important during HIV-1 transcription.
cdk9 can phosphorylate the CTD at Ser2, whereas cdk7 can phosphorylate the CTD at Ser5.
However in the presence of Tat, cdk9 can preferentially phosphorylate both residues,
suggesting that cdk7 may not be necessary at all times for Tat-dependent transactivation
[117]. p-TEFb is present in the cell as both a small and a large complex. The large complex
contains a 7SK small nuclear RNA (snRNA) and the Hexamethylene bisacetamide-induced
protein 1 (HEXIM1), both of which associate with variable cellular proteins [118]. In
uninfected cells, the small p-TEFb complex associates with Brd4, which is necessary to activate
transcription. However, in HIV-1 infected cells Tat can substitute for Brd4 to assist in the
recruitment of p-TEFb to the viral LTR. An additional aspect of the binding of the Tat-p-TEFb
complex to TAR is the autophosphorylation of cdk9 on its C-terminus, thereafter aiding in the
nuclear localization of cdk9. Recent studies have also suggested that cdk9 is acetylated by the
acetyltransferases GCN5 and p/CAF, resulting in a decrease in both kinase activity and
transcriptional activity within HIV-1 infected cells [119].

3.4: Natural and pharmaceutical cdk inhibitors in HIV-1 infection
The first generation PCI Flavopiridol has been shown to be an effective inhibitor of cdk9 and
the p-TEFb complex, especially in the context of HIV-1 infected cells [115]. As the interaction
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of HIV-1 Tat with the cdk9/cyclin T1 complex has been extensively characterized as critical
for viral transactivation, the specific inhibition of this protein-protein interaction presents as
an attractive drug target. This PCI binds to the catalytic ATP binding site on cdk9, forming a
noncompetitive interaction with the enzyme and promotes a conformational change that
prevents the binding of ATP by cdk9 [110,120]. Flavopiridol inhibits HIV-1 transcription in
infected cells at an IC50 of 1–10 nM and is required at a much higher concentration to inhibit
normal cellular transcription, indicating specificity for viral transcription [120]. The inhibition
of cdk9 in virally infected cell lines by either Flavopiridol or siRNA against both cdk9 and
cyclin T1 has resulted in decreased viral replication and Tat transactivation without affecting
normal phosphorylation of RNA Pol II, cellular transcription, or cellular viability [121–122].
The effectiveness of Flavopiridol was also determined in primary Peripheral Blood
Lymphocytes (PBLs) infected with HIV-1, where viral replication was inhibited with minimal
effects on T-cell activation and DNA synthesis [123]. The development of second generation
cdk9 inhibitors based on the structure and efficiency of Flavopiridol, can effectively become
potent anti-HIV-1 compounds and potential therapeutics.

Another inhibitor that binds to the ATP pocket of cdks is CYC202(R-roscovitine), a PCI
derived from Roscovitine. We previously showed that CYC202 effectively inhibited wildtype
and resistant HIV-1 mutants in T-cells, monocytes, and PBMCs at a low IC50. Interestingly,
the cdk2/cyclin E and cdk9/cyclin T1 complexes were observed to load onto the HIV-1 genome
in vivo and treatment with CYC202 was able to inhibit the uploading of these cdk/cyclin
complexes onto HIV-1 DNA [124].

Finally, there is another class of cdk/cyclin inhibitors that may prove to be significant in the
future; Tat peptide derivatives that bind to cdks which normally load onto HIV-1 promoter.
We have previously shown that a Tat peptide (41/44) from the HIV-1 core domain can inhibit
HIV-1 gene expression and act as a replication inhibitor [125]. A shorter version of this peptide
was also capable of inhibiting the kinase activity of cdk/cyclin in vitro, as well as inhibiting
the virus replication in vivo in a new humanized stem cell animal model. The mechanism of
inhibition was attributed to dissociation of the cdk/cyclin complex needed for the transcription
of HIV-1 transcripts [126].

4.1: siRNA: mechanism and therapeutic applications
Some of the most promising new experimental treatments in development are based upon the
discovery of RNA-mediated interference (RNAi). In just the past few decades this discovery
has blossomed into an indispensible technology for researchers and is rapidly progressing as
a means of treating diseases in clinical trials [127]. This technology uses small duplexes of
RNA (called siRNAs) to silence the expression of specific genes in a sequence specific manner.
The mechanism behind effective RNAi therapy rests on manipulating the microRNA pathway
in mammalian cells. In mammalian cells, microRNAs are small ~21bp single-stranded RNA
molecules that hybridize to mRNA transcripts and direct the cell to silence genes either at the
translational or transcriptional level [128]. microRNAs originate from stem-loop structures in
endogenous transcripts which are processed in the nucleus by the Drosha ribonuclease. On the
other hand, siRNAs are defined as originating from double-stranded RNA molecules found in
the cytoplasm. Both microRNAs and siRNAs can exist as short hairpin RNA molecules prior
to processing by the Dicer ribonuclease. Once Dicer processes them into small single-stranded
effector molecules, they are transferred to one of the Argonaute proteins, which then use the
small RNA molecule as a guide to target and suppress transcripts with complimentary
sequences. However, exogenous mature siRNAs duplexes can be delivered into a cell and
directly associate with Argonaute proteins without the need for processing by either Drosha or
Dicer [128–130]. Presently, anti-HIV-1 therapies based on RNAi are experimental, as
researchers are still investigating how best to deliver siRNAs to the cell as well as which targets
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are the most crucial for HIV-1 replication. The following discussions will relate the current
state of RNAi based therapies in general and their possible application towards endowing
patients with resistance to HIV-1 infection.

4.2: siRNA treatments for viral infections
The first topic of any experimental therapy must be its feasibility. While RNAi is an incredibly
powerful tool and possesses the potential to combat congenital diseases and viral infections,
there remain questions about how to safely and effectively deliver siRNA molecules to a target
cell. The earliest tests of feasibility for siRNA-based therapies were carried out successfully
in mouse models. Specifically, liposomes carrying siRNA duplexes were delivered via tail vein
injection into mice in danger of acute liver failure [131–132]. Mice suffered from acute liver
failure due to either viral infection or autoimmunity, both of which induced hepatocyte
apoptosis via Fas ligand signaling. The injection of siRNAs alleviated the symptoms of liver
failure and fibrosis by administering siRNA directed against Fas [132] or its downstream
effector, caspase-8 [131]. Efficient knockdown of both Fas and caspase-8 prevented apoptosis
of hepatocytes, thereby preventing necrosis and the subsequent invasion of fibroblasts into the
lesion. A similar feasibility trial used siRNA to target the Hepatitis B virus (HBV) in acutely
infected mice [133]. Coinjection of the viral plasmid alongside anti-HBV siRNAs resulted in
a significant drop in HBV antigens and viral DNA found in the mouse liver and sera. Following
the success of RNAi therapy in mouse models, RNAi-based therapies are currently being tested
in non-human primate models and, in one case, clinical trials in humans [127]. There have
already been promising results from two different trials of RNAi-based therapies in primate
models [134–135]. In two independent studies, siRNA was delivered to primates via
intravenous delivery of RNA-liposome complexes. In one investigation, Zimmermann et al.
used siRNAs delivered by intravenous injection to knock down the endogenous ApoB protein
in cynomolgus monkey liver cells [134]. Independently, Yokota et al. demonstrated that
siRNAs encapsulated within cationic liposome complexes can suppress or halt the replication
of GBV-B, a primate hepatitis virus found in marmosets [135]. The investigators showed that
GBV-B replication fell in response to increasing doses of siRNA treatments. At the highest
tested dose of injected siRNAs (5mg/kg), the investigators observed a complete absence of
viral DNA in the monkeys’ sera.

Despite these early successes with RNAi-based therapies, there are still a few complications
that arise when attempting to deliver double-stranded RNA molecules in vivo. The delivery of
siRNAs or siRNA precursor hairpins (shRNA) can have several adverse side effects such as
the induction of the type-I interferon (IFN) response [136–137], saturation of the microRNA
enzymes [138], and off-target effects [139–140]. Double-stranded RNA can be detected by
TLR8, TLR7, TLR3, all of which respond by initiating the cell’s innate IFN response and
halting protein translation [141]. Indeed, an IFN response was observed by Yokota et al., but
scrambled siRNA controls inducted greater IFN responses without suppressing viral
replication [135]. The conclusion drawn was that, while the IFN response may aid in fighting
infection, only targeted siRNA treatments specifically inhibited GBV-B. However, it has been
demonstrated that a chemical modification (nucleoside 2′-O-methylation) to the 5′ ends of
siRNAs can avoid the induction of the IFN response [137]. Once present inside the target cells,
siRNAs can potentially saturate the endogenous microRNA-related proteins such as Dicer,
exportin-5, and Ago2. Saturation and competition with endogenous microRNAs was suggested
as a cause of mortality in a mouse model where the long term expression of shRNAs in some
mice led to liver injury and death [138]. Lastly, siRNAs are known to occasionally possess off-
target effects, resulting in the silencing of the target gene as well as other, unintended genes.
These off-target effects are often caused by the fact that microRNAs and siRNAs do not require
perfect hybridization to the target mRNA in order to functionally inhibit translation. Whereas
perfect hybridization between a microRNA and its target leads to Ago2-mediated cleavage of
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the mRNA, an imperfect hybridization leads to silencing by inducing the sequestration of the
mRNA within a P-body [142].

Another potential use for siRNA-based therapies is in the prevention of new HIV-1 infections.
Palliser et al. reported that siRNA-liposome complexes can be administered intravaginally in
mice in order to provide protection from Herpes simplex virus (HSV-2) infection [143]. The
administration of the siRNA-liposome complex in transgenic mice showed efficient
knockdown of GFP without causing inflammation or inducing an IFN response. Co-
administration of a lethal dose of HSV-2 virus and seven unique anti-HSV-2 siRNAs resulted
in a significant long term survival rate (75% survival in treated mice versus 25% survival in
control mice) after a single acute infection. Similar survival rates were observed even when
siRNA-liposome complexes were administered 6 hours after vaginal infection with HSV-2.
Although DNA viruses like HSV-2 are less likely to develop resistance to siRNAs than
retroviruses like HIV-1, these findings suggest that siRNAs directed against viral surface
receptors (i.e. CCR5 and CXCR4) could provide protection against HIV-1 at the site of
infection [143].

4.3: Current and future siRNA therapies against HIV-1
HIV-1 is known to rapidly develop resistance to anti-viral compounds [1], and its high rate of
mutation also allows the virus to quickly escape siRNAs that directly target viral transcripts
[144–147]. One way to reduce the chance of viral escape is to use multiple anti-HIV-1 siRNAs
[148], much like a cocktail of retroviral inhibitors. Interestingly, it has been shown that the
sequence of the HIV-1 TAR region remained highly conserved even after extensive use of anti-
HIV-1 siRNAs. The resistant strains that did arise possessed mutations in the viral promoter
that increased transcription in order to compensate for siRNA inhibition. The results indicated
that the TAR nucleotide sequence itself was important for viral replication and could not be
altered [149]. This observation could be explained by discovery that the TAR region is
processed into two viral microRNAs (hiv-mir-TAR-5p and hiv-mir-TAR-3p) by the host Dicer
enzyme [150–151]. Short TAR hairpins can be found at high levels during every stage of HIV-1
infection, and these hairpins can be directly processed by Dicer. Klase et al. demonstrated that
processing of the TAR hairpin appears to influence chromatin remodeling and anti-apoptotic
responses in latently infected host cells [150,152]. Additionally, the production of TAR
microRNAs resulted in transcriptional repression at the viral LTR, dependent on the presence
of Dicer. Consequently, the overproduction of TAR-derived microRNA was implicated as a
mechanism for inducing HIV-1 latency [150]. Two other viral microRNAs have been reported
to arise from viral transcripts. One viral microRNA, hiv-mir-H1, is located in the viral LTR
and has been reported to knock down the host’s AATF gene, thereby inducing apoptosis in
infected PBMCs [153]. Another viral microRNA, hiv-mir-N367, originating from the Nef ORF
has been implicated in knocking down the expression of Nef, thereby attenuating HIV-1 in
patients who are long term non-progressors [154]. Since the TAR element is well conserved,
essential to transactivation, and creates viral microRNAs, the TAR region may be the only
region within HIV-1 that might be amenable to long term targeting in RNAi-based therapies.

One potential complicating factor for RNAi-based therapies of HIV-1 is the fact that the virus
has the ability to suppress the RNAi pathway in infected cells [155–156]. The suppression of
RNAi is carried out by the Tat protein via binding to Dicer and inhibiting its ribonuclease
activity [156–157]. However, Tat-mediated suppression is less potent than other viral
suppressors of RNAi such as the influenza NS1 protein [158] and may not completely inhibit
RNAi in infected cells. It has been suggested that Tat suppresses Dicer activity in order to
prevent the expression of certain host factors or endogenous microRNAs that would normally
restrict HIV-1 replication [156,159]. Since HIV-1 can rapidly escape siRNAs targeted at the
virus (either by mutation or Tat-mediated suppression of RNAi), several laboratories have
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investigated the alternate possibility of identifying and targeting host factors that are essential
to viral replication [8,160–161]. This alternative approach seeks to create HIV-1 resistant
lymphocytes by knocking down the host factors that are dispensable for host survival but
essential for viral replication. Unlike the viral genome, the host genes will not rapidly mutate
and should be well conserved, thereby making essential host factors more attractive targets for
RNAi therapies against chronic HIV-1 infections.

As previously mentioned, one clinical trial is underway to test the feasibility of targeting both
viral and host genes in order to halt the progression of AIDS. This trial is a joint undertaking
between City of Hope National Medical Center in Durante, California and Benitec of
Melbourne, Australia [127]. In this phase I trial, CD34+ hematopoietic stem cells are isolated
from patients and transformed with a lentiviral vector carrying multiple HIV-1 resistance
factors. The vector carries siRNAs against Tat and Rev, as well as a ribozyme designed to
knock down the host’s CCR5 receptor [162]. Patients then receive autologous transplants of
the transformed stem cells, which later develop into a regenerating population of HIV-1
resistant T-cells and macrophages. This therapy was shown to be effective in humanized SCID
mice by Li et al. [7] and was later moved into phase I clinical trials which are still in progress
[127]. While only the CCR5 surface receptor was targeted for knock down in this trial,
Anderson et al. demonstrated that shRNA constructs which knock down both CCR5 and
CXCR4 can confer HIV-1 resistance upon transformed PBMCs [161,163]. Therefore, targeting
both CCR5 and CXCR4 in future RNAi-based therapies would hinder the replication of both
R5 and X4 tropic viruses.

While CCR5 and CXCR4 have long been known for their role in HIV-1 infection, a trio of
recently published bioinformatic screens have weighed in on the question of which host factors
are essential to viral replication [164–166]. These bioinformatic screens each identified two to
three hundred unique host factors required during the HIV-1 life cycle, but there was little
overlap between their results. The lack of overlapping hits can likely be explained by the
different methods used in each screen. Zhou et al. used HeLa P4-R5 cells infected with the
HXB2 strain to look at viral replication after 96 hours [164]. Brass et al. used TZM-bl HeLa
cells infected with the HIV-IIIb strain to look at viral replication after 72 hours [165]. And
lastly, Koenig et al. used HEK-293T cells to examine expression of a reporter gene from the
HIV-1 promoter after 24 hours [166]. These three studies utilized RNAi screening libraries to
identify host factors critical to HIV-1 replication. These three genomic screens were later
combined and subjected to an in-depth statistical analysis in order to identify the host factors
most likely to be indispensible for viral replication [8]. Only three targets (MED6, MED7, and
relA) were found in all three screens, while a mere thirty-four unique targets were identified
by at least two of the three screens. Fifteen of those host factors were found to be essential for
a complete round of viral replication, as reported by both Brass et al [165] and Zhou et al
[164]. Those genes were CD4, CXCR4, Cav-2, cyclin T1, DDX3X, AKT1, JAK1, WNK1,
MED28, MED4, TCEB3, Rab26, RNF26, RGPD8, and ANKRD30A. These essential host
factors fall into several function groupings such as surface receptors (CD4 and CXCR4),
signaling kinases (AKT1, JAK1, WNK1), transcription components (relA, RNF26, MED4,
MED6, MED7, MED28, cyclin-T1, TCEB3), nuclear pore related proteins (DDX3X and
RGPD8), and vesicle related proteins (Cav-2 and Rab26).

While each of these identified host factors may be required for HIV-1 replication, some of
them may be poor candidates for future RNAi-based therapies. For example, the kinases AKT1
[167], JAK1 [168], and WNK1 [169] may be poor targets for RNAi therapies since transgenic
knockouts of these genes are often lethal in mice. Similarly, the loss of relA results in an
embryonic lethal phenotype in mice [170]. However, while these host factors may not be
suitable targets for siRNA therapies, they may still be considered as valid targets when
designing drugs to inhibit HIV-1 replication. The remaining identified host factors, however,
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may be suitable for RNAi-based therapies. The main HIV-1 surface receptors CD4, CXCR4,
and CCR5 have been tested as possible targets for siRNA-based therapies against HIV-1
infection by Anderson et al. [171] but siRNAs against CD4 were not further pursued in
subsequent trials [161]. Many of the listed host factors (i.e. CD4, CXCR4, JAK1, AKT1, relA,
cyclin-T1, DDX3X, TCEB3) are known to associate with HIV-1 proteins, while the remaining
host factors (i.e. Cav-2, WNK1, MED28, MED4, Rab26, RNF26, RGPD8, and ANKRD30A)
are novel host cell factors for HIV-1 replication [8]. Like the case of cdk9 and Flavopiridol,
one or more of these novel host factors may prove to be dispensable for the host cell, but
required for viral replication. Finally, these novel factors may be especially important to future
therapies. While knocking down the HIV-1 surface receptors only prevents new infections,
knocking down one or more of these novel host factors may confer HIV-1 resistance upon both
infected and uninfected cells.

5.1: Expert Opinion
Evaluations of patients undergoing HAART treatments have revealed that the virus is able to
rapidly mutate and develop resistance to drugs that directly target viral proteins [1–2].
However, HIV-1 requires many host proteins in order to carry out its replication cycle. These
host proteins can be targeted in order to block HIV-1 replication. Compounds such as 9AA
can activate the p53 pathway in order to overcome Tat mediated suppression and ultimately
suppress viral transcription [94]. Likewise, cdk inhibitors such as Flavopiridol and Roscovitine
can halt viral transcription without killing the host cells [115]. Finally, siRNAs might be
directed against host proteins such as CCR5 and CXCR4 in order to rob HIV-1 of its essential
host factors [163]. Figure 1 is an overview of some of the possible targets discussed in this
review. By targeting these host factors, either by blocking their function or knocking them
down, new therapies can be developed that are not as susceptible to viral mutation. In essence,
new therapies against HIV-1 can focus on altering the host cell in order to make an environment
that cannot support HIV-1 replication.

Finally, understanding what each of the viral proteins is binding to (the proteome) in specific
target cells may prove to be critical for designing better inhibitors. As compared to other disease
states such as diabetes or cancer, viral infections can induce two different areas of proteomic
alterations, those that are related to the host and those that are related to the virus itself. In the
context of the host, the proteome changes need to be implicitly focused based on cell type, T
cell, monocyte/macrophage, glial cell lines, or primary cells. Due to the fundamental
differences in these cell types, the virus will interact with and manipulate the expression and
interaction of cellular proteins in dramatically different ways. This could be a potentially
important venue for instance when studying pediatric AIDS vs. adult AIDS, where virus
replication is much more pronounced and more difficult to control in the former.

Also, studies of viral protein interactomes should be performed with endogenously expressed,
but not overexpressed viral proteins. Proteomic outcomes will vary significantly if a protein is
overexpressed or if recombinant tagged viral proteins are used for in vitro binding assays. The
overexpression of viral proteins may lead to the identification of protein interactions that are
only present in the excess of viral protein and therefore not biologically significant. In addition,
recombinant proteins that are expressed in a bacterial system do not exhibit the same post
translational modifications and possibly do not have the correct secondary or tertiary structure,
both of which can dramatically affect the detected protein-protein interactions. Therefore, the
study of endogenously tagged viral proteins will provide a biological relevant model to
understand protein-protein interactions.

Future studies should also investigate viral clade specific proteomes, which would investigate
the protein-protein interaction differences between different HIV-1 clade isolates. As an
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example, it has already been shown that amino acid sequence variation between the Tat proteins
of different clades can lead to the presence of more lysine residues. Acetylation of these
additional residues could potentially increase the activation of the viral LTR. The importance
of post translational modifications to the transcriptional state of a virally infected cell can no
longer be ignored. The direct addition of an acetyl, methyl, or phospho-moiety onto Tat
intensely influences the state of the viral promoter and the half-life of the protein of interest.
It is therefore critical to characterize the viral proteomes in the context of the state of
modification.
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Figure 1.
HIV-1 transcription can be blocked by targeting host factors. The p53 pathway is known to be
suppressed by HIV-1 and its reactivation can inhibit the replication of HIV-1. This is evident
by upregulation of p21/waf1 in 9AA treated cells. Similarly, viral transcription requires the
host’s cdk2 and cdk9 enzymes. Inhibiting these cdks using ATP analogs can halt viral
transcription without killing the host cell. Additionally, HIV-1 possesses the ability to suppress
RNAi in host cells. Although the overall downstream consequences are still being investigated,
siRNAs can be directed against host factors that are essential to viral replication.
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