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ABSTRACT
Human immunodeficiency virus (HIV) infection and the psychostimulant drug cocaine are known 
to induce epigenetic changes in DNA methylation that are linked with the severity of viral 
replication and disease progression, which impair neuronal functions. Increasing evidence sug-
gests that changes in DNA methylation and hydroxymethylation occur in mitochondrial DNA 
(mtDNA) and represent mitochondrial genome epigenetic modifications (mitoepigenetic modifi-
cations). These modifications likely regulate both mtDNA replication and gene expression. 
However, mtDNA methylation has not been studied extensively in the contexts of cocaine 
abuse and HIV-1 infection. In the present study, epigenetic factors changed the levels of the 
DNA methyltransferases (DNMTs) DNMT1, DNMT3a, and DNMT3b, the Ten-eleven translocation 
(TET) enzymes 1, 2, and 3, and mitochondrial DNMTs (mtDNMTs) both in vitro and in vivo. These 
changes resulted in alterations in mtDNA methylation levels at CpG and non-CpG sites in human 
primary astrocytes as measured using targeted next-generation bisulphite sequencing (TNGBS). 
Moreover, mitochondrial methylation levels in the MT-RNR1, MT-ND5, MT-ND1, D-loop and MT- 
CYB regions of mtDNA were lower in the HIV-1 Tat and cocaine treatment groups than in the 
control group. In summary, the present findings suggest that mitoepigenetic modification in the 
human brain causes the mitochondrial dysfunction that gives rise to neuro-AIDS.
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Introduction

Epigenetic changes are known as heritable changes 
in gene expression without underlying changes in 
the encoding DNA sequence and are influenced by 
external environmental factors[1]. Epigenetic 
changes include DNA methylation and histone 
modifications [2]. DNA methylation is a covalent 
modification that occurs on cytosine (C) residues, 
mostly those located in CG dinucleotides (CpGs), 
by means of a reaction catalysed by DNA methyl-
transferases (DNMTs). DNMTs are responsible for 
maintaining methylation, in which a methyl group 
is transferred from S-adenyl methionine (SAM) to 
the fifth carbon of a C residue to form 5-methyl-
cytosine (5mC) [3]. However, the nervous system 
is a complex biological system in which cell differ-
entiation into diverse lineages occurs as a result of 
tissue-specific methylation patterns [4]. Moreover, 
ten eleven translocation (TET) enzymes oxidize 
5mCs and promote locus-specific reversal of 

DNA methylation. An estimated ∼2–8% of the 
total cytosines in human genomic DNA are 
5mCs, suggesting that epigenetic modification of 
the 5mC level may impact a broad range of biolo-
gical functions including neuronal differentiation, 
neural plasticity, and brain functions [5].

Human immunodeficiency virus (HIV) is known 
for its high evolutionary potential, mutation rate and 
rapid turnover upon infection in a human host [6]. 
HIV targets immune cells, and the viral genome 
assumes control over the cellular machinery and ulti-
mately affects the central nervous system (CNS) [7]. 
HIV infection alters redox changes, mitochondrial 
biogenesis and epigenetic modifications, including 
DNA methylation, which regulates gene expression 
cascades in humans [8–10]. Trans-activator of tran-
scription protein (Tat), which has a length of 86–102 
amino acids (aa), is a viral protein secreted from HIV- 
infected cells and is known to control HIV transcrip-
tion [11]. HIV-1 Tat is known to disrupt cellular 
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homoeostasis and induce oxidative stress that leads to 
reactive oxygen species (ROS) accumulation, which 
can further alter CNS functions [12,13]. Studies have 
shown that HIV-1 Tat activates epigenetic modifica-
tion in the animal brain [14] as well as mouse primary 
microglia [15]. HIV-1 Tat affects energy deficits in 
astrocytes and impairs mitochondrial functions, lead-
ing to cell death [16]. Mouse model studies have 
shown that exposure to HIV-1 Tat not only affects 
the membrane potential [17] but also alters mitochon-
drial functions [18]. Moreover, HIV-1 Tat affects 
mitochondrial dynamics by disrupting the functions 
of fission and fusion proteins, ultimately causing 
damage to mitochondrial DNA (mtDNA) and pro-
teins [19,20]. HIV-1 Tat exposure-mediated mtDNA 
damage induces genetic changes in immune cells 
[21,22]. Additionally, studies have documented that 
mtDNA mutations are associated with various CNS- 
related disorders, including ataxia, seizures and 
dementia [23]. These effects are commonly associated 
with biochemical defects in oxidative phosphorylation 
(OXPHOS) related to seven subunits of complex 
I (NADH dehydrogenases 1–6 [ND1–6] and ND4L), 
three subunits of complex IV (cytochrome c oxidase 
subunits I–III [COX1–3]), two subunits of complex 
V (ATPase 6 and ATPase 8), and one subunit of 
complex III (cytochrome b) [24].

The psychostimulant drug cocaine has been shown 
to affect the CNS in a number of manners, such as by 
significantly impairing cellular functions, in both 
in vitro and in vivo studies [25,26]. Clinical studies 
have also demonstrated that cocaine increases oxida-
tive stress, inflammation and mitochondrial biogen-
esis, which can cause brain damage [27,28]. 
Alterations in mitochondrial function are known to 
impact fission, fusion and oxidation, which are 
mediated by mtDNA [29,30]. Recent in vitro, in vivo 
and clinical studies have shown that cocaine alters 
several cellular functions, including mitochondrial 
biogenesis and epigenetic modification of DNA 
methylation [31,32]. Notably, these activities are accel-
erated by the presence of HIV infection [9]. Moreover, 
studies have shown that cocaine abuse and addiction 
can compromise judgement and decision-making 
power, which may increase the risk of HIV infection 
[33]. Furthermore, cocaine abuse induces oxidative 
stress and ROS production, which may affect 
mtDNA and thus impact mitochondrial functions, 
including oxidative phosphorylation (OXPHOS).

Extensive studies have consistently demon-
strated that cocaine abuse and HIV infections 
lead to neuronal dysfunction and are involved in 
HIV-associated neurocognitive disorder (HAND) 
[16,34]. HIV-positive cocaine users have shown 
synergistic potentiation of viral replication and 
disease progression compared with HIV-positive 
subjects who do not use cocaine or HIV-negative 
cocaine users [35,36]. Studies have shown that 
HIV infection potentiates alterations in DNA 
methylation machinery, particularly induction of 
DNMT1 expression [37]. In addition, cocaine 
exposure elevates DNA methylation, DNMT3a 
and DNMT3b levels and MeCP2 binding, which 
decreases gene expression patterns in the nucleus 
accumbens [38]. A study in which rats were trea-
ted with cocaine revealed that inhibition of 
DNMTs decreases DNA hypermethylation and 
attenuates the drug-induced downregulation of 
gene expression in the nucleus accumbens [39]. 
However, the mechanisms underlying the link 
between HIV-1 Tat and cocaine-mediated 
mtDNA methylation-induced neurodegeneration 
are not clearly understood.

In the present study, we investigated whether 
HIV-1 Tat and cocaine, either alone or in combina-
tion, induce modification of mtDNA methylation by 
altering DNMTs and mitochondrial DNMT 
(mtDNMT) activity. We also performed expression 
studies. We found that HIV-1 Tat and cocaine expo-
sure reduced mtDNA methylation and altered the 
expression of DNMTs, mtDNMTs and TET pro-
teins. We also analysed the methylation patterns in 
the genomic regions of the mtDNA D-loop and 
ND1–ND6 via targeted next-generation bisulphite 
sequencing (TNGBS) in human primary astrocytes 
exposed to HIV-1 Tat and cocaine.

Materials and methods

Cell culture and reagents

Cell culture reagents were purchased from ScienCell 
(Carlsbad, CA, USA). DNMT1, DNMT3a, DNMT3b, 
TET1, TET2, and TET3 antibodies; goat anti-rabbit 
IgG and goat anti-mouse IgG antibodies; and kits for 
analysis of global DNA methylation of 5mC were 
purchased from Epigentek Group Inc. (Farmingdale, 
NY, USA). Mitochondrial isolation kits were 
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purchased from Abcam (CA). Electrophoresis 
reagents were purchased from Bio-Rad (Richmond, 
CA, USA), and nitrocellulose membranes were pur-
chased from Amersham Scientific (Piscataway, NJ).

HIV-1 Tat proteins

HIV-1 Tat (Catalogue number #2222) was obtained 
from the NIH AIDS Research and Reference 
Reagent Program. The recombinant Tat proteins 
were tested and revealed to be of >95% purity.

Chemicals and reagents

All chemicals and reagents were obtained from 
Sigma-Aldrich (St. Louis, MO). Doxycycline 
(Dox) was dissolved in 0.9% saline before 
injection.

Human primary astrocytes

In this study, we used commercially obtained 
human primary astrocytes isolated from normal 
human brain cerebellum tissue. The astrocytes 
were maintained in astrocyte basal medium sup-
plemented with foetal bovine serum to a final con-
centration of 10% and 1% antibiotic/antimycotic 
solution (ScienCell, Carlsbad, CA, USA).

Animals and housing

Adult male Tat-inducible transgenic mice (iTat, 
formerly known as GT-tg bigenic mice) [40] 
were bred from a colony started by progenitors 
generously donated by Dr. Johnny He. All mice 
(8–10 weeks of age) were maintained at the 
University of Florida’s animal facilities and used 
in experiments according to protocols approved by 
the Institutional Animal Care and Use Committee, 
University of Florida, Gainesville, Florida. 
Procedures for creating HIV-1 iTat mice and con-
firming the genotype of the inducible and brain- 
targeted HIV-1 Tat protein are described in detail 
elsewhere [40,41].

Drug treatment

Brain-targeted Tat was induced with Dox treat-
ment with or without cocaine exposure. To induce 

expression of HIV-1 Tat [1-86], iTat mice were 
administered Dox via intraperitoneal injection of 
a single daily dose of 100 mg/kg dissolved in 0.9% 
saline in a volume of 0.3 ml/30 g body weight for 
14 days (iTat-Dox; n = 3). iTat mice treated with 
saline served as controls (n = 3), as indicated and 
characterized previously [41]. An additional set of 
mice were treated with cocaine administered sub-
cutaneously at a dose of 10 mg/kg/d in 0.9% saline 
for 14 days (n = 3). Finally, a final set of iTat mice 
(n = 3) were treated with Dox (100 mg/kg/d, i.p.) 
followed by cocaine (10 mg/kg/d, s.c.) 2 min later.

Isolation of brain specimens for gene analysis, 
immunoblotting or quantitative image analysis

After the 14-day treatment period, mice were 
anesthetized with isoflurane (4%) before being 
euthanized and then subjected to transcardial per-
fusion with cold saline (0.9%), and tissues were 
harvested. The frontal lobe region of the brain 
was extracted from three euthanized mice for 
each treatment set, flash-frozen in liquid nitrogen, 
and stored at −80°C for further analysis of gene 
and protein modifications, as detailed below.

Human primary astrocyte treatment

Briefly, astrocytes (1 x 106) were separately trea-
ted with HIV-1 Tat (50 ng/ml) and cocaine 
(0.5 µM) for 24 hr. At the end of the incubation 
period, the cells were digested with 0.05% tryp-
sin-EDTA and washed with PBS. The cells were 
then pelleted by centrifugation (1000 × g for 
10 min). The total and mitochondrial fractions 
were then resuspended in lysis buffer for further 
experimental procedures.

Mitochondrial isolation

A mitochondrial isolation kit (Abcam, CA) was 
used to isolate mitochondria from astrocytes. For 
the in vitro model, human primary astrocytes 
(3 × 108) were grown and treated with HIV-1 
Tat (50 ng/ml) and cocaine (0.5 µM) for 24 hr. 
At the end of the incubation, the cells were lysed 
with 0.05% trypsin-EDTA and washed with PBS. 
The lysed cells were centrifuged (1000 × g for 
10 min) at room temperature, and the pellets 
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formed were resuspended in mitochondrial assay 
buffer. The cells were incubated in the solution on 
ice for 2 min and homogenized with a glass homo-
genizer using 30 up-and-down strokes, and cellu-
lar disruption was confirmed by microscopy. For 
the in vivo experiment, samples of brain tissues 
(frontal lobe) were collected from mice subjected 
to different treatments: saline, cocaine, Dox to 
induce HIV-1 iTat expression and cocaine + iTat 
induction with Dox (as detailed in ‘Drug treat-
ment’ and ‘Isolation’ above). Fifty milligrams of 
brain tissue was homogenized, and then the 
extract was centrifuged at 800 x g for 10 min. 
The pellet formed was the nuclear fraction and 
was discarded. The supernatant was collected and 
centrifuged again at 12,000 × g for 15 min at 4°C. 
The pellet formed was the mitochondrial fraction, 
which was then resuspended in lysis buffer for 
further analyses, including western blot analysis.

Western blot analysis

Whole-cell protein lysates and mitochondrial frac-
tions were extracted from HIV-1 Tat- and cocaine- 
exposed primary astrocytes as well as from the 
brains of cocaine- and/or Tat-exposed iTat mice 
using ice-cold RIPA buffer supplemented with 
protease inhibitors. Equal amounts of primary 
astrocyte proteins and mouse brain tissue total 
lysate, cytoplasmic fraction and mitochondrial 
fraction proteins were resolved by 4–15% polya-
crylamide gel electrophoresis, transferred to nitro-
cellulose membranes, and incubated with the 
appropriate primary antibodies. Primary antibo-
dies against DNMT3a (A-1003-050, 1:500) and 
DNMT3b (A-1004-050, 1:500) were obtained 
from Abcam. Monoclonal antibodies against 
DNMT1 (A-1001-050, 1:1000), TET1 (A-1020- 
050, 1:1000), TET2 (A-1701-050, 1:1000), TET3 
(A50520-020, 1:1000) and β-actin (A-0800-100, 
1:1000) were obtained from Epigentek (Brooklyn, 
NY, USA). The immunoreactive bands were visua-
lized using a chemiluminescence western blotting 
system according to the manufacturer’s instruc-
tions (Bio-Rad). The relative protein levels were 
quantified with ImageJ software. The relative 
intensity was calculated for each DNMT band 
with normalization to the relative intensity of 
actin in each sample.

DNMT activity assay

Cultured human primary astrocytes were harvested 
after 24 hr of treatment with cocaine, HIV-1 Tat, or 
both. Nuclear extracts were prepared with nuclear 
extraction reagent (Pierce, Rockford, IL). Overall 
DNMT activity was determined using an EpiQuik 
DNA Methyltransferase Activity Assay Kit 
(Epigentek) according to the manufacturer’s proto-
col. This analysis provided the levels of overall 
DNMT activity and was not specific to any one 
DNMT. The data are presented as units calculated 
according to the manufacturer’s manual.

Enzyme-linked immunosorbent assay (ELISA) of 
DNA 5mC content

The 5mC and 5hmC levels of DNA were measured 
with a MethylFlash Methylated DNA 5-mC 
Quantification Kit and a MethylFlash Hydroxy 
methylated DNA 5-hmC Quantification Kit 
(Colorimetric) (Epigentek, Brooklyn, NY, USA), 
respectively. Briefly, 100 ng of the appropriate 
DNA was bound to a 96-well plate. The methylated 
fraction of DNA was detected using the corre-
sponding capture and detection antibodies and 
quantified colorimetrically by reading the absor-
bance at 450 nm in a microplate spectrophotometer 
(Bio-Rad, Model 550, Hercules, CA, USA). The 
results are expressed in units that were calculated 
according to the manufacturer’s manual.

DNA bisulphite conversion

A total of 250–500 ng of extracted DNA was 
bisulphite-modified using a Zymo EZ-96 DNA 
Methylation™ Kit (Zymo Research, CA) according 
to the manufacturer’s protocol with minor modifica-
tions. The bisulphite-modified DNA samples were 
eluted using M-elution buffer in a volume of 46 µl.

Pyrosequencing methylation analysis

A Line-1 Pyrosequencing methylation assay was used 
for quality control (QC) of the bisulphite-modified 
DNA samples. ADS2888-FS1re (D-loop), ADS2886- 
FS2 (CYB), ADS9500-FS1 (RNR1), and ADS9515- 
FS2 pyrosequencing assays were performed on 
mtDNA and cell line DNA. Pyrosequencing was 
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performed using a PSQ 96HS system or a PSQ 96HSA 
system. The systems are equivalent to the PyroMark 
MD system. Briefly, the PCR product was bound to 
Streptavidin Sepharose HP (GE Healthcare Life 
Sciences), after which the immobilized PCR products 
were purified, washed, denatured with a 0.2 µM 
NaOH solution, and rewashed using Pyrosequencing 
Vacuum Prep Tool (Qiagen) according to the manu-
facturer’s protocol. The sequencing and data analysis 
were performed using Q96 software.

Multiplex PCR, library preparation and 
sequencing for TNGBS

All bisulphite-modified DNA samples were ampli-
fied using separate multiplex or simplex PCRs, as 
listed in Supplementary Table 1. The assay 
designed using Assay Design Service (ADS) soft-
ware for genes or regions is described in 
Supplementary Table 2. The PCRs included 0.5 
units of Qiagen HotStarTaq, 0.2 µM primers, and 
3 µl of bisulphite-treated DNA in a 20 µl reaction. 
All PCR products were verified and quantified 
using the QIAxcel Advanced System. Prior to 
library preparation, PCR products from the same 
sample were pooled and purified using QIAquick 
PCR Purification Kit columns (Qiagen). Libraries 
were prepared using a KAPA Library Preparation 
Kit for Ion Torrent Platforms (cat# KK8310) and 
Ion Xpress™ Barcode Adapters (Thermo Fisher). 
Next, the libraries were purified using Agencourt 
AMPure XP beads (Beckman Coulter) and quan-
tified using the Qiagen QIAxcel Advanced System. 
The barcoded samples were pooled in an equimo-
lar fashion before template preparation, and 
enrichment was performed on an Ion Chef™ sys-
tem (Thermo Fisher) using Ion 520™ & Ion 530™ 
Chef reagents. Next, the enriched, template- 
positive libraries were sequenced on an Ion S5™ 
sequencer using Ion 530™ sequencing chips 
(Thermo Fisher).

Bioinformatics – data filtering and alignment

For all TNGBS runs, FASTQ files were down-
loaded from the Ion Torrent S5 server. All reads 
were then further assessed through FastQC v0.72 
for standard QC. The reads were trimmed with 
Trim Galore version 0.6.3 with a minimum quality 

cut-off of 20 bp. Following adapter trimming, all 
reads with scores below a QC threshold of 20 were 
discarded. Since we used a Pico Methyl-Seq Kit, 
we trimmed off at least the first 10 bp from both 
the 5ʹ and 3ʹ ends of each read to remove biases 
seen in the base composition and M-bias plots. 
The FASTQ files from the Ion Torrent S5 server 
were aligned to the NC_012920.1 human mito-
chondrial genome using open-source Bismark 
Bisulfite Read Mapper software with the Bowtie2 
alignment algorithm. The methylation levels were 
calculated in Bismark by dividing the number of 
methylated reads by the total number of reads 
[42]. As per the Bismark reference guide, we 
used directional libraries to obtain the two differ-
ent bisulphite strands (OT, OB) present in the 
library. We also used the Bismark Deduplicate 
tool to remove alignments to the same position 
in the genome, which can arise by excessive PCR 
amplification, from the Bismark mapping output 
for single-end SAM files. Bismark Pretty Report 
was used to generate a graphical HTML report 
page from the report outputs of Bismark dedupli-
cate and the Bismark mapping and Bismark 
methylation extractor tools. A summary of all 
data reports generated using the Bismark Pretty 
Report is shown in Supplementary Table 3.

Methylation calculations

The methylation levels were calculated in Bismark 
by dividing the number of methylated reads by the 
total number of reads. The following formulas 
were used to determine the percentage of methyla-
tion across the mitochondrial genome for TNGBS 
data:

% methylation (context) = 100 * methylated Cs 
(context)/(methylated Cs (context) + unmethy-
lated Cs (context)).

For pyrosequencing data analysis, the percen-
tage of methylation was calculated as % methyla-
tion = methylated C (C)/C + unmethylated C (T).

Statistical analysis

Statistical analysis was performed using GraphPad 
Prism version 6. In order to analyse main effect, 
differences between control and treatment groups, 
including in vitro HIV-1 Tat, cocaine and HIV-1 
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Tat combined with cocaine and in vivo HIV-1 
iTat, cocaine and HIV-1 iTat combined with 
cocaine, were calculated using two-way ANOVAs 
followed by Tukey’s post hoc tests. In order to 
analyse interaction effect between HIV-1 Tat and 
cocaine treatments, the effect of HIV-1 Tat alone 
and cocaine alone treatments were compared with 
combined treatment of cocaine with HIV-1 Tat 
were calculated using two-way ANOVAs followed 
by Tukey’s post hoc tests. In the mitochondrial 
methylation data analysis, differentially methylated 
regions and CpG sites were analysed by perform-
ing a Student’s t-test of each CpG site and each 
amplicon. The values are expressed as the means ± 
standard error, and a significance level of p < 0.05 
was used.

Results

HIV infection and cocaine abuse are known to 
cause epigenome-wide differential DNA methyla-
tion [8,38]. Epigenetic factors can target the mito-
chondrial genome and alter mtDNA methylation 
patterns, leading to disruption of neuronal func-
tion [43]. Multiple DNMTs have previously been 
shown to be present in mitochondria at different 
levels and to play roles in regulating methylation 
patterns at mitochondrial CpG sites [44–46]. 
Recently, a study reported that the non-CpG 
sites of mtDNA are extensively and predominantly 
methylated. In that study, methylation quantifica-
tion was carried out using whole-genome bisul-
phite sequencing (WGBS) at single-base pair 
resolution [47]. However, HIV-1 Tat- and 
cocaine-induced epigenetic changes in mtDNA 
have not yet been studied from any perspective 
relevant to the CNS. Therefore, in the present 
study, we studied whether HIV-1 Tat and cocaine 
affect TET, DNMT and mtDNMT levels and thus 
potentially alter mitochondrial genome methyla-
tion patterns in astrocytes via similar or distinct 
mechanisms.

HIV-1 Tat and cocaine exposure impact DNMT 
and TET protein levels in human primary 
astrocytes

DNMTs play a major role in the methylation of 
DNA in humans [48]. To understand the effects of 

HIV-1 Tat and cocaine exposure on DNMT protein 
levels in vitro, human primary astrocytes were trea-
ted with cocaine, HIV-1 Tat, or HIV-1 Tat combined 
with cocaine. The control group was treated with 
medium only (without drug exposure). Our findings 
demonstrated that HIV-1 Tat alone exposure (F 
(3, 6) = 60.68, P = 0.0002), cocaine alone (F 
(3, 6) = 60.68, P = 0.0001) and HIV-1 Tat and 
cocaine coexposure (F (3, 6) = 60.68, P = 0.0001) 
significantly decreased the DNMT1 protein level 
compared to control treatment, as shown in Figure 
1(a) and 1(g). Cocaine exposure significantly (F 
(3, 6) = 60.68, P = 0.0001) downregulated DNMT1 
protein to a negligible level (Figure 1(a) and 1(g)). 
Moreover, we also compared the effects of cocaine 
and HIV-1 Tat coexposure and cocaine or HIV-1 
Tat alone on DNMT1 protein levels, and the results 
were non-significant, as shown in Figure 1(g). 
Similarly, we investigated the effects of cocaine, 
HIV-1 Tat and HIV-1 Tat combined with cocaine 
on DNMT3a in human primary astrocytes. We 
observed that the DNMT3a level was significantly 
reduced with exposure to HIV-1 Tat (F 
(3, 6) = 12.34, P = 0.0475) and cocaine (F 
(3, 6) = 12.34, P = 0.0405) (Figure 1(b) and 1(h)). 
Moreover, HIV-1 Tat and cocaine coexposure sig-
nificantly (F (3, 6) = 12.34, P = 0.0038) decreased the 
DNMT3a level, as shown in Figure 1(b) and 1(h). 
The effects of HIV-1 Tat exposure alone and cocaine 
exposure alone on DNMT3a levels were not statisti-
cally different from those of HIV-1 Tat and cocaine 
coexposure, as shown in Figure 1(h). Furthermore, 
the DNMT3b level was significantly increased (F 
(3, 6) = 27.88, P = 0.0045) with HIV-1 Tat and 
cocaine treatment (F (3, 6) = 27.88, P = 0.0161) 
(Figure 1(c) and 1(i)). HIV-1 Tat and cocaine coex-
posure (F (3, 6) = 27.88, P = 0.0004) accelerated these 
effects on DNMT3b compared to control treatment 
(Figure 1(c) and 1(i)). We compared the effects of 
cocaine and HIV-1 Tat coexposure and cocaine or 
HIV-1 Tat alone on DNMT3b protein levels, and the 
results were statistically significant for cocaine (F 
(3, 6) = 27.88, P = 0.0161) interaction as shown in 
Figure 1(i). DNMT level changes have been found to 
be epigenetically linked with TET enzymes, which 
oxidize 5mCs and promote locus-specific DNA 
demethylation [49]. Therefore, we examined the 
effects of treatment on TET protein levels. TET 
protein showed an interesting pattern with exposure 
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to cocaine, HIV-1 Tat and cocaine with HIV-1 Tat. 
When primary astrocytes were exposed to cocaine or 
HIV-1 Tat, the TET1 protein level was significantly 
downregulated (F (3, 6) = 19.08, P = 0.0121 and 
F (3, 6) = 19.08, P = 0.0224 respectively). Cocaine 
and HIV-1 Tat coexposure also significantly down-
regulated (F (3, 6) = 19.08, P = 0.0012) the TET1 
protein level compared to control treatment, as 
shown in Figure 1(d) and 1(j). The effects of HIV-1 
Tat and cocaine coexposure on TET1 protein levels 
showed no statistically significant difference com-
pared to those of cocaine alone and HIV-1 Tat 
alone exposure in astrocytes as shown in Figure 1 
(j). Human primary astrocytes showed no significant 
changes in TET2 protein levels when exposed to 
cocaine or HIV-1 Tat, while HIV-1 Tat and cocaine 
coexposure significantly downregulated (F 
(3, 6) = 15.32, P = 0.0034) TET2 protein levels 
compared with control treatment, as shown in 

Figure 1(e) and 1(k). The effects of HIV-1 Tat and 
cocaine coexposure on TET2 protein levels showed 
statistically significant difference compared to those 
of cocaine exposure alone (F (3, 6) = 15.32, 
P = 0.0114) as well as the effects of HIV-1 Tat 
exposure alone showed a significant difference (F 
(3, 6) = 15.32, P = 0.0075) (Figure 1(k)). Moreover, 
we observed that the TET3 protein level did not 
change when astrocytes were exposed to HIV-1 Tat 
and cocaine alone and HIV-1 Tat and cocaine coex-
posure significantly (F (3, 6) = 7.342, P = 0.0435) 
downregulated TET3 protein levels compared with 
control treatment (figure 1(f) and 1(l)). Moreover, 
the effects of HIV-1 Tat and cocaine coexposure on 
TET3 protein levels showed no statistically signifi-
cant difference compared to those of cocaine and 
HIV-1 Tat exposure alone as shown in Figure 1(l). 
Figure 1(g–k) and 1(l) show the densitometric values 
for DNMT1, DNMT3a, DNMT3b, TET1, TET2 and 

Figure 1. Effects of HIV-1 Tat and cocaine on DNMT and TET protein levels in human primary astrocytes. Human primary astrocytes 
(1x106 cells/ml) were treated with HIV-1 Tat (100 ng), cocaine (0.5 µM) or a combination of HIV-1 Tat and cocaine for 24 hr. Total cell 
lysates were resolved by SDS-PAGE and analysed by western blotting for DNMT1 (a), DNMT3a (b), DNMT3b (c), TET-1 (d), TET-2 (e), 
TET-3 (f) and total protein GAPDH. (g), (h), (i), (j), (k) and (l) show the densitometric values for DNMT1, DNMT3a, DNMT3b, TET1, TET2 
and TET3 protein levels (fold change compared to the control), respectively. The data are expressed as the mean ± SE of three 
independent experiments. ****P < 0.0001, ***P < 0.001, **P < 0.01, *P < 0.05, NS – Nonsignificant.
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TET3 protein levels (fold change compared to the 
control), respectively. The data are expressed as the 
mean of the control level ± SE for 3 independent 
experiments.

HIV-1 Tat and cocaine impact DNMT enzyme 
activity and 5mC levels in human primary 
astrocytes

To further explore the changes in DNMT and TET 
levels, we investigated the effects of HIV-1 Tat and 
cocaine on DNMT enzyme activity and global 
DNA 5mC and 5hmC levels in primary astrocytes. 
Figure 2(a) shows the effects of HIV-Tat, cocaine, 
and the combination of HIV-1 Tat with cocaine 
on total DNMT enzyme activity. The results con-
firmed that overall DNMT enzyme activity signifi-
cantly decreased with HIV-1 Tat (F (3, 6) = 26.63, 
P = 0.0019), cocaine (F (3, 6) = 26.63, P = 0.0015) 
and combined cocaine and HIV-1 Tat exposure (F 
(3, 6) = 26.63, P = 0.0010) compared to the con-
trol. The effects of HIV-1 Tat and cocaine coex-
posure on DNMT enzyme activity showed no 
statistically significant difference compared to 
those of cocaine treatment alone and HIV-1 Tat 
treatment alone, as shown in Figure 2(a). To 
further strengthen this study, we also analysed 
whether HIV-1 Tat and cocaine exposure affect 
5mC and 5hmC content in primary astrocytes. 
We observed similar results as those found for 
DNMT enzyme activity, namely, significant 
decreases in overall 5mC levels in the treatment 

groups (cocaine F (3, 6) = 35.84, P = 0.0040, HIV- 
1 Tat F (3, 6) = 35.84, P = 0.0088 and HIV-1 Tat 
with cocaine F (3, 6) = 35.84, P = 0.0002) com-
pared to the control group, as shown in Figure 2 
(b). Moreover, the effects of HIV-1 Tat and 
cocaine coexposure on the overall 5mC content 
showed statistically significant difference com-
pared to those of cocaine exposure alone (F 
(3, 6) = 35.84, P = 0.0188), while HIV-1 Tat 
exposure alone showed a significant difference (F 
(3, 6) = 35.84, P = 0.0080), as shown in Figure 2 
(b). Interestingly, 5hmC was not detectable in the 
HIV-1 Tat and cocaine exposure group.

HIV-1 Tat and cocaine impact DNMT and TET 
protein levels in a transgenic mouse model

Our in vitro study revealed that HIV-Tat and 
cocaine exposure significantly changed DNMT 
and TET protein levels. Furthermore, we per-
formed a validation study and found that cocaine- 
and Dox-exposed [inducible HIV-1 Tat (iTat)] 
mouse brains demonstrated alterations in the 
levels of DNMT and TET proteins. Specifically, 
we found that DNMT1 levels were significantly 
decreased in mice expressing Tat protein when 
treated with cocaine (F (3, 16) = 64.16, 
P = 0.0001), HIV-iTat (Dox) (F (3, 16) = 64.16, 
P = 0.0001) or both (F (3, 16) = 64.16, P = 0.0001) 
(Figure 3(a)). Moreover, we also compared the 
effects of cocaine and HIV-1 iTat coexposure and 
cocaine or HIV-1 iTat exposure alone on DNMT1 

Figure 2. HIV-1 Tat and cocaine affect global DNA methylation (5mC) content and DNMT enzyme activity in human primary 
astrocytes. Total cellular DNA and nuclear extracts were obtained from human primary astrocytes treated with HIV-Tat alone, cocaine 
alone, or HIV-1 Tat and cocaine for 24 hr. DNA was isolated, and equal amounts were used to determine the overall DNMT activity (a) 
and global DNA methylation (5mC) by ELISA (b). The data are expressed as fold changes compared to the control level ± SE for 3 
independent experiments. ***P < 0.001, **P < 0.01, *P < 0.05, NS – Nonsignificant.
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protein levels. We observed that the comparisons 
of effects on DNMT1 levels between HIV-1 iTat 
and cocaine coexposure and HIV-1 iTat exposure 
alone did not reveal significant differences, while 
cocaine exposure alone produced a significant dif-
ference (F (3, 16) = 64.16, P = 0.0020), as shown in 
Figure 3(a). Furthermore, we studied the effects 
cocaine, HIV-1 iTat and HIV-1 iTat with cocaine 
on DNMT3a protein levels in iTat mice and 
observed that HIV-1 iTat (F (3, 16) = 309.1, 
P = 0.0001), cocaine (F (3, 16) = 309.1, 
P = 0.0345) and cocaine with HIV-1 iTat (F (3, 
16) = 309.1, P = 0.0001) caused significant changes 
in DNMT3a protein levels compared to control 
treatment. We compared the effects of HIV-1 
iTat with cocaine and HIV-1 iTat alone or cocaine 
alone on DNMT3a levels and observed significant 
differences (F (3, 16) = 309.1, P = 0.0001), as 
shown in Figure 3(b). We also observed that 
cocaine (F (3, 16) = 287.8, P = 0.0001), HIV-1 
iTat (F (3, 16) = 287.8, P = 0.0006) and HIV-1 
iTat with cocaine (F (3, 16) = 287.8, P = 0.0001) 
showed significant effects on protein level changes 
in DNMT3b in iTat mice compared to control 
treatment. We observed that the effects of HIV-1 
iTat with cocaine and HIV-1 iTat alone or cocaine 
alone on DNMT3b levels were significantly differ-
ent (F (3, 16) = 287.8, P = 0.0001), as shown in 
Figure 3(c). Moreover, we observed that TET1 
levels were decreased in mice expressing HIV-1 
iTat (F (3, 16) = 78.95, P = 0.0275) exposed to 
cocaine (F (3, 16) = 78.95, P = 0.0003) or to 
a combination of cocaine and HIV-1 iTat protein 
(F (3, 16) = 78.95, P = 0.0007), as shown in Figure 
3(d). We also observed that cocaine (NS), HIV-1 
iTat (F (3, 16) = 125.1, P = 0.0238) and HIV-1 iTat 
with cocaine (F (3, 16) = 125.1, P = 0.0001) 
showed effects on protein level changes in TET2 
in iTat mice compared to control treatment, as 
shown in Figure 3(e). We observed that the effects 
of HIV-1 iTat with cocaine and HIV-1 iTat alone 
(F (3, 16) = 125.1, P = 0.0126) or cocaine alone (F 
(3, 16) = 125.1, P = 0.0005) on TET2 levels were 
significantly different as shown in Figure 3(e). 
Cocaine (F (3, 16) = 61.62, P = 0.0002), HIV-1 
iTat (F (3, 16) = 61.62, P = 0.0001) and HIV-1 iTat 
with cocaine (F (3, 16) = 61.62, P = 0.0069) 
showed significant effects on protein level changes 
in TET3 in iTat mice compared to control 

treatment, as shown in figure 3(f). We observed 
that the effects of HIV-1 iTat with cocaine and 
HIV-1 iTat alone (F (3, 16) = 61.62, P = 0.0001) or 
cocaine alone (F (3, 16) = 61.62, P = 0.0001) on 
TET3 levels were significantly different as shown 
in Figure 3(f–k) and 3(l) show the densitometric 
values for DNMT1, DNMT3a, DNMT3b, TET1, 
TET2 and TET3 protein levels (fold change com-
pared to the control), respectively. The data are 
expressed as the mean of the control level ± SE for 
3 independent experiments.

HIV-1 Tat and cocaine impact mitochondrial 
DNMT protein levels in human primary 
astrocytes and in an HIV-1 iTat mouse model

Furthermore, we studied the effects of HIV-1 Tat 
and cocaine exposure on mtDNMTs in both 
human primary astrocytes and a iTat mouse 
model. We isolated mitochondria from human 
primary astrocytes after 24 hr of exposure to 
cocaine, HIV-1 Tat, or both HIV-1 Tat and 
cocaine. Similarly, we isolated mitochondria from 
the brains of HIV-iTat mice with and without 
14 days of exposure to cocaine. Furthermore, we 
resolved the mitochondrial fractions by SDS- 
PAGE and analysed them by western blot analysis 
for DNMT1, DNMT3a and DNMT3b levels both 
in vitro and in vivo, as shown in Figure 4. We 
observed that the DNMT1 levels in the mitochon-
drial extracts of human primary astrocytes were 
significantly higher in the HIV-1 Tat (F (2, 
24) = 165.7, P = 0.0133), cocaine (F (2, 
24) = 165.7, P = 0.0001) and combined HIV-1 
Tat/cocaine (F (2, 24) = 165.7, P = 0.0001) expo-
sure groups than in the control group (Figure 4 
(a)). Moreover, we also check the differences 
between HIV-1 Tat alone or cocaine alone expo-
sure and coexposure of cocaine with HIV-1 Tat. 
The results revealed that both cocaine alone and 
HIV-1 Tat alone (F (2, 24) = 165.7, P = 0.0001) 
exposure were significantly different than coexpo-
sure of cocaine with HIV-1 Tat. On the other 
hand, we observed that DNMT3a and DNMT3b 
levels were not significantly changed due to expo-
sure to HIV-1 Tat and cocaine. The HIV-1 Tat 
and cocaine coexposure group showed significant 
decreases in DNMT3a (F (2, 24) = 165.7, 
P = 0.0031) and DNMT3b (F (2, 24) = 165.7, 
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P = 0.0011) compared to the control group, as 
shown in Figure 4(b) and 4(c), respectively. 

Figure 4(d) shows the results for total VDAC 
protein as a loading control. Additionally, we 

Figure 3. Effects of HIV-1 Tat and cocaine on DNMTs and TET proteins. HIV-1 inducible Tat transgenic (iTat) or saline-treated (control) 
mice received daily intraperitoneal injections of saline or Dox (100 mg/kg/d) over 14 days either with or without s.c. cocaine (10 mg/ 
kg/d). Following treatment, equal amounts of protein lysates from harvested brains were resolved, and we analysed protein 
expression using western blot analysis. The results show the levels of DNMT1 (a), DNMT3a (b), DNMT3b (c), TET1 (d), TET2 (e) 
and TET3 (f) in HIV-Tat (GT-tg) mouse brains and the levels of total GAPDH protein. (g), (h), (i), (j), (k) and (l) show the densitometric 
values for DNMT1, DNMT3a, DNMT3b, TET1, TET2 and TET3 protein levels (fold change compared to the control), respectively. The 
data are expressed as the mean ± SE of three independent experiments. The data represent 3 independent experiments. 
****P < 0.0001, ***P < 0.001, **P < 0.01, *P < 0.05, NS – Nonsignificant.
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observed similar results in HIV-iTat mouse brain 
mitochondrial extracts: DNMT1 levels (figure 4(f)) 
were significantly higher with cocaine exposure (F 
(2, 24) = 63.04, P = 0.0129) and coexposure with 
HIV-1 Tat and cocaine (F (2, 24) = 63.04, 
P = 0.0001) compared to those in the control 
group. DNMT3a levels were not significantly dif-
ferent (Figure 4(g)) in HIV-iTat- and cocaine- 
exposed mice. However, HIV-iTat mice with 
cocaine exposure showed a significant (F (2, 
24) = 63.04, P = 0.0083) reduction in DNMT3a 
levels compared to saline-treated mice. 
Furthermore, we also measured DNMT3b levels 
in the in vivo samples. We observed that 
DNMT3b levels in iTat mouse brain mitochon-
drial extracts were significantly lower in the 
cocaine (F (2, 24) = 63.04, P = 0.0443) and coex-
posure with HIV-1 Tat and cocaine (F (2, 
24) = 63.04, P = 0.0006) treatment groups than 

in the control group, as shown in Figure 4(h). 
Figure 4(i) shows the results for total VDAC pro-
tein as a loading control. Figure 4(e) shows the 
densitometric values for DNMT1, DNMT3a, and 
DNMT3b protein levels collected in vitro from 
human primary astrocyte mitochondrial fractions 
(fold change compared to the control), whereas 
Figure 4(j) shows the densitometric values for 
DNMT1, DNMT3a, and DNMT3b protein levels 
from in vivo mouse brain mitochondrial fractions 
(fold change compared to the control). The data 
are representative of 3 independent experiments.

HIV-1 Tat and cocaine impact human primary 
astrocyte mtDNA methylation

DNA methylation is a significant component of 
epigenetic modification. Studies have recently 
reported that mtDNA methylation plays an 

Figure 4. Effects of HIV-1 Tat and cocaine on in vitro and in vivo mtDNMTs. For the in vitro experiment, human primary astrocytes 
(3 × 108 cells/ml) were treated with HIV-Tat (100 ng) or cocaine (0.5 µM) for 24 hr. For the in vivo experiment, HIV-1 inducible Tat 
transgenic (iTat) or saline-treated (control) mice received daily intraperitoneal injections of saline or Dox (100 mg/kg/d) over 14 days 
either with or without s.c. cocaine (10 mg/kg/d). At the end of the experiment, mitochondria were isolated from human primary 
astrocytes and HIV-1 iTat mice, and equal amounts of mitochondrial fraction were resolved by SDS-PAGE and analysed by western 
blot analysis. DNMT1 (a), DNMT3a (b) and DNMT3b (c) levels in human primary astrocytes; DNMT1 (f), DNMT3a (g) and DNMT3b (h) 
levels in HIV-iTat mouse brains; and total protein VDAC levels were analysed in vitro (d) and in vivo (i). (e) shows the densitometric 
values for DNMT1, DNMT3a, and DNMT3b protein levels (fold change compared to the control) in human primary astrocyte 
mitochondrial fractions in vitro, and (j) shows the densitometric values for DNMT1, DNMT3a, and DNMT3b protein levels (fold 
change compared to the control) in mouse brain mitochondrial fractions in vivo. The data represent 3 independent experiments. 
****P < 0.0001, ***P < 0.001, **P < 0.01, *P < 0.05, NS – Nonsignificant.
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essential role in mitochondrial gene regulation [50]. 
In human cells, methylation has been observed at 
CpG, CHG and CHH sites (where H is A, C or T). 
The mtDNA genome is a double-stranded, nega-
tively supercoiled circular genome 16,569 base pairs 
in length that encodes 37 genes. These genes 
include two rRNA molecules, 22 tRNA molecules, 
and 13 protein subunits of the electron transport 
chain (ETC)/OXPHOS system [51]. Our findings 
clearly showed that cocaine and HIV-1 Tat expo-
sure reduced total DNMT enzyme activity and 5mC 
levels in astrocytes. To further investigate whether 
changes in DNMT and TET protein levels due to 
exposure to HIV-1 Tat and cocaine affect mtDNA 
methylation, we performed mtDNA bisulphite 
modification followed by pyrosequencing methyla-
tion analysis to detect C methylation at CpG islands 
of the mitochondrial genome. Pyrosequencing 
relies on light emitted during an enzymatic reaction 
that is set in motion by the release of pyrophosphate 
upon addition of a base during the sequencing 
process. We studied specific regions of methylation 
via sequencing on a Pyromark Q24 system. To per-
form the assay, we used Assay Design Service (ADS) 
software to investigate specific CpG regions in the 
mitochondrial genome. We analysed the percen-
tage of methylation in mitochondrial regions such 
as ADS2886-FS2 (MT-CYB), ADS9500-FS1 (MT- 
RNR1), ADS2888-FS1re (D-loop), and ADS9515- 
FS2 (MT-ND1) using pyrosequencing assays for 
mtDNA, as shown in Figure 5(a) and 5(b), 

respectively. We found that the percentage of 
mtDNA methylation in HIV-1 Tat-treated astro-
cyte mitochondria was significantly lower at 
ChrM:14,957

CpG#396 (MT-CYB), ChrM:739 CpG#19 (MT- 
RNR1), ChrM:624 CpG#17 (MT- RNR1), 
ChrM:3351 CpG#93 (MT- ND1), ChrM:121 CpG 
#8 (D-loop), ChrM:106 CpG #7 (D-loop) and 
ChrM:97 CpG #6 (D-loop) than that in untreated 
human primary astrocyte mitochondria, as shown 
in Figure 5(a) and 5(b). Cocaine-exposed human 
primary astrocytes showed slightly lower percen-
tages of mtDNA methylation than control astro-
cytes, as shown in Figure 5(a) and 5(b). 
Furthermore, to validate our pyrosequencing find-
ings, we analysed CpG and non-CpG methylation 
sites in the mitochondrial genome using TNGBS, 
which is a more sensitive technique that provides 
1000-times more coverage than pyrosequencing 
and can be used to measure the percent methyla-
tion of multiple target regions (PCR amplicons) 
and multiple samples in a single run. TNGBS can 
also be used for DNA methylation analysis cover-
ing many areas of one gene or a diverse set of 
regions across multiple genes [52]. Figure 6(a) 
shows 64 in silico-designed bisulphite PCR primers 
that were used for amplification in 8 multiplex 
PCRs across the human mitochondrial genome. 
We observed that the genomic regions of MT- 
RNR1, MT-ND5, and MT-CYB were differentially 
methylated (p < 0.02) in cocaine- and HIV-1 Tat- 

Figure 5. Impacts of HIV-1 Tat and cocaine on mtDNA methylation, as analysed by pyrosequencing. mtDNA methylation profiles 
were determined by pyrosequencing in order to compare the levels of methylation among primary astrocytes treated with HIV-1 Tat/ 
cocaine. The levels of methylation (% methylation) at CpG sites across the A) MT-CYB and MT-RNR1 and B) MT-ND1 and D-loop 
regions are shown. All of the values are expressed as the mean±SD of each group. The data represent 3 independent experiments. 
*P < 0.05.
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exposed astrocyte samples compared with control 
samples, as shown in Figure 6(a). Figure 6(b) 
shows the human mitochondrial genome regions 
that were screened for methylation levels in var-
ious regulatory regions, such as the MT-RNR1, 
MT-ND5, MT-ND1, D-loop and MT-CYB 
regions. All bisulphite-modified DNA samples 
were amplified using 8 separate multiplex PCRs 
as listed in Supplementary Table 1.

mtDNA methylation analysis using TNGBS

To determine the baseline methylation patterns 
within the mitochondrial genome, human primary 
astrocytes were first assessed. We found that 
a total of 31.29% of all Cs of the mitochondrial 
genome were methylated in human primary astro-
cytes (Figure 7(a)). We then used bismark_methy-
lation_extractor to summarize the number of 
reads supporting methylated Cs and the number 
of reads supporting unmethylated Cs for every 
C in the reference genome. The methylation calls 
for every single C analysed depended on the con-
text CpG, CHG or CHH (where H can be A, T or 
C). The percentages of methylation detected 
within the CpG, CHC and CHH dinucleotide con-
texts were 8.63%, 8.76% and 13.9%, respectively 
(Figure 7(a)). Interestingly, HIV-1 Tat-exposed 
astrocyte mitochondria showed a total of ~28% 
methylation (CpG 7.9%, CHG 7.8% and CHH 
12.8%), which was slightly lower (by almost ~3%) 
than that of the control astrocyte mitochondria 
(Figure 7(b)). In addition, we found a total of 

27.82% (CpG 7.46%, CHG 7.46% and CHH 
12.9%) methylation in cocaine-exposed astrocyte 
mitochondria, which was slightly lower (by almost 
~3.5%) than that in control astrocyte mitochon-
dria, as shown in Figure 7(c). A striking difference 
in methylation was observed across the RNR1-, 
ND5-, ND1- and CYB-encoding regions of the 
mitochondrial genome in cocaine- and HIV-1 Tat- 
treated astrocytes compared with control astro-
cytes, as shown in Figure 8. The total percentage 
of mitochondrial methylation in HIV-1 Tat- and 
cocaine-treated human primary astrocytes was not 
significantly different from that in the control 
group, as shown in Figure 7. However, the 
TNGBS results showed that at specific mitochon-
drial regions, mitochondrial methylation levels 
with HIV-1 Tat treatment were significantly dif-
ferent from those in the control group (Figure 8). 
The TNGBS results showed lower CpG island 
methylation at ADS9419 in the MT-RNR1 gene 
in the cocaine (p < 0.05), HIV-1 Tat (p < 0.05) 
and HIV-1 Tat with cocaine (p < 0.04) treatment 
groups than in the control group (Figure 8(a)). 
Similarly, we observed significantly lower methyla-
tion levels at ADS9515 in the MT-ND1 gene in the 
cocaine (p < 0.05), HIV-1 Tat (p < 0.05) and HIV- 
1 Tat with cocaine (p < 0.05) treatment groups 
than in the control group (Figure 8(b)). Moreover, 
we found a similar trend in the MT-ND5 gene 
(ADS5992): significantly lower methylation levels 
were observed in the cocaine (p < 0.05), HIV-1 Tat 
(p < 0.05) and HIV-1 Tat with cocaine (p < 0.05) 
groups than in the control group (Figure 8(c)). In 

Figure 6. Mitochondrial methylation is shown with reference to the human mitochondrial genome. A) Sixty-four bisulphite PCR 
primers were designed using Qiagen ADSW to investigate 326 CpG sites in the mitochondrial genome. mtDNA methylation was 
analysed by TNGBS of the mitochondrial genome in primary astrocytes. B) The mtDNA methylation shown at different CpG sites is 
representative of three independent experiments, and the results were aligned to the human mitochondrial genome (NCBI reference 
sequence: NC_012920.1, length: 16,569 bp). *P < 0.05.
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the case of the MT-CYB gene (ADS5981 and 
ADS2886), we again observed significantly lower 
methylation levels in the cocaine (p < 0.05), HIV-1 
Tat (p < 0.05) and HIV-1 Tat with cocaine 
(p < 0.05) groups than in the control group 
(Figure 8(d)).

Discussion

HAND is characterized by dementia, which 
involves varying degrees of cognitive impairment, 
asymptomatic neuropsychological impairment and 
behavioural changes [53]. Studies have shown the 
roles of HIV-1 Tat proteins [54] in HIV-positive 
patients presenting with HAND who show 

neuropathological conditions, and astrocytes are 
major contributors to the development of HAND 
in the CNS [55,56], triggering oxidative stress that 
leads to neuronal impairment [57]. Considerable 
evidence suggests that mitochondrial dysfunction 
occurs early in neurodegenerative diseases [58]. 
HIV infection [8] and the psychostimulant drug 
cocaine [59] are known to alter cellular homoeos-
tasis, including epigenetic changes such as DNA 
methylation, and to affect different parts of the 
brain [60,61]. The impacts of HIV infection and 
cocaine on mitochondrial dysfunction have been 
studied previously [62,63], but the effects of expo-
sure to HIV-1 Tat and cocaine on mitochondrial 
methylation patterns in astrocytes have not yet 

Figure 7. Summary statistics of the percentages of mitochondrial methylation in CpG and non-CpG sites in primary astrocytes. The 
mtDNA methylation (methylation %) patterns in primary astrocytes differed among the control (a), HIV-1 Tat (b) and cocaine (c) 
groups. The data represent 3 independent experiments.

Figure 8. Impacts of HIV-1 Tat and cocaine on mtDNA methylation, as analysed by TNGBS. The mtDNA methylation profiles were 
determined by mitochondrial genome bisulphite sequencing to compare the levels of methylation among primary astrocytes treated 
with HIV-1 Tat/cocaine. The levels of methylation (% methylation) at CpG sites across the A) RNR1 gene B) ND1 gene C) ND5 gene D) 
CYB genes are shown. All of the values are expressed as the mean±SD of each group. The data represent 3 independent 
experiments. **P < 0.01, *P < 0.05, NS – Nonsignificant.

EPIGENETICS 993



been investigated. In the present work, we exam-
ined the effects of cocaine and/or HIV-1 Tat on 
the mitochondrial epigenome in astrocytes for the 
first time.

Astrocytes play major roles in the regulation of 
oxidative stress, energy storage, mitochondrial bio-
genesis, neurogenesis and synapse modulation in the 
CNS [64]. Astrocytes are modulated by HIV infec-
tion as well as drug abuse, both of which lead to 
neurodegeneration [16,65]. Earlier studies have also 
shown that mtDNA methylation patterns are 
directly linked to DNMT enzyme levels [44,47]. 
Furthermore, HIV infection [66] and cocaine [67] 
have independent effects on DNMT levels and 
expression. Therefore, we investigated whether 
HIV-1 Tat and cocaine exert similar or different 
effects on DNMT levels in human primary astro-
cytes. We observed that HIV-1 Tat treatment 
decreased the protein levels of DNMT1, and this 
effect was accelerated by cocaine in vitro. Since 
DNMT1 is responsible for maintaining the methyla-
tion levels of DNA, the reductions in DNMT1 pro-
tein levels show that HIV-1 Tat and cocaine 
exposure may reduce DNA methylation levels. We 
also observed significant changes in the levels of the 
de novo proteins DNMT3a and DNMT3b that may 
have reflected changes in DNA methylation due to 
treatment with HIV-1 Tat and cocaine. Moreover, 
we found that TET protein levels were decreased 
in vitro in astrocytes exposed to cocaine and HIV-1 
Tat. Similarly, we observed reduced levels of TET 
proteins in the HIV-iTat and combined cocaine/ 
HIV-iTat treatment groups compared to the control 
group. TET1 has been shown to be able to modify 
methylcytosines and potentially erase DNA methy-
lation [68]. The TET family includes three proteins – 
TET1, TET2, and TET3 – that catalyse the successive 
oxidation of 5mC into 5–5hmC, 5-formylcytosine 
(5fC), and 5-carboxylcytosine (5caC) [69,70]. 
C modifications are forms of epigenetic modifica-
tions that are associated with compaction and tran-
scriptional silencing [71]. Cs in CpG dinucleotides 
can be modified via methylation of methyl (5mC) or 
hydroxymethyl (5hmC) groups [71] or by demethy-
lation [72] of these respective regions.

Among astrocytes, those exposed to HIV-1 Tat 
alone, cocaine alone, and HIV-1 Tat with cocaine 
showed significantly lower DNMT enzyme activity 
than the controls. Recent studies have also 

indicated that DNMTs are potential predictive 
diagnostic biomarkers and therapeutic targets for 
several diseases, including neuronal dysfunction- 
related diseases [73–75]. Since DNMT enzymes 
mainly act on the 5-carbon positions of the pyrimi-
dine rings of Cs within CpG sites, the levels of 
methylation at the 5-carbon positions must be mea-
sured [76]. Previous research has shown that brain 
cells show overall decreases in the total genomic 
5mC content during DNA methylation drift [77]. 
5mC oxidation products have been implicated as 
intermediates in the conversion from 5mC to 
unmodified C, potentially representing the first 
steps in a pathway of active DNA demethylation; 
thus, DNA methylation patterns may not be as 
static as previously assumed. These results point 
towards decreases in methylation at C5 residues at 
both CpG and non-CpG sites of DNA. 
Furthermore, we performed an in vivo study to 
investigate the effects of HIV-Tat alone, cocaine 
alone and HIV-iTat with cocaine on the levels of 
DNMT and TET proteins in iTat mice. iTat mice 
express HIV-Tat protein when treated with doxy-
cycline, facilitating controlled expression of the 
protein in the CNS of mice [40]. We observed 
significantly lower DNMT and TET protein levels 
in the combined HIV-Tat/cocaine treatment group 
compared to the control group. This in vivo study 
showed a trend similar to that in the in vitro study, 
thus confirming the changes in DNMT and TET 
protein levels that occur after exposure to cocaine 
and HIV-1 Tat.

Recently, researchers have discovered human 
mitochondria-specific DNMT enzymes and their 
roles in mitochondrial methylation [78]. 
Therefore, we investigated the effects of HIV-1 
Tat and cocaine on mtDNMTs. We observed sig-
nificantly lower DNMT3a and DNMT3b protein 
levels and significantly higher DNMT1 protein 
levels after HIV-1 Tat and cocaine exposure than 
after control treatment in both in vitro and in vivo 
experiments. Our observations provide new 
insights into the alterations in mitochondrial gen-
ome methylation profiles and the expression of 
enzymes and proteins associated with mitochon-
drial methylation, such as DNMTs and TETs, 
caused by HIV-1 Tat and cocaine exposure. These 
alterations may affect mitochondrial biogenesis and 
serve as a potential sign of neurodegeneration.
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For the first time, our present study used an 
integrated experimental approach incorporating 
exposure of human primary astrocytes to cocaine 
and HIV-1 Tat and quantitative assessment of 
mtDNA methylation at both CpG and non-CpG 
methylation sites at single-base pair resolution. 
The results showed that methylation in human 
primary astrocytes occurred predominantly in non- 
CpG and CpG contexts and was more prevalent on 
the H-strand than on the L-strand. Analysis of our 
TNGBS results showed that mtDNA methylation 
levels were lower in the HIV-1 Tat- and cocaine- 
exposed group than in the control group. 
Moreover, we also showed that HIV-1 Tat with 
cocaine exposure changes DNMT protein levels. 
These changes in mitochondrial DNMT1, 
DNMT3a and DNMT3b protein levels may have 
associations with changes in the level of mitochon-
drial methylation. Our results revealed that mito-
chondrial DNMT1 protein expression increased 
while DNMT3a and DNMT3b protein expression 
decreased when astrocytes were exposed to HIV-1 
Tat and cocaine. These findings suggest that 
DNMT3a and DNMT3b rather than DNMT1 may 
be major players in the regulation of methylation 
levels in mitochondria. These changes may have 
resulted in mitochondrial gene expression and pro-
tein modifications since mitochondria are known 
players in cellular energy homoeostasis. Therefore, 
we hypothesize that alterations in mtDNA methy-
lation may play important roles in regulating spe-
cific genes responsible for transient changes in 
cellular energy demands caused by exposure to 
HIV-1 Tat and cocaine. In support of this notion, 
our previous report demonstrated that HIV infec-
tion alters energy deficits, and that the effects are 
accelerated by cocaine [79]. Epigenetic changes in 
DNA, such as hypomethylation and hypermethyla-
tion, have been identified as major causes of various 
human neurodegenerative diseases [80,81]. Studies 
have also shown that HIV-1 Tat is responsible for 
DNA methylation at specific CpG sites of genes 
[82]. mtDNA methylation has been reported at 
both CpG sites and non-CpG sites [47], and 
changes in mtDNA methylation patterns are asso-
ciated with neurovegetative diseases [83].

Interestingly, our analysis of mtDNA methyla-
tion showed significant alterations in the methyla-
tion levels of Cs present in the genomic regions of 

the D-loop, MT-RNR1, MT-ND5, MT-ND1 and 
MT-CYB genes. These genes are involved in var-
ious biological pathways; for example, the MT- 
RNR1 gene regulates metabolic homoeostasis 
through activation of 5ʹ-AMP-activated protein 
kinase (AMPK), while MT-ND5, MT-ND1 and 
MT-CYB are involved in proper functioning of 
the mitochondrial respiratory chain [84,86]. 
Therefore, hypomethylation at regions of the MT- 
RNR1, MT-ND5, MT-ND1 and MT-CYB genes 
may result in perturbation of mitochondrial func-
tion in human primary astrocytes. In particular, 
reduced MT-ND1 methylation levels have been 
observed in the brains of patients with 
Alzheimer’s disease (AD)-related pathology com-
pared with healthy control brains [87]. Defects in 
MT-ND5 and MT-RNR1 expression are associated 
with defects in brain energy homoeostasis and 
with neurodegenerative disease, supporting the 
idea that changes in expression may be linked to 
changes in methylation levels in the mitochondrial 
genome [85,88].

Conclusions

In summary, the present study revealed via a next- 
generation sequencing (NGS)-based bisulphite 
sequencing method, for the first time, that HIV-1 
Tat and cocaine exposure alters mtDNA methyla-
tion patterns and that the alterations may be func-
tionally linked to improper mitochondrial gene 
function. We also found that mtDNA methylation 
changes were linked to changes in the levels of 
TETs, DNMTs and mtDNMTs both in vitro and 
in vivo. This study provides insight into mitochon-
drial methylation at both CpG and non-CpG sites 
in human primary astrocytes exposed to external 
stimuli such as viral protein (HIV-1 Tat) and 
a psychostimulant drug (cocaine). We found that 
the MT-RNR1, MT-ND5, MT-ND1 and MT-CYB 
regions were significantly hypomethylated due to 
exposure to cocaine and HIV-1 Tat, providing 
a direction for further investigation of epigenetic 
regulation of mitochondrial function. mtDNA 
methylation may be a useful biomarker for the 
detection and diagnosis of mitochondrial disease 
progression related to HAND and cocaine abuse. 
In the future, our findings will aid in elucidation of 
mtDNA methylation-oriented signalling pathways 
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and interactions and of communications among 
mtDNA sequence regions and between mtDNA 
and nuclear DNA (nDNA). Future efforts aimed 
at deciphering the functional and biological con-
sequences of alterations in mtDNA methylation 
will be highly useful in elucidating the various 
biological mechanisms involved in neuro-AIDS.
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