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Abstract
Drugs of abuse serve as cofactors to susceptibility to HIV infection and disease progression.
Although clinical reports indicate association between HIV/AIDS and drug use, the molecular
mechanism of infection susceptibility and disease progression remains unclear. Drugs such as
cocaine exert their addictive effects in part by epigenetic mechanisms. Given that epigenetic
modifications play an important role in HIV-1 life cycle, it is essential to unravel whether drug
abuse-associated epigenetic changes may contribute to HIV/AIDS. In this article we will provide a
prospective on the impact of epigenetic mechanisms on HIV-1 life cycle.

Overview of HIV-1 Replication
Human Immunodeficiency Virus-1 (HIV-1) is a retrovirus and the causative agent of
acquired immunodeficiency syndrome (AIDS) (Telesnitsky and Goff 1997). HIV-1
replication can be broadly categorized into early and late events (Fig. 1). The early events
include; entry, reverse transcription and integration, whereas the late events include,
transcription, assembly, release and maturation. The first step in the HIV-1 life cycle is
entry, which is facilitated by the binding of viral glycoproteins on to CD4 and chemokine
receptors on the target cell. This is followed by fusion of the viral and cellular membranes
and the release of the viral capsid into the cell (Chan and Kim 1998; Wyatt and Sodroski
1998). Subsequently, virally encoded reverse transcriptase enzyme converts the single-
stranded RNA genome into double stranded proviral DNA via reverse transcription
(Telesnitsky and Goff 1997). This proviral DNA along with several viral and cellular factors
are transported into nucleus in the form of a large nucleoprotein complex called the
preintegration complex (PIC). In the nucleus integration of the viral DNA into the host
genome is carried out by viral enzyme integrase (IN). Following integration, the virus
exploits the host cell machinery to transcribe viral RNAs that encode for essential viral
proteins and unspliced genomic RNA (D’Souza and Summers 2005). The full-length
unspliced RNA is assembled by the viral Gag protein at the plasma membrane and new virus
particles are released. Following proteolytic cleavage of viral polyproteins by viral protease,
the virus undergoes maturation before carrying out new infections.
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Epigenetic Modifications and HIV Life Cycle
“Epigenetics” refers to all heritable changes in gene expression that are not coded in the
DNA sequence (Egger et al. 2004). Epigenetic regulators include DNA methylation, histone
modifications and RNA-associated silencing. DNA methylation has long been recognized as
an epigenetic regulator of fundamental importance for cell function (Holliday and Pugh
1975; Riggs 1975). Histone modifications such acetylation, phosphorylation, and
methylation have also been defined as epigenetic modifiers, which play important roles in
gene regulation (Strahl and Allis 2000; Luger and Richmond 1998). The highly condensed
structure of chromatin, consisting of two copies each of H2A, H2B, H3, and H4 histones,
wrapped around by DNA, provides unique control over gene expression (Rando and Chang
2009). RNA, in the form of antisense transcripts, noncoding RNAs, or RNA interference
(RNAi), can lead to mitotically heritable transcriptional silencing (Egger et al. 2004). In
addition, RNA might be a key trigger to direct histone modifications and DNA methylation
(Egger et al. 2004). Epigenomic regulations have been implicated during integration and
latency of HIV-1 life cycle (Coull et al. 2000; Williams et al. 2006; Jiang et al. 2007; Tyagi
and Karn 2007; Bednarik et al. 1987; Bednarik et al. 1990; Harbers et al. 1981; Hu et al.
1984; Kauder et al. 2009; Brady et al. 2009; Wang et al. 2007; Mitchell et al. 2004; Berry et
al. 2006; Pruss et al. 1994).

Epigenetics and HIV-1 Integration
Integration of the proviral DNA into the host genome is a defining feature for HIV-1
replication (Suzuki and Craigie 2007). After reverse transcription, the proviral DNA remains
associated with IN and other viral/cellular proteins in the PIC (Fig. 2). The PIC travels to the
nucleus and integration of the viral DNA into the host genome is carried out by the IN
enzyme. It has been demonstrated in vitro that, in comparison to naked DNA, DNA wrapped
in nucleosomes is favored for integration (Pryciak and Varmus 1992; Taganov et al. 2004).
In addition, given that chromatin is a highly compact and ordered structure, structural
features within the nucleosome core are known to influence HIV-1 integration (Pruss et al.
1994). Although different retroviral genera favor integration in different regions of the host
genomes, HIV-1 integration has been proposed to be favored in active transcription units
(Wang et al. 2007; Mitchell et al. 2004; Barr et al. 2005; Barr et al. 2006; Schroder et al.
2002). Genome wide sequencing data reveals a possible correlation between HIV-1
integration and epigenomic modifications in the nucleosome (Bushman et al. 2005). These
include histone modifications and DNA methylation. Transcription-associated histone
modifications that favor HIV-1 integration include H3 acetylation, H4 acetylation, and H3
K4 methylation (Bushman et al. 2005). HIV-1 integration is disfavored in regions rich in
transcription-inhibiting modifications such as H3 K27 trimethylation and DNA CpG
methylation. This is in contrast to Murine Leukemia Virus (MLV) integration that is favored
by CpG islands (Lewinski et al. 2005; Lewinski et al. 2006). Previously, Coffin et al. have
reported that in Avian Leukosis Virus (ALV) CpG methylation of target DNA created
highly preferred targets within runs of alternative CpG islands for integration (Kitamura et
al. 1992). It is important to point out that a direct correlation between epigenomic
modifications and HIV-1 integration targeting is yet to be demonstrated biochemically.
However, HIV-1 IN has been reported to bind to several chromatin-associated proteins
(Kalpana et al. 1994; Peytavi et al. 1999). Furthermore, a family of related integrase
enzymes encoded by yeast retrotransposons contains chromodomains which bind methylated
histone tails (Hizi and Levin 2005). In addition, cellular proteins recruited by specific
histone modifications may contribute to integration. These cumulative evidence points
toward an important role of epigenetic mechanisms during retroviral integration and
warrants further investigation.
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Epigenetics and HIV-1 Latency
Epigenetic control is thought to be involved in latent infection of HIV-1 in resting CD4+ T
cells. Latently infected cells contain replication-competent integrated HIV-1 genomes that
are blocked at the transcriptional level. CpG methylation has been implicated in silencing of
the integrated provirus genome (Kauder et al. 2009). Demethylation induced by 5-
Azacytidine (5-AzaC), an inhibitor of DNA methyltransferase, was shown to reactivate
latent provirus (Niwa and Sugahara 1981). In vitro studies have shown that DNA
methylation suppresses the promoter activity of the HIV- 1 long terminal repeat (LTR)
(Harbers et al. 1981; Smith 2005; Schulze-Forster et al. 1990). In addition, histone
deacetylation has been shown to be important for quiescence of HIV gene expression in
infected resting CD4+ T lymphocytes (Kauder et al. 2009).

Transcriptional Regulation and HIV-1 Replication
HIV-1 exploits multiple host factors to complete a productive life cycle. These host factors
play critical roles at different stages of HIV life cycle (Brass et al. 2008; Konig et al. 2008;
Zhou et al. 2008). It is important to point out that transcriptional regulation of host factors
contributes significantly to HIV-1 replication. For example, lens epithelium-derived growth
factor (LEDGF/p75) is known to bind HIV-1 IN, plays a critical role in integration and is
required for efficient HIV infection (Vandegraaff et al. 2006). When LEDGF/p75 expression
is depleted from cells using RNA interference, HIV-1 integration was diminished
(Engelman 2005), indicating importance of transcriptional regulation of host factors in
HIV-1 replication. Since epigenetic modifications regulate transcription, we believe drug-
abuse associated epigenomic modifications can regulate transcription of host factors, thereby
influence HIV-1 replication.

How drug abuse-associated epigenetics may affect HIV-1 replication?
Illicit drug use remains the second most common mode of HIV infection and drugs such as
amphetamines, cocaine, marijuana, and opiates serve as cofactors for susceptibility to HIV
infection and disease progression (Goedert 1984; Siegel 1986; Donahoe and Falek 1998;
Friedman 1996; Cabral 2006). Although clinical reports indicate an association between
HIV/AIDS and use of illicit drugs (Duncan et al. 2007; Cook et al. 2008; Baum et al. 2009),
and indirect effects are undoubtedly play a role, the molecular mechanism of infection
susceptibility and disease progression remain unclear. HIV-1 infects peripheral blood
mononuclear cells (PBMCs) such as macrophages and CD4+ T lymphocytes by binding to
co-receptors such as CXCR4 and CCR5 (Telesnitsky and Goff 1997; Chan and Kim 1998).
It is known that drugs of abuse modulate expression of chemokines in CD4+ lymphocytes
(Nair et al. 2000). However, the underlying mechanism and the downstream signals by
which drugs of abuse regulate expression of these chemokines are yet to be established.
Although epigenetic modifications are known to regulate gene expression during drug
addiction (Renthal and Nestler 2009), biochemical evidence on epigenetic mechanisms in
CD4+ T cells and macrophages in response to drug exposure are lacking. Therefore, we
hypothesize that drugs of abuse may regulate gene expression in CD4+ lymphocytes via
epigenetic modifications. Based on this hypothesis, an effect of drug abuse-induced
epigenetic changes can be envisioned at several steps of HIV life cycle. For example, drug
abuse-associated epigenetic changes may have direct influence on integration events,
because epigenetic modifications in the host genome modulate integration. In addition, these
modifications may regulate expression of host factors, thereby influencing entry and post-
entry events of HIV life cycle. Although, the literature on drug abuse-associated epigenetic
changes in CD4+ T cells is still in infancy, it is important to point out that CD4+ T
lymphocytes undergo extensive changes in chromatin structure via epigenomic
modifications during cytokine production (Webster et al. 2007; Kaneko et al. 2007;
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Miyatake et al. 2000; Akimzhanov et al. 2007). Therefore, efforts to understand drug abuse-
associated epigenetic modifications and their implications in HIV-1 replication will bridge a
major gap in drug abuse and HIV/AIDS field.

Mother-to-Child-Transmission of HIV and Epigenetics
It has been well documented that HIV-infected women who use illicit drugs during
pregnancy had a higher risk of transmitting HIV to their infants (Rodriguez et al. 1996; Ellis
et al. 2003). Since maternal drug use during pregnancy has been shown to have profound
structural and functional modifications in the epigenomic programs of neonatal mice
(Novikova et al. 2008; Zhang et al. 2009; Meyer et al. 2009), similar epigenomic
mechanisms cannot be ruled out in pregnant women drug users. If these epigenetic programs
exist in humans, it may confound the biology associated with mother to child transmission
of HIV by another level of complexity in this process. Therefore, it is critical that we gain
insights into drug abuse associated-epigenetic changes in cells that are targets for HIV
infection. This will certainly help us better understand whether drug abuse associated-
epigenetic changes have any implications in mother to child transmission of HIV.

Conclusions
Epigenetic modifications play an important role in HIV life cycle. Co-incidentally
epigenetic mechanisms play an important role in drug addiction. Since drugs of abuse serve
as cofactors in HIV/AIDS, it is important to investigate the correlation between drug abuse-
associated epigenetics and HIV/AIDS. This will help us bridge a major gap in the drug
abuse and HIV/AIDS biology and will serve as the basis for a comprehensive analysis of
effects of drug abuse-induced epigenomics on HIV pathogenesis.
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Figure 1.
Overview of HIV-1 lifecycle as described by D’Souza and Summers 2005. The HIV-1
genome encodes nine open reading frames. Three of these encode the Gag, Pol, and Env
polyproteins. Gag consists of MA (matrix), CA (capsid), NC (nucleocapsid), and p6
proteins. The two Env proteins; SU (surface or gp120) and TM (transmembrane or gp41),
along with the Gag proteins make up the virion core and outer membrane envelope. The
three Pol proteins; PR (protease), RT (reverse transcriptase), and IN (integrase) provide
essential enzymatic functions and are also encapsulated within the particle. HIV-1 encodes
six additional accessory proteins, three of which (Vif, Vpr, and Nef) are found in the viral
particle. Two other accessory proteins, Tat and Rev, provide essential gene regulatory
functions, and the last protein, Vpu, assists in assembly of the virion. Two genomic RNA
molecules of ~ 9 kb are also packaged in the particle.
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Figure 2.
Schematics of retroviral integration as per Craigie, et al. The pre-integration complex (PIC)
enters the nucleus via nuclear pore complex (NPC). The PIC gains access to chromatin and
viral DNA is integrated by IN.
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