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Abstract: Methamphetamine (Meth) abuse is common among humans with immunodeficiency virus
(HIV). The HIV-1 regulatory protein, trans-activator of transcription (Tat), has been described to
induce changes in brain gene transcription that can result in impaired reward circuitry, as well as
in inflammatory processes. In transgenic mice with doxycycline-induced Tat protein expression in
the brain, i.e., a mouse model of neuroHIV, we tested global gene expression patterns induced by
Meth sensitization. Meth-induced locomotor sensitization included repeated daily Meth or saline
injections for seven days and Meth challenge after a seven-day abstinence period. Brain samples were
collected 30 min after the Meth challenge. We investigated global gene expression changes in the
caudate putamen, an area with relevance in behavior and HIV pathogenesis, and performed pathway
and transcriptional factor usage predictions using systems biology strategies. We found that Tat
expression alone had a very limited impact in gene transcription after the Meth challenge. In contrast,
Meth-induced sensitization in the absence of Tat induced a global suppression of gene transcription.
Interestingly, the interaction between Tat and Meth broadly prevented the Meth-induced global
transcriptional suppression, by maintaining regulation pathways, and resulting in gene expression
profiles that were more similar to the controls. Pathways associated with mitochondrial health,
initiation of transcription and translation, as well as with epigenetic control, were heavily affected by
Meth, and by its interaction with Tat in anti-directional ways. A series of systems strategies have
predicted several components impacted by these interactions, including mitochondrial pathways,
mTOR/RICTOR, AP-1 transcription factor, and eukaryotic initiation factors involved in transcription
and translation. In spite of the antagonizing effects of Tat, a few genes identified in relevant gene
networks remained downregulated, such as sirtuin 1, and the amyloid precursor protein (APP).
In conclusion, Tat expression in the brain had a low acute transcriptional impact but strongly interacted
with Meth sensitization, to modify effects in the global transcriptome.
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1. Introduction

Human immunodeficiency virus (HIV) infection remains a modern challenge and in United States
there over one million people infected who are living longer due to treatments with antiretroviral
drugs [1]. However, the incidence of neurological disorders associated with HIV infections remains
high and is aggravated by comorbidities, such as substance use disorders [2]. The interaction between
the virus and its host cells is a combination of transcriptional regulatory mechanisms that benefit
the virus, but also affect host gene transcription. The presence of comorbidities such as drug abuse,
provides an increased complexity, which needs to be understood in order to address an increasingly
high segment of the HIV-infected population. The identification of gene expression signatures through
transcriptional profiling and systems biology strategies empower such an understanding and offer
mechanistic insights for novel hypotheses.

Of all the drug abuse comorbidities, methamphetamine (Meth) use is one of the most prevalent
among humans infected with HIV [3–5]. The impact of neurotoxic effects of both Meth and HIV on
the brain are well documented [6,7]. However, studies are limited on brain adaptations during the
early stages of Meth use and interaction with HIV infection. Modeling HIV neurological disease,
and especially the effects of the interaction between HIV and substance use, has been a challenge
due to logistical and technical difficulties associated with studying humans, particularly Meth users.
Several small animal models have attempted to mimic specific aspects of neuroHIV by driving the
expression of the virus or its proteins, or by using viral constructs that can infect mice [8–14], which all
together support the notion that HIV viral products contribute to neuropathology, and affect reward
deficits and drug dependence [15–17]. The potent effects of HIV proteins in vitro, particularly gp120
and the trans-activator of transcription (Tat), have driven the rationale for the development of small
rodent models expressing either one of these proteins, or all HIV proteins, throughout the body or with
expression restricted to the brain [5,18–21]. No small animal model has been able to fully replicate the
effects of active infection; most have limitations regarding the significance of the cells expressing the
protein, molecular mechanisms, and side effects. The ability to isolate components of the infection
argues for the value of each model, especially for examining specific pathways leading to neurological
dysfunction. The conditional induction of HIV proteins in brain cells, such as in the doxycycline-driven
expression of HIV Tat in astrocytes [18], is a mouse model that could be able to time neurotoxic insults,
and mimic the early phases of HIV in the central nervous system (CNS).

Evidence of the presence of viral Tat protein in the CNS of HIV+ human subjects has mostly been
indirect and based on the detection of Tat mRNA in the brain of infected subjects [22], the detection
of Tat-specific antibodies in cerebrospinal fluid (CSF) [23,24], or of CD4 T cell response patterns that
are in agreement with the effects of Tat in vitro [25]. It has been reported that throughout the chronic
phase of an infection with the simian immunodeficiency virus (SIV) in rhesus macaques, anti-Tat CD8
T cells persist in the brain but not in the periphery [26,27]. We have also found that Tat-independent
mechanisms perpetuate an early response to these proteins [27], additionally, Tat becomes elevated
in the CSF of infected subjects [25]. Furthermore, there is evidence of Tat secretion [28], with effects
activating and modifying host cells, including innate immune cells, neurons, and astrocytes [29–32].
We have shown that Tat acts on host cells in vitro, by activating genes involved in inflammation [29].
The effects of Tat in vivo, and its interactions with Meth exposure, can be tested in mice expressing Tat
in the CNS to model neuroHIV [18].

Transgenic mice that express the Tat protein, in the brain, under the glial fibrillary acidic protein
(GFAP) promoter, and inducible by treatment with doxycycline, show similar signs of neuropathology
to what is observed in HIV-infected humans, including gliosis, neuroinflammation, and neuronal
loss [18,33,34], and therefore paralleling aspects of neuroHIV. Tat expression in these Tat transgenic
animals’ brains was determined to be in the range of 1–5 ng/mL, leading to homogeneous levels of
astrocytosis [33]. This model has been instrumental in behavioral studies involving drug-induced
sensitization, with Tat-induced dysfunctions in dopaminergic neurotransmission [35–40] which can
lead to alterations in reward function [36,41,42].
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In this present study, we have used the inducible Tat transgenic mouse model to investigate if
and how HIV-1 Tat expression in the brain, which impacts Meth-induced locomotor sensitization
and dopaminergic responses [43], disturbs more global gene expression patterns following the
Meth challenge. The sensitization paradigm has been extensively studied under the premise that
early exposures to drugs of abuse increase the magnitude of later drug-stimulated responses [44],
with significant consequences to locomotor behavior and the dopaminergic system, which we described
in [43]. During the acquisition phase, the animals received repetitive low-dose injections of Meth
or saline, followed by a washout period, and then a challenge with the drug. Typically, the animals
that received Meth during the acquisition phase had a peak of high locomotor activity after the
challenge, while the animals that received saline during the acquisition phase did not show increased
motor behaviors at the Meth challenge, as previously described in the same animals examined in [43].
Importantly, animals that expressed Tat in the brain and that received Meth during the acquisition
phase had a significantly higher peak of locomotor activity as compared with animals that did not
express Tat [43].

We hypothesized that, as in humans and in vitro, the interaction between Tat expression and Meth
locomotor sensitization would cause the activation of a large number of genes that could contribute
to neurological disease and inflammation. To test this hypothesis, we used our previous experience
using systems biology approaches, to conduct an overview of gene expression patterns in the brains
of Meth-sensitized animals challenged with Meth or Saline, and on the induction of HIV Tat protein
expression in the CNS. After withdrawal, all animals were challenged with the drug. As described
previously, Meth sensitization caused an increase in locomotor activity, and this was further increased
in animals expressing Tat, while saline sensitization did not have that effect [43]. We have focused our
analysis on the caudate putamen that is a region with dopaminergic projections which, in humans,
is significantly impacted by HIV and also by drug abuse [45–47]. Our results challenged the original
hypothesis, showing that the impact of Tat expression in the context of Meth sensitization resulted
in mild global transcriptional changes and signatures. We analyzed these changes in detail in order
to estimate the impact of Tat alone, of Meth sensitization alone, and of their interaction, and the
implications of stronger signatures to pathogenesis. The results provided a different perspective on the
effects of Meth and the viral protein Tat on transcriptional responses caused by Meth.

2. Materials and Methods

2.1. Animals

We tested a total of 20 male mice (3 to 5 months old), i.e., 10 containing the GFAP
promotor-controlled tetracycline (Tet)-binding protein (Tat−) and 10 containing both the GFAP
promotor-controlled Tet-binding protein and the (tetracycline responsive element) TRE promotor-Tat
protein transgene (Tat+). Inducible Tat transgenic mouse colonies with a C57BL/6J background were
obtained by the generation of two separate transgenic lines, Teton-GFAP mice and TRE-Tat 86 mice,
and then cross-breeding of these two transgenic mouse lines, as previously described [18]. The mice
were housed in groups of 2 to 4 in a humidity- and temperature-controlled animal facility on a 12/12 h
reverse light/dark cycle (lights off at 7 a.m.) with ad libitum access to food and water. All experiments
were conducted in accordance with the guidelines of the American Association for the Accreditation of
Laboratory Animal Care and National Research Council’s Guide for the Care and Use of Laboratory
Animals and approved by the University of California San Diego and San Diego Biomedical Research
Institute Institutional Animal Care and Use Committees (BHR-17-001).

2.2. Doxycycline Regimen

All mice, 10 containing the GFAP promotor-controlled tetracycline (Tet)-binding protein (Tat-)
and 10 containing both the GFAP promotor-controlled Tet-binding protein and the (tetracycline
responsive element) TRE promotor-Tat protein transgene (Tat+), were treated with a doxycycline
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regimen (doxycycline hyclate; Sigma, St. Louis, MO, USA) of 100 mg/kg, intraperitoneally, once a day
for 7 days (after locomotor testing), beginning in the evening (5 PM) before the Meth acquisition phase.
This regimen was based on the previously demonstrated efficacy of Tat induction of doxycycline at this
dose [48,49]. Tat expression was significantly attenuated 14 days after the termination of doxycycline
treatment [49]. Only mice containing both the GFAP promotor-controlled Tet-binding protein and the
TRE promotor-Tat protein transgene (Tat+) generated Tat protein after doxycycline administration.

2.3. Methamphetamine-Induced Sensitization

All the mice underwent the Meth or saline-induced sensitization procedure and were tested
behaviorally for locomotor activity, which has been published [43].

The administration procedure consisted of seven consecutive days of intraperitoneal injection with
either saline (0.9% Sal) or 2 mg/kg Meth (methamphetamine hydrochloride; Sigma), with doxycycline
administered at least 1 h after locomotor testing. The Meth doses were selected based on the
literature [50,51]. There were four experimental groups, with 5 mice per group, as follows:
(1) Tat-negative (−)/Sal, (2) Tat+/Sal, (3) Tat−/Meth, and (4) Tat+/Meth. After a 7-day abstinence
period, all animals were challenged with a single dose of 1 mg/kg of Meth, and brains were harvested
for analysis 1 h after the challenge.

2.4. Brain Harvest

Mice were euthanized 30 min after completing the locomotor challenge (1 h after injections of Meth).
Following perfusion with ice-cold PBS containing 0.2% EDTA, brain samples were rapidly dissected,
and samples frozen on dry ice and stored at −80 ◦C until analysis. The dissected caudate-putamen
region was used for microarray and quantitative polymerase chain reactions (qPCRs). Other dissected
regions, such as the nucleus accumbens and ventral tegumental area, were used for neurochemical and
molecular analyses, and the results for that have been published [43].

2.5. Gene Expression Array

RNA from the brain was extracted from the caudate putamen using a Qiagen RNeasy Mini kit
(Qiagen, Germantown, MD, USA). The integrity of the extracted RNA and the total RNA concentrations
were examined in an Agilent Bioanalyzer 2100 (Agilent Technologies, Santa Clara, CA, USA). The global
expression of genes was measured using the Agilent microarray service, performed by Phalanx Biotech
(San Diego, CA, USA). RNA was labelled using a Cy5 dye Turbolabelling kit (Thermofisher Scientific,
Waltham, MA, USA) following the manufacturer’s instructions. A total of 4 µg Cy5-labeled RNA
targets were hybridized to Gene Expression v2 4 × 44K Microarrays (Agilent Technologies, Santa Clara,
CA, USA), and analyzed according to the manufacturer’s protocol. Following the hybridization,
fluorescent signals were scanned using an Axon 4000 (Molecular Devices, Sunnyvale, CA, USA).
Five replicates per condition were used. Microarray signal intensity of each spot was analyzed using
the GenePix 4.1 software (Molecular Devices, Sunnyvale, CA, USA). Each signal value was normalized
using the R program in Limma linear models package (Bioconductor 3.2, https://bioconductor.org).

Gene expression was calculated by loading raw data into ArrayStudio (Omicsoft Corporation,
Cary, NC, USA), with the first filter based on a built-in analysis of variance (ANOVA), as well as
a t-test, applied to fold changes between experimental and control conditions. Significant changes
had a p value < 0.05. In addition, maximum least-squares (Max LS) mean of 6 and a false discovery
rate by the Benjamini–Hochberg correction (FDR_BH) of <0.01 were applied. Using this method,
genes that were found with raw p values < 0.05 and where the FDR_BH did not reach <0.01 were
discarded. The genes were further filtered to express a robust above or below 3-fold significance, above
background, gene expression change.

https://bioconductor.org
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2.6. Systems Approach

Principal component analysis (PCA) and hierarchic clustering of total gene expression data
were performed using BioVinci (Biotouring, San Diego, CA, USA). Comparisons between assigned
experimental groups were performed with a cutoff on two-fold expression changes, up or down.
Pathways and processes with overrepresentation in assigned group comparisons were identified based
on Z-score transformation [52,53], calculated from the raw values in Ingenuity Pathway Analysis (IPA)
(Qiagen Bioinformatics, Redwood City, CA, USA). These transformed values were saved in .xls and
.txt formats to be used as an attribute list for visualization. Gene network interactions were identified
using Genemania [54] as an application in Cytoscape 3.7 (National Resource for Network Biology,
National Institute of Health, USA, http://www.cytoscape.org) [55], and confirmed using Biogrid
Mus musculus version 2017-07-13 interaction database [56] as a base network. Interactions identified in
Genemania were filtered to include pathway, physical and genetic interactions, and shared protein
domains in edges attributes. Functional annotations were verified by analyzing networks using BINGO
plugin [57], uploaded into Cytoscape as application, which provides access to Gene Ontology (GO) terms
(http://geneontology.org/page/go-enrichment-analysis) databases. Transcriptional factor usage
predictions associated with significantly changed genes were performed by the following two ways:
(1) by applying the Match algorithm in TRANSFAC 4.0 [58,59] (http://www.portal.geneXplain.com/

TRANSFAC) or (2) by using iRegulon [60] as a plugin application in Cytoscape. The use of each
method is described in the text of the Results Section. The TRANSFAC database was accessed using a
licensed computer for predicting transcription factor binding motifs frequency, and building nucleotide
positional weight matrices, searched in the complete dataset, and in one-by-one comparisons assembled
in individual .xlm documents, and containing identifiers such as gene name, and accession numbers.
The data was loaded into the gene-level microarray feature, selecting Mus musculus, with EntrezGeneID
as the identifier, fold changes, and FDR_BH p values as observations. Fold change observations that
were upregulated were cut off to above 3-fold, with background selected as the non-change set from
the same experiment set. Default analysis parameters were pre-grouped vertebrate non-redundant
matrices, with selected TRANSFAC database version 2018.3, p < 0.01, with a false positive minimizing
setup, and high-quality matching within −500 and +100 binding pairs relative to the transcription
starting site. Matrix summaries and sequence details were exported and saved as .txt. Following the
identification of significant transcription factor motifs based on high score matrices, a reverse analysis
of target genes was performed using the TRANSFAC-based custom build search for genes exhibiting
the identified individual and combined transcriptional factor binding motifs, which generated a list
that was further examined in Pathfinder link, and visualized in Cytoscape, using Genemania plugin.
In addition, target-gene networks were generated in iRegulon for each of the most significant predicted
transcription factors, and merged redundancy detection. Annotations in .txt format were loaded
into these networks for visualization of the effect of different conditions. Figure captions describe
visualizing codes.

2.7. RT-PCR

Gene expression validations of interest were performed on RNA from biological replicates,
extracted using Qiagen kits, and reverse transcribed using SuperScript III Reverse Transcriptase
(Invitrogen, Waltham, MA, USA). Primers for RT2 qPCR were purchased from Qiagen (Valencia,
CA, USA), for SIRT1 (catalog number PPH02188A-200) and APP (catalog number PPH05947A-200).
PCRs were performed using RT2 SYBR Green ROX FAST Mastermix (Qiagen) in a 7900HT Fast
Real-Time PCR System with Fast 96-Well Block Module (Applied Biosystems, Foster City, CA, USA)
with an SDS Plate utility v2.2 software (Applied Biosystems). The results were normalized to the
geometric mean of both glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and 18S ribosomal RNA
housekeeping genes, with PrimeTime qPCR assay oligomers (catalog numbers Hs.PT.39a.22214836,
and Hs.PT.39a.22214856, respectively, Integrated DNA Technologies, San Diego, CA, USA).

http://www.cytoscape.org
http://geneontology.org/page/go-enrichment-analysis
http://www.portal.geneXplain.com/TRANSFAC
http://www.portal.geneXplain.com/TRANSFAC
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2.8. Statistical Analyses

Global transcriptional volume was estimated by the sum of all fold changes in Excel platform.
Data were analyzed in IBM SPSS Statistics 20 using ANOVA, with Tat, Meth, and interactions, as well
as the between-subject factors, (Armonk, NY, USA). The a priori hypothesis was that Meth alone
would have a large effect as compared with Tat expression, but the combination of both would result
in the largest magnitude of change. When appropriate, post hoc comparisons were performed using
Bonferroni’s test. Differences were considered statistically significant at p < 0.05.

3. Results

3.1. General Findings

The transcriptional profiles in the brains were characterized using an Agilent mouse gene
expression platform. Critical genes were validated by qPCR, in the mRNA extracts from animals that
were Tat− and received saline as the vehicle during the acquisition phase (Tat−/Sal), Tat− and received
Meth (Tat−/Meth), Tat+ and received saline (Tat+/Sal), and Tat+ and received Meth (Tat+/Meth),
as described in methods.

Group differences in gene expression patterns were filtered by the FDR_BH p value, with alpha
0.05. This revealed signature genes that characterize the effects of Tat expression, of Meth, and of their
interaction on gene expression. The Tat−/Meth mice were dramatically different from the other groups
(Figure 1); these were characterized by an overall suppression of gene expression patterns normalized to
the average of combined probes, with segregation visualized in a heat map (Figure 1A), and confirmed
by the calculation of global transcriptional volume based on the sum of all group-averaged fold changes
(Figure 1B), and by PCA (Figure 1C), without excluding outliers. The Tat−/Meth had the largest impact
on gene expression, whereas in the animals that were Tat+/Meth, the overall expression pattern was
closer to controls Tat+/Sal or Tat−/Sal. A two-factor general linear model with Tat and Meth t-tests and
F-tests was performed to show the contrasts and identify signatures. The number of signature genes
was determined by setting up significant changes of above two-fold (Table 1). The most remarkable
finding of this analysis is that in the context of Tat, Meth sensitization had little if any impact on gene
expression as compared with the controls. Moreover, the impact of Tat alone was very limited.

Table 1. Number of signatures derived from group comparisons for gene expression in brains from
Tat+ and Tat−mice treated with Meth or with saline, with FDR_BH < 0.05, and absolute fold change
>2.0 upon assigned comparisons.

Description Number of Genes % of Genes Number
Downregulated

Number
Upregulated

Tat−/Meth vs. Tat−/Sal 712 3.85 675 37
Tat+/Meth vs. Tat+/Sal 0 0 0 0

Tat+/Meth vs. Tat−/Meth 773 4.18 44 729
Tat+/Sal vs. Tat−/Sal 1 0.005 1 0

We used GeneVenn (http://genevenn.sourceforge.net/) to compare the genes that were members
of the Tat−/Meth vs. Tat−/Sal and Tat+/Meth vs. Tat−/Meth signatures, both with a larger number
of gene signatures, with trends subjected to quantile normalization. The degree of overlap between
these two comparisons, Tat−/Meth vs. Tat−/Sal and Tat+/Meth vs. Tat−Meth, was 91% and
84%, respectively (Figure 2). Importantly, although the gene signatures resulting from these two
comparisons showed substantial overlap, the interactions were heavily anticorrelated, indicating
potential compensatory effects.

http://genevenn.sourceforge.net/
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Figure 1. The effects of Methamphetamine (Meth) and trans-activator of transcription (Tat) expression on
transcriptional activity in the brain. (A) Heat map clustering of gene signatures generated between Tat−
and Tat+ mice sensitized with Meth or saline (Sal) prior to the Meth challenge. The caudate-putamen
tissue was evaluated for gene expression using an Agilent mouse gene array platform. The heat
map shows patterns of expression normalized to the average expression of all the data. Horizontal
rows represent individual animals, clustered in groups, Tat+/Sal, Tat+/Meth, Tat−/Sal, and Tat−/Meth.
The numbers refer to each individual mouse identification. Vertically, genes are arranged in clusters
according to change patterns between groups. Expression values are represented in colors according to
the levels of upregulation (red shades), downregulation (green shades), or no change (black); (B) Global
transcriptional volume calculated using the sum of all up- and downregulated fold changes group
averaged for each group condition; (C) Principal component analysis (PCA) scores for individual
animals. PCA was performed using Tat expression and sensitization for quality control and to
summarize the ways in which gene responses vary under Tat, Meth, or their interaction.
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Figure 2. Venn diagram showing the number of exclusive and overlapping signatures in assigned
comparisons, regardless of direction, in different assigned comparisons. The comparisons between
groups were established in order to identify the effect of Tat (Tat+/Sal vs. Tat−/Sal), the effect of Meth
(Tat−/Meth vs. Tat−/Sal), the effect of Tat in the context of Meth (Tat+/Meth vs. Tat−Meth), and the effect
of Meth in the context of Tat (Tat+/Meth vs. Tat+/Sal). There were 712 gene signatures identified for the
comparison of Tat−/Meth with Tat−/Sal, of which 63 were exclusive to the effect of Meth. Tat+/Meth
as compared with Tat−/Meth produced 773 gene signatures of which 125 were exclusive to the effect
of Tat in the context of Meth. Between these two comparisons, a total of 648 genes overlapped in
an anti-directional manner. The comparison, Tat+/Sal vs. Tat−/Sal, identified 12 gene signatures of
which only two were exclusive to the effects of Tat. Nine of all signatures overlapped between all
three comparisons. Since the comparison between Tat+/Meth and Tat+/Sal did not produce significant
signatures, it is not included in this graph.

In the Tat+/Sal vs. Tat−/Sal comparison, the majority of the genes that were significantly changed
overlapped with the other comparison signatures (nine out of 12 genes) (Figure 2). Fold change
calculations for the highly differentially expressed genes for both comparisons verified that this overlap
is correct. Moreover, the intensity values were similar across the replicates within the groups, indicating
that the trends were not influenced by a single outlier.

The comparison between Tat+/Meth vs. Tat+/Sal did not show significant signatures.
We used the fold change calculations in individual comparisons, in upregulated genes, to make

predictions of transcription factor usage patterns that could be useful for identifying potential
interventional strategies and epigenetic regulators in future studies. These predictions were performed
by applying the Match algorithm to the lists of signature genes, using TRANSFAC database versions
2018 and 2019.3 [58,59]. Transcription factor binding motif frequencies within the proximal promoter
of upregulated genes (+500 to −200 bp) were calculated to distinguish groups based on potential
usage, as previously described [29]. The lists of transcription factors that most likely get activated
were generated based on the following two measures: (1) Matrix similarity (MSS), which is a score
that describes the quality of a match between a transcriptional binding motif sequence expressed as a
matrix, and arbitrary parts of the input gene list sequences, identifiable through the gene EnsemblID,
and (2) the core similarity (CSS), which estimates the quality of the match in the five most conserved
positions and used for ranking. Gene ontology, biological processes, molecular functions, and cellular
component domains, as well as pathway enrichment analysis were performed in IPA using calculated
Z-scores. Relevant gene networks were visualized using Genemania in Cytoscape, as described by
us [29]. All specific comparisons were designed to identify the effects of Tat (Tat+/Sal vs. Tat−/Sal),
the effect of Meth (Tat−/Meth vs. Tat−/Sal), the effect of Tat in the context of Meth (Tat+/Meth vs.
Tat−Meth), and the effect of Meth in the context of Tat (Tat+/Meth vs. Tat+/Sal).
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3.2. The Effects of Meth-Induced Sensitization: The Comparison between Tat−/Meth vs. Tat−/Sal Animals

The main effect of Meth was characterized by a downregulation of the majority of the genes,
as revealed by the comparison between Tat−/Meth vs. Tat−/Sal groups, filtered by the FDR_BH-adjusted
p value up to 0.05. These were 675 genes, functionally assigned to autoimmune disease (p = 0.002),
natural killer cell-mediated cytotoxicity (p = 0.003), measles (p = 0.003), arachidonic acid metabolism
(p = 0.003), cGMP dependent protein kinase G signaling pathway (p = 0.005), and phenylalananine
metabolism (p = 0.009), indicating an effect on immune functions found to be decreased by Meth,
based on the comparison between Tat−/Meth vs. Tat−/Sal groups. Table 2 shows the 40 most
downregulated genes; among them, the neuronal cholinergic receptor alpha 2 (Chrna2) where both
gain and loss of function and mutations have been described in association with multiple neurological
disorders [61–64], with cannabis use [65], and with antisocial behaviors in adolescent drug users [66].
In this list of 50 genes, the strongest representation was of genes acting epigenetically in the nucleus
(p = 0.0072) and transcription factor complexes (p = 0.001). A complete list of all signatures can be
found in Table S1 (Supplementary threshold metadata).

Table 2. Forty most downregulated genes in Tat−/Meth animals as compared with Tat−/Sal.

GeneSymbol Gene Name Tat−/Meth vs. Tat−/Sal
Fold Change FDR_BH p Value

Bard1 BRCA1 associated RING domain 1 −50.62054 1.49 × 10−12

Sall4 sal-like 4 (Drosophila) −36.81502 1.31 × 10−11

Krtap10-10 keratin associated protein 10-10 −28.0749 9.03 × 10−15

Krtap8-2 keratin associated protein 8-2 −27.74784 5.26 × 10−11

Olfr1350 olfactory receptor 1350 −26.34379 7.71 × 10−8

Klk11 kallikrein related-peptidase 11 −25.88588 6.23 × 10−7

Krtap5-5 keratin associated protein 5-5 −25.47586 3.83 × 10−12

Sox13 SRY-box containing gene 13 −25.23627 6.90 × 10−13

Elane elastase, neutrophil expressed −23.62923 1.70 × 10−13

Baiap2l2 BAI1-associated protein 2-like 2 −22.7781 3.03 × 10−14

Obp1a odorant binding protein Ia −22.46356 7.77 × 10−11

C87414 expressed sequence C87414 −21.31501 4.89 × 10−2

Chrna2 cholinergic receptor, nicotinic, alpha polypeptide 2
(neuronal) −20.67663 7.91 × 10−12

Vax2 ventral anterior homeobox containing gene 2 −20.52762 3.65 × 10−13

Myod1 myogenic differentiation 1 −19.55757 3.01 × 10−6

Lman1l lectin, mannose-binding 1 like −19.06574 8.39 × 10−8

Tbx10 T-box 10 −19.04252 3.88 × 10−7

Uimc1 ubiquitin interaction motif containing 1 −18.35725 1.63 × 10−9

Adat1 adenosine deaminase, tRNA-specific 1 −17.68073 7.22 × 10−11

Notum notum pectinacetylesterase homolog (Drosophila) −17.47123 8.13 × 10−14

4Sun5 Sad1 and UNC84 domain containing 5 −17.39883 5.34 × 10−8

H2−Ob histocompatibility 2, O region beta locus −16.88096 5.41 × 10−14

Msx2 homeobox, msh-like 2 −16.50882 7.78 × 10−7

Pgc progastricsin (pepsinogen C) −15.78614 1.38 × 10−11

Slc45a3 solute carrier family 45, member 3 −15.57587 3.57 × 10−13

Aldh3a1 aldehyde dehydrogenase family 3, subfamily A1 −15.56452 1.23 × 10−13

Apobec3 apolipoprotein B mRNA editing enzyme, catalytic
polypeptide 3 −15.04451 2.72 × 10−14

Cd79a CD79A antigen (immunoglobulin-associated alpha) −14.53746 1.52 × 10−6

Zglp1 zinc finger, GATA-like protein 1 −14.42331 1.60 × 10−13

Tm4sf5 transmembrane 4 superfamily member 5 −14.26034 6.67 × 10−11

Pom121l2 POM121 membrane glycoprotein-like 2 (rat) −14.03769 2.06 × 10−11

Gng4 guanine nucleotide binding protein (G protein), gamma 4 −13.83425 6.72 × 10−7

Cym chymosin −13.65853 9.79 × 10−14

Tsga10ip testis specific 10 interacting protein −13.288 1.21 × 10−9

Msi1 Musashi homolog 1(Drosophila) −13.23837 7.31 × 10−11

Olfr1243 olfactory receptor 1243 −12.73216 1.03 × 10−8

Atp6v1g3 ATPase, H+ transporting, lysosomal V1 subunit G3 −11.99044 4.40 × 10−10

Casp14 caspase 14 −11.97585 2.44 × 10−12

Tgif2lx1 TGFB−induced factor homeobox 2-like, X-linked 1 −11.71554 8.92 × 10−8

Tmem146 transmembrane protein 146 −11.54644 1.41 × 10−10

There were only 37 genes that were significantly upregulated to above two-fold by Meth
sensitization (Table 3). We focused on these genes to examine transcriptional factor usage triggered



Viruses 2020, 12, 426 10 of 29

by this Meth sensitization model (Table 3). Among them, the serotonin (5-HT) receptor (HTR6), a G
protein coupled receptor with high affinity for Meth, biomarker of mood disorders, and Meth-induced
psychosis [67,68], and with relevance in Meth-associated behaviors [69,70] was 2.2-fold increased by
Meth-induced sensitization (FDR_BH p = 0.02). These relevant signature genes that are shown in Table 3
were functionally assigned to endoplasmic reticulum (p = 0.009) and associated with diseases such as
chemical dependence (p = 0.009), metabolic (p = 0.014), cardiovascular (p = 0.014), and neurological
disorders (p = 0.01).

Table 3. Genes significantly affected by Tat−/Meth as compared with the Tat−/Sal group.

Gene Symbol Gene Name Tat−/Meth vs.
Tat−/Sal Fold Change

Tat−/Meth vs. Tat−/Sal
FDR BH p Value

Gm9456 predicted gene 9456 2.001916 0.000107467

LOC100039183 serine/threonine-protein kinase MARK2-like 2.003197 2.90 × 10−8

Gm1574 predicted gene 1574 2.035995 0.002292041

Zfp395 zinc finger protein 395 2.036129 0.001748075

1700110I01Rik RIKEN cDNA 1700110I01 gene 2.036459 1.13 × 10−6

Rarres1 retinoic acid receptor responder (tazarotene induced) 1 2.048939 0.005048167

Fbxl13 F-box and leucine-rich repeat protein 13 2.058912 0.001058074

Anp32a acidic (leucine-rich) nuclear phosphoprotein 32 family,
member A 2.075739 0.038582564

Mt3 metallothionein 3 2.079847 2.92 × 10−7

Itprip inositol 1,4,5-triphosphate receptor interacting protein 2.081287 7.17 × 10−5

Wnt3 wingless-related MMTV integration site 3 2.088605 0.000620551

Zfyve1 zinc finger, FYVE domain containing 1 2.093638 6.59 × 10−9

Fam89a family with sequence similarity 89, member A 2.128657 6.71 × 10−5

Gm6729 predicted gene 6729 2.129533 1.17 × 10−7

Iqub IQ motif and ubiquitin domain containing 2.132557 0.000114519

Hadha

hydroxyacyl-Coenzyme A
dehydrogenase/3-ketoacyl-Coenzyme A

thiolase/enoyl-Coenzyme A hydratase (trifunctional
protein), alpha subunit

2.143009 7.35 × 10−9

Eppk1 epiplakin 1 2.143974 0.001827944

2810410L24Rik RIKEN cDNA 2810410L24 gene 2.155585 3.74 × 10−6

Olfr738 olfactory receptor 738 2.164412 0.022625224

Wdr96 WD repeat domain 96 2.165153 0.002248195

Akap14 A kinase (PRKA) anchor protein 14 2.168142 0.002020088

Ngly1 N-glycanase 1 2.181488 5.73 × 10−7

Arl6ip1 ADP-ribosylation factor-like 6 interacting protein 1 2.190554 4.98 × 10−10

Htr6 5-hydroxytryptamine (serotonin) receptor 6 2.206588 0.045116169

Tmod4 tropomodulin 4 2.216105 1.53 × 10−5

Atp10a ATPase, class V, type 10A 2.286466 0.002265009

3000002C10Rik glyceraldehyde-3-phosphate
dehydrogenase pseudogene 2.32011 4.51 × 10−10

Fbxo33 F-box protein 33 2.339012 6.53 × 10−9

Rasd1 RAS, dexamethasone-induced 1 2.364438 0.005352506

5430417L22Rik RIKEN cDNA 5430417L22 gene 2.370661 1.40 × 10−5

Rfx7 regulatory factor X, 7 2.396731 0.000533103

Renbp renin binding protein 2.400166 0.010819928

A4galt alpha 1,4-galactosyltransferase 2.620867 0.000456334

Hist4h4 histone cluster 4, H4 3.15377 8.77 × 10−11

Tmprss11bnl transmembrane protease, serine 11b N terminal like 3.158875 5.79 × 10−8

1700027A23Rik RIKEN cDNA 1700027A23 gene 3.438965 8.85 × 10−9

Gm10461 predicted gene 10461 4.734624 2.28 × 10−10
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3.3. The Effects of Tat Expression: The Comparison Between Tat+/Sal vs. Tat−/Sal

In this model, Tat had a very modest effect on gene expression in the brain (Table 4). Of all
the significantly changed genes, the cytochrome c oxidase unit 7b (Cox7B), which is essential for
mitochondrial respiratory complex IV, was the only one that was more than two-fold cutoff and down
modulated. Additionally, Tat had a strong effect in the context of Meth (described below).

Table 4. Genes that were significantly changed by Tat, upon the comparison between Tat+/Sal and
Tat−/Sal.

Gene Symbol Gene Name Tat+/Sal vs. Tat−/Sal
Fold Change FDR BH p Value

Cox7B cytochrome c oxidase, subunit XVII
assembly protein homolog −2.327017 0.023942447

Cbx7 chromobox homolog 7 −1.947657 0.023942447

Lingo1 leucine rich repeat and Ig domain
containing 1 −1.916766 0.02866605

1700071K01Rik RIKEN cDNA 1700071K01 gene −1.760823 0.02866605
Gm9372 predicted gene 9372 −1.723841 0.02866605

D230035N22Rik RIKEN cDNA D230035N22 gene −1.696028 0.023942447

Slco1a5 solute carrier organic anion
transporter family, member 1a5 −1.68099 0.035075396

Gm17753 predicted gene, 17753 −1.679336 0.031019153
Gm3146 predicted gene 3146 −1.535604 0.023942447

Mpp3 membrane protein, palmitoylated 3
(MAGUK p55 subfamily member 3) −1.520024 0.03363897

Sgcg
sarcoglycan, gamma

(dystrophin-associated
glycoprotein)

−1.511241 0.034422557

Bcam basal cell adhesion molecule 1.587535 0.036223264

3.4. The Effects of Tat Expression in the Context of Meth-Induced Sensitization: The Comparison Between
Tat−/Meth and Tat+/Meth

There was a large overlap between genes that were significantly changed in Tat−/Meth and
Tat+/Meth, although in different directions. In this comparison, HIV Tat appears to upregulate,
or prevent the Meth-mediated downregulation, of most genes that were suppressed in the Tat−/Meth
animals. Thus, in the Tat+/Meth group, the overall gene expression was more similar to the controls
that were not treated with the drug and did not express Tat (Tat−/Sal, Figure 1). The complete list of
signatures, thresholds and p values can be found in Table S1 (Supplementary threshold metadata).

3.5. The Effects of Meth-Induced Sensitization in the Context of Tat Expression: The Comparison Between
Tat+/Meth versus Tat+/Sal

Using FDR_BH adjusted p value alpha 0.05, the effect of Meth in the context of Tat did not result
in above two-fold significant signatures.
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3.6. Prediction of Transcriptional Signatures

The analysis of transcription factor binding motif frequencies in the promoters of genes upregulated
by Meth sensitization (Table 3) led to the prediction of potential regulators activated by Meth,
with potential value in early disease and as signatures. Transcriptional factor motif frequency
predictions were also performed for effects of Tat in the Meth context. Table 5 shows the most frequent
transcription factor binding motifs that were identified in predictions derived from the comparison
between Tat−/Meth versus Tat−/Sal brains, as well as of genes upregulated by Tat in the context of Meth,
derived from the comparison between Tat+/Meth versus Tat−/Meth brains (Section 3.4). We found that
26% of the genes upregulated in Tat+/Meth as compared with Tat−/Meth, were genes that contained
one or two TATA box sequence domains in their proximal promoters (Table 5). This finding is in
agreement with our previous findings in vitro, of the enrichment of TATA-box binding protein (TBP)
and of genes bearing this motif by Tat upon interaction with Meth [29]. In our previous studies,
we found that the TATA box-bearing genes that are affected by the interaction between Tat and Meth
are mostly inducible early response genes, particularly involved in stress responses and the immune
system [29]. Yet, it is noticeable that in the context of Meth sensitization, the impact of Tat almost
exclusively resulted in the reversal of Meth effects, returning the expression of Meth-altered genes to
resemble Tat−/Sal levels. In the absence of Tat, TATA-box usage was not found to be significant in
TRANSFAC simulations (Table 5).

A reverse analysis of transcription factor binding motif frequency in all conditions, and all
perturbed genes, was performed under the hypothesis that our predictions could be further tested,
and that major targets could be potentially identified. For that, we used iRegulon to generate nodes
containing the targets of each one of the transcription factors in Table 5, identified in the data, with a
focus on the ones that were significantly associated with both effects of Meth, and effects of Tat in
the context of Meth. The generated clusters were merged, creating a network with the following two
main components: The largest component integrated target genes for Kruppel-like factor 6 (KLF6),
myogenin (MYOD1), AP-1 with Fos and Jun interactions, tumor protein 53 (TP53), and the cAMP
response element-binding protein 1 (CREBP1) and a smaller component had Zink finger 333 (ZNF333)
as a central transcription factor (Figure 3). The analysis of this two-component network showed
a clustering coefficient of 0.024, and 2.59 average neighbors, suggesting interconnections through
intermediate nodes (labeled with a red border). For instance, serine-threonine protein kinase AKT1 and
the centromere protein F (CENPF) are regulated by both KLF6 and MYOD1, Bcl-2 associated X (BAX) is
regulated by both MYOD1 and TP53, and the vimentin gene (VIM) is regulated by both KLF6 and AP-1
(JUN/FOS). Moreover, ephrin receptor A2 (EPHA2), growth arrest and DNA-damage-inducible alpha
(GADD45A), stratifin (SFN), Fos-related antigens 1 (FOSL1), and B (FOSB) are regulated by both AP-1
and TP53, while the genes of Maf-bZip transcription factor (MAFF), activating transcription factor 3
(ATF3), tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein zeta (YWHAZ),
and the dual specific protein phosphatase 1 (DUSP1) are in the interface between AP-1 and CREBP1.
The gene of cyclin-dependent kinase inhibitor 1A (CDKN1A) was predicted to be regulated by all the
predicted transcription factors. Interestingly, ZFN333 segregated into a smaller component without
connectivity with the larger one.
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Table 5. Transcription factor motifs site/sequence matrix identified in the proximal promoter region of genes upregulated by Meth alone, from the comparison
between Tat−/Meth versus Tat−/Sal brains, and of genes upregulated by Tat in the context of Meth, from the comparison between Tat+/Meth versus Tat−/Meth brains.
NS = not significant.

Matrix Factor Name Sequence Sites Tat−/Meth vs.
Tat−/Sal (MSS)

Sites/Sequences
Tat−/Meth vs.

Tat−/Sal (CSS)

Sites Tat+/Meth vs.
Tat−/Meth (MSS)

Sites/Sequences
Tat+/Meth vs.

Tat−/Meth (CSS)
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myogenin (MYOD1), AP-1 with Fos and Jun interactions, tumor protein 53 (TP53), and the cAMP 
response element-binding protein 1 (CREBP1) and a smaller component had Zink finger 333 
(ZNF333) as a central transcription factor (Figure 3). The analysis of this two-component network 
showed a clustering coefficient of 0.024, and 2.59 average neighbors, suggesting interconnections 
through intermediate nodes (labeled with a red border). For instance, serine-threonine protein kinase 
AKT1 and the centromere protein F (CENPF) are regulated by both KLF6 and MYOD1, Bcl-2 
associated X (BAX) is regulated by both MYOD1 and TP53, and the vimentin gene (VIM) is regulated 
by both KLF6 and AP-1 (JUN/FOS). Moreover, ephrin receptor A2 (EPHA2), growth arrest and DNA-
damage-inducible alpha (GADD45A), stratifin (SFN), Fos-related antigens 1 (FOSL1), and B (FOSB) 
are regulated by both AP-1 and TP53, while the genes of Maf-bZip transcription factor (MAFF), 
activating transcription factor 3 (ATF3), tyrosine 3-monooxygenase/tryptophan 5-monooxygenase 
activation protein zeta (YWHAZ), and the dual specific protein phosphatase 1 (DUSP1) are in the 
interface between AP-1 and CREBP1. The gene of cyclin-dependent kinase inhibitor 1A (CDKN1A) 
was predicted to be regulated by all the predicted transcription factors. Interestingly, ZFN333 
segregated into a smaller component without connectivity with the larger one. 

 
 

 

   

   

   

   

 
When comparison input data was introduced in this interconnected transcription factor 

regulatory network of genes, some patterns could be visualized (Figure 3). For instance, compared to 
Tat−/Sal controls, both Tat alone (Tat/Sal) (Figure 3A), and Meth alone (Tat−/Meth) (Figure 3B), had 
an effect on MYOD1 and its regulated genes in the interface with KLF6 regulation. Yet, KLF6 itself 
and other immediate neighbors were not significantly disturbed by these conditions (Figures 3A and 
3B). Targets of TP53, such as interleukin 1b (IL1b), are significantly increased by Tat alone and by 
Meth alone. Homeobox proteins that are targets of ZNF333, are two- to four-fold increased by Tat or 
Meth, but these changes were not significant. When Tat was expressed in Meth challenged animals 
(Tat+/Meth), a stronger effect was noticed on the upregulation of AP1 complex genes, and their 
targets, with an effect on intermediate effectors between AP-1 and CREBP1, ATF3, and FOSB by Meth 
in the context of Tat (Figure 3C), and DUSP1, and FOSB by Tat in the context of Meth (Figure 3D). 
The TP53 target TNFSF103 was significantly but below three-fold elevated in Tat+/Meth animals, as 
well as GADD45A, which was also regulated by AP-1 (Figure 3D). This systems approach has 
generated a transcriptional regulation hypothesis, where the overall effect of Tat in the context of 
Meth can be the activation of AP-1 as a major contributor that modifies the effects of Meth alone, as 
well as Tat alone. 
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myogenin (MYOD1), AP-1 with Fos and Jun interactions, tumor protein 53 (TP53), and the cAMP 
response element-binding protein 1 (CREBP1) and a smaller component had Zink finger 333 
(ZNF333) as a central transcription factor (Figure 3). The analysis of this two-component network 
showed a clustering coefficient of 0.024, and 2.59 average neighbors, suggesting interconnections 
through intermediate nodes (labeled with a red border). For instance, serine-threonine protein kinase 
AKT1 and the centromere protein F (CENPF) are regulated by both KLF6 and MYOD1, Bcl-2 
associated X (BAX) is regulated by both MYOD1 and TP53, and the vimentin gene (VIM) is regulated 
by both KLF6 and AP-1 (JUN/FOS). Moreover, ephrin receptor A2 (EPHA2), growth arrest and DNA-
damage-inducible alpha (GADD45A), stratifin (SFN), Fos-related antigens 1 (FOSL1), and B (FOSB) 
are regulated by both AP-1 and TP53, while the genes of Maf-bZip transcription factor (MAFF), 
activating transcription factor 3 (ATF3), tyrosine 3-monooxygenase/tryptophan 5-monooxygenase 
activation protein zeta (YWHAZ), and the dual specific protein phosphatase 1 (DUSP1) are in the 
interface between AP-1 and CREBP1. The gene of cyclin-dependent kinase inhibitor 1A (CDKN1A) 
was predicted to be regulated by all the predicted transcription factors. Interestingly, ZFN333 
segregated into a smaller component without connectivity with the larger one. 

 
 

 

   

   

   

   

 
When comparison input data was introduced in this interconnected transcription factor 

regulatory network of genes, some patterns could be visualized (Figure 3). For instance, compared to 
Tat−/Sal controls, both Tat alone (Tat/Sal) (Figure 3A), and Meth alone (Tat−/Meth) (Figure 3B), had 
an effect on MYOD1 and its regulated genes in the interface with KLF6 regulation. Yet, KLF6 itself 
and other immediate neighbors were not significantly disturbed by these conditions (Figures 3A and 
3B). Targets of TP53, such as interleukin 1b (IL1b), are significantly increased by Tat alone and by 
Meth alone. Homeobox proteins that are targets of ZNF333, are two- to four-fold increased by Tat or 
Meth, but these changes were not significant. When Tat was expressed in Meth challenged animals 
(Tat+/Meth), a stronger effect was noticed on the upregulation of AP1 complex genes, and their 
targets, with an effect on intermediate effectors between AP-1 and CREBP1, ATF3, and FOSB by Meth 
in the context of Tat (Figure 3C), and DUSP1, and FOSB by Tat in the context of Meth (Figure 3D). 
The TP53 target TNFSF103 was significantly but below three-fold elevated in Tat+/Meth animals, as 
well as GADD45A, which was also regulated by AP-1 (Figure 3D). This systems approach has 
generated a transcriptional regulation hypothesis, where the overall effect of Tat in the context of 
Meth can be the activation of AP-1 as a major contributor that modifies the effects of Meth alone, as 
well as Tat alone. 
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myogenin (MYOD1), AP-1 with Fos and Jun interactions, tumor protein 53 (TP53), and the cAMP 
response element-binding protein 1 (CREBP1) and a smaller component had Zink finger 333 
(ZNF333) as a central transcription factor (Figure 3). The analysis of this two-component network 
showed a clustering coefficient of 0.024, and 2.59 average neighbors, suggesting interconnections 
through intermediate nodes (labeled with a red border). For instance, serine-threonine protein kinase 
AKT1 and the centromere protein F (CENPF) are regulated by both KLF6 and MYOD1, Bcl-2 
associated X (BAX) is regulated by both MYOD1 and TP53, and the vimentin gene (VIM) is regulated 
by both KLF6 and AP-1 (JUN/FOS). Moreover, ephrin receptor A2 (EPHA2), growth arrest and DNA-
damage-inducible alpha (GADD45A), stratifin (SFN), Fos-related antigens 1 (FOSL1), and B (FOSB) 
are regulated by both AP-1 and TP53, while the genes of Maf-bZip transcription factor (MAFF), 
activating transcription factor 3 (ATF3), tyrosine 3-monooxygenase/tryptophan 5-monooxygenase 
activation protein zeta (YWHAZ), and the dual specific protein phosphatase 1 (DUSP1) are in the 
interface between AP-1 and CREBP1. The gene of cyclin-dependent kinase inhibitor 1A (CDKN1A) 
was predicted to be regulated by all the predicted transcription factors. Interestingly, ZFN333 
segregated into a smaller component without connectivity with the larger one. 

 
 

 

   

   

   

   

 
When comparison input data was introduced in this interconnected transcription factor 

regulatory network of genes, some patterns could be visualized (Figure 3). For instance, compared to 
Tat−/Sal controls, both Tat alone (Tat/Sal) (Figure 3A), and Meth alone (Tat−/Meth) (Figure 3B), had 
an effect on MYOD1 and its regulated genes in the interface with KLF6 regulation. Yet, KLF6 itself 
and other immediate neighbors were not significantly disturbed by these conditions (Figures 3A and 
3B). Targets of TP53, such as interleukin 1b (IL1b), are significantly increased by Tat alone and by 
Meth alone. Homeobox proteins that are targets of ZNF333, are two- to four-fold increased by Tat or 
Meth, but these changes were not significant. When Tat was expressed in Meth challenged animals 
(Tat+/Meth), a stronger effect was noticed on the upregulation of AP1 complex genes, and their 
targets, with an effect on intermediate effectors between AP-1 and CREBP1, ATF3, and FOSB by Meth 
in the context of Tat (Figure 3C), and DUSP1, and FOSB by Tat in the context of Meth (Figure 3D). 
The TP53 target TNFSF103 was significantly but below three-fold elevated in Tat+/Meth animals, as 
well as GADD45A, which was also regulated by AP-1 (Figure 3D). This systems approach has 
generated a transcriptional regulation hypothesis, where the overall effect of Tat in the context of 
Meth can be the activation of AP-1 as a major contributor that modifies the effects of Meth alone, as 
well as Tat alone. 
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myogenin (MYOD1), AP-1 with Fos and Jun interactions, tumor protein 53 (TP53), and the cAMP 
response element-binding protein 1 (CREBP1) and a smaller component had Zink finger 333 
(ZNF333) as a central transcription factor (Figure 3). The analysis of this two-component network 
showed a clustering coefficient of 0.024, and 2.59 average neighbors, suggesting interconnections 
through intermediate nodes (labeled with a red border). For instance, serine-threonine protein kinase 
AKT1 and the centromere protein F (CENPF) are regulated by both KLF6 and MYOD1, Bcl-2 
associated X (BAX) is regulated by both MYOD1 and TP53, and the vimentin gene (VIM) is regulated 
by both KLF6 and AP-1 (JUN/FOS). Moreover, ephrin receptor A2 (EPHA2), growth arrest and DNA-
damage-inducible alpha (GADD45A), stratifin (SFN), Fos-related antigens 1 (FOSL1), and B (FOSB) 
are regulated by both AP-1 and TP53, while the genes of Maf-bZip transcription factor (MAFF), 
activating transcription factor 3 (ATF3), tyrosine 3-monooxygenase/tryptophan 5-monooxygenase 
activation protein zeta (YWHAZ), and the dual specific protein phosphatase 1 (DUSP1) are in the 
interface between AP-1 and CREBP1. The gene of cyclin-dependent kinase inhibitor 1A (CDKN1A) 
was predicted to be regulated by all the predicted transcription factors. Interestingly, ZFN333 
segregated into a smaller component without connectivity with the larger one. 

 
 

 

   

   

   

   

 
When comparison input data was introduced in this interconnected transcription factor 

regulatory network of genes, some patterns could be visualized (Figure 3). For instance, compared to 
Tat−/Sal controls, both Tat alone (Tat/Sal) (Figure 3A), and Meth alone (Tat−/Meth) (Figure 3B), had 
an effect on MYOD1 and its regulated genes in the interface with KLF6 regulation. Yet, KLF6 itself 
and other immediate neighbors were not significantly disturbed by these conditions (Figures 3A and 
3B). Targets of TP53, such as interleukin 1b (IL1b), are significantly increased by Tat alone and by 
Meth alone. Homeobox proteins that are targets of ZNF333, are two- to four-fold increased by Tat or 
Meth, but these changes were not significant. When Tat was expressed in Meth challenged animals 
(Tat+/Meth), a stronger effect was noticed on the upregulation of AP1 complex genes, and their 
targets, with an effect on intermediate effectors between AP-1 and CREBP1, ATF3, and FOSB by Meth 
in the context of Tat (Figure 3C), and DUSP1, and FOSB by Tat in the context of Meth (Figure 3D). 
The TP53 target TNFSF103 was significantly but below three-fold elevated in Tat+/Meth animals, as 
well as GADD45A, which was also regulated by AP-1 (Figure 3D). This systems approach has 
generated a transcriptional regulation hypothesis, where the overall effect of Tat in the context of 
Meth can be the activation of AP-1 as a major contributor that modifies the effects of Meth alone, as 
well as Tat alone. 
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myogenin (MYOD1), AP-1 with Fos and Jun interactions, tumor protein 53 (TP53), and the cAMP 
response element-binding protein 1 (CREBP1) and a smaller component had Zink finger 333 
(ZNF333) as a central transcription factor (Figure 3). The analysis of this two-component network 
showed a clustering coefficient of 0.024, and 2.59 average neighbors, suggesting interconnections 
through intermediate nodes (labeled with a red border). For instance, serine-threonine protein kinase 
AKT1 and the centromere protein F (CENPF) are regulated by both KLF6 and MYOD1, Bcl-2 
associated X (BAX) is regulated by both MYOD1 and TP53, and the vimentin gene (VIM) is regulated 
by both KLF6 and AP-1 (JUN/FOS). Moreover, ephrin receptor A2 (EPHA2), growth arrest and DNA-
damage-inducible alpha (GADD45A), stratifin (SFN), Fos-related antigens 1 (FOSL1), and B (FOSB) 
are regulated by both AP-1 and TP53, while the genes of Maf-bZip transcription factor (MAFF), 
activating transcription factor 3 (ATF3), tyrosine 3-monooxygenase/tryptophan 5-monooxygenase 
activation protein zeta (YWHAZ), and the dual specific protein phosphatase 1 (DUSP1) are in the 
interface between AP-1 and CREBP1. The gene of cyclin-dependent kinase inhibitor 1A (CDKN1A) 
was predicted to be regulated by all the predicted transcription factors. Interestingly, ZFN333 
segregated into a smaller component without connectivity with the larger one. 

 
 

 

   

   

   

   

 
When comparison input data was introduced in this interconnected transcription factor 

regulatory network of genes, some patterns could be visualized (Figure 3). For instance, compared to 
Tat−/Sal controls, both Tat alone (Tat/Sal) (Figure 3A), and Meth alone (Tat−/Meth) (Figure 3B), had 
an effect on MYOD1 and its regulated genes in the interface with KLF6 regulation. Yet, KLF6 itself 
and other immediate neighbors were not significantly disturbed by these conditions (Figures 3A and 
3B). Targets of TP53, such as interleukin 1b (IL1b), are significantly increased by Tat alone and by 
Meth alone. Homeobox proteins that are targets of ZNF333, are two- to four-fold increased by Tat or 
Meth, but these changes were not significant. When Tat was expressed in Meth challenged animals 
(Tat+/Meth), a stronger effect was noticed on the upregulation of AP1 complex genes, and their 
targets, with an effect on intermediate effectors between AP-1 and CREBP1, ATF3, and FOSB by Meth 
in the context of Tat (Figure 3C), and DUSP1, and FOSB by Tat in the context of Meth (Figure 3D). 
The TP53 target TNFSF103 was significantly but below three-fold elevated in Tat+/Meth animals, as 
well as GADD45A, which was also regulated by AP-1 (Figure 3D). This systems approach has 
generated a transcriptional regulation hypothesis, where the overall effect of Tat in the context of 
Meth can be the activation of AP-1 as a major contributor that modifies the effects of Meth alone, as 
well as Tat alone. 
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myogenin (MYOD1), AP-1 with Fos and Jun interactions, tumor protein 53 (TP53), and the cAMP 
response element-binding protein 1 (CREBP1) and a smaller component had Zink finger 333 
(ZNF333) as a central transcription factor (Figure 3). The analysis of this two-component network 
showed a clustering coefficient of 0.024, and 2.59 average neighbors, suggesting interconnections 
through intermediate nodes (labeled with a red border). For instance, serine-threonine protein kinase 
AKT1 and the centromere protein F (CENPF) are regulated by both KLF6 and MYOD1, Bcl-2 
associated X (BAX) is regulated by both MYOD1 and TP53, and the vimentin gene (VIM) is regulated 
by both KLF6 and AP-1 (JUN/FOS). Moreover, ephrin receptor A2 (EPHA2), growth arrest and DNA-
damage-inducible alpha (GADD45A), stratifin (SFN), Fos-related antigens 1 (FOSL1), and B (FOSB) 
are regulated by both AP-1 and TP53, while the genes of Maf-bZip transcription factor (MAFF), 
activating transcription factor 3 (ATF3), tyrosine 3-monooxygenase/tryptophan 5-monooxygenase 
activation protein zeta (YWHAZ), and the dual specific protein phosphatase 1 (DUSP1) are in the 
interface between AP-1 and CREBP1. The gene of cyclin-dependent kinase inhibitor 1A (CDKN1A) 
was predicted to be regulated by all the predicted transcription factors. Interestingly, ZFN333 
segregated into a smaller component without connectivity with the larger one. 

 
 

 

   

   

   

   

 
When comparison input data was introduced in this interconnected transcription factor 

regulatory network of genes, some patterns could be visualized (Figure 3). For instance, compared to 
Tat−/Sal controls, both Tat alone (Tat/Sal) (Figure 3A), and Meth alone (Tat−/Meth) (Figure 3B), had 
an effect on MYOD1 and its regulated genes in the interface with KLF6 regulation. Yet, KLF6 itself 
and other immediate neighbors were not significantly disturbed by these conditions (Figures 3A and 
3B). Targets of TP53, such as interleukin 1b (IL1b), are significantly increased by Tat alone and by 
Meth alone. Homeobox proteins that are targets of ZNF333, are two- to four-fold increased by Tat or 
Meth, but these changes were not significant. When Tat was expressed in Meth challenged animals 
(Tat+/Meth), a stronger effect was noticed on the upregulation of AP1 complex genes, and their 
targets, with an effect on intermediate effectors between AP-1 and CREBP1, ATF3, and FOSB by Meth 
in the context of Tat (Figure 3C), and DUSP1, and FOSB by Tat in the context of Meth (Figure 3D). 
The TP53 target TNFSF103 was significantly but below three-fold elevated in Tat+/Meth animals, as 
well as GADD45A, which was also regulated by AP-1 (Figure 3D). This systems approach has 
generated a transcriptional regulation hypothesis, where the overall effect of Tat in the context of 
Meth can be the activation of AP-1 as a major contributor that modifies the effects of Meth alone, as 
well as Tat alone. 
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myogenin (MYOD1), AP-1 with Fos and Jun interactions, tumor protein 53 (TP53), and the cAMP 
response element-binding protein 1 (CREBP1) and a smaller component had Zink finger 333 
(ZNF333) as a central transcription factor (Figure 3). The analysis of this two-component network 
showed a clustering coefficient of 0.024, and 2.59 average neighbors, suggesting interconnections 
through intermediate nodes (labeled with a red border). For instance, serine-threonine protein kinase 
AKT1 and the centromere protein F (CENPF) are regulated by both KLF6 and MYOD1, Bcl-2 
associated X (BAX) is regulated by both MYOD1 and TP53, and the vimentin gene (VIM) is regulated 
by both KLF6 and AP-1 (JUN/FOS). Moreover, ephrin receptor A2 (EPHA2), growth arrest and DNA-
damage-inducible alpha (GADD45A), stratifin (SFN), Fos-related antigens 1 (FOSL1), and B (FOSB) 
are regulated by both AP-1 and TP53, while the genes of Maf-bZip transcription factor (MAFF), 
activating transcription factor 3 (ATF3), tyrosine 3-monooxygenase/tryptophan 5-monooxygenase 
activation protein zeta (YWHAZ), and the dual specific protein phosphatase 1 (DUSP1) are in the 
interface between AP-1 and CREBP1. The gene of cyclin-dependent kinase inhibitor 1A (CDKN1A) 
was predicted to be regulated by all the predicted transcription factors. Interestingly, ZFN333 
segregated into a smaller component without connectivity with the larger one. 

 
 

 

   

   

   

   

 
When comparison input data was introduced in this interconnected transcription factor 

regulatory network of genes, some patterns could be visualized (Figure 3). For instance, compared to 
Tat−/Sal controls, both Tat alone (Tat/Sal) (Figure 3A), and Meth alone (Tat−/Meth) (Figure 3B), had 
an effect on MYOD1 and its regulated genes in the interface with KLF6 regulation. Yet, KLF6 itself 
and other immediate neighbors were not significantly disturbed by these conditions (Figures 3A and 
3B). Targets of TP53, such as interleukin 1b (IL1b), are significantly increased by Tat alone and by 
Meth alone. Homeobox proteins that are targets of ZNF333, are two- to four-fold increased by Tat or 
Meth, but these changes were not significant. When Tat was expressed in Meth challenged animals 
(Tat+/Meth), a stronger effect was noticed on the upregulation of AP1 complex genes, and their 
targets, with an effect on intermediate effectors between AP-1 and CREBP1, ATF3, and FOSB by Meth 
in the context of Tat (Figure 3C), and DUSP1, and FOSB by Tat in the context of Meth (Figure 3D). 
The TP53 target TNFSF103 was significantly but below three-fold elevated in Tat+/Meth animals, as 
well as GADD45A, which was also regulated by AP-1 (Figure 3D). This systems approach has 
generated a transcriptional regulation hypothesis, where the overall effect of Tat in the context of 
Meth can be the activation of AP-1 as a major contributor that modifies the effects of Meth alone, as 
well as Tat alone. 
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myogenin (MYOD1), AP-1 with Fos and Jun interactions, tumor protein 53 (TP53), and the cAMP 
response element-binding protein 1 (CREBP1) and a smaller component had Zink finger 333 
(ZNF333) as a central transcription factor (Figure 3). The analysis of this two-component network 
showed a clustering coefficient of 0.024, and 2.59 average neighbors, suggesting interconnections 
through intermediate nodes (labeled with a red border). For instance, serine-threonine protein kinase 
AKT1 and the centromere protein F (CENPF) are regulated by both KLF6 and MYOD1, Bcl-2 
associated X (BAX) is regulated by both MYOD1 and TP53, and the vimentin gene (VIM) is regulated 
by both KLF6 and AP-1 (JUN/FOS). Moreover, ephrin receptor A2 (EPHA2), growth arrest and DNA-
damage-inducible alpha (GADD45A), stratifin (SFN), Fos-related antigens 1 (FOSL1), and B (FOSB) 
are regulated by both AP-1 and TP53, while the genes of Maf-bZip transcription factor (MAFF), 
activating transcription factor 3 (ATF3), tyrosine 3-monooxygenase/tryptophan 5-monooxygenase 
activation protein zeta (YWHAZ), and the dual specific protein phosphatase 1 (DUSP1) are in the 
interface between AP-1 and CREBP1. The gene of cyclin-dependent kinase inhibitor 1A (CDKN1A) 
was predicted to be regulated by all the predicted transcription factors. Interestingly, ZFN333 
segregated into a smaller component without connectivity with the larger one. 

 
 

 

   

   

   

   

 
When comparison input data was introduced in this interconnected transcription factor 

regulatory network of genes, some patterns could be visualized (Figure 3). For instance, compared to 
Tat−/Sal controls, both Tat alone (Tat/Sal) (Figure 3A), and Meth alone (Tat−/Meth) (Figure 3B), had 
an effect on MYOD1 and its regulated genes in the interface with KLF6 regulation. Yet, KLF6 itself 
and other immediate neighbors were not significantly disturbed by these conditions (Figures 3A and 
3B). Targets of TP53, such as interleukin 1b (IL1b), are significantly increased by Tat alone and by 
Meth alone. Homeobox proteins that are targets of ZNF333, are two- to four-fold increased by Tat or 
Meth, but these changes were not significant. When Tat was expressed in Meth challenged animals 
(Tat+/Meth), a stronger effect was noticed on the upregulation of AP1 complex genes, and their 
targets, with an effect on intermediate effectors between AP-1 and CREBP1, ATF3, and FOSB by Meth 
in the context of Tat (Figure 3C), and DUSP1, and FOSB by Tat in the context of Meth (Figure 3D). 
The TP53 target TNFSF103 was significantly but below three-fold elevated in Tat+/Meth animals, as 
well as GADD45A, which was also regulated by AP-1 (Figure 3D). This systems approach has 
generated a transcriptional regulation hypothesis, where the overall effect of Tat in the context of 
Meth can be the activation of AP-1 as a major contributor that modifies the effects of Meth alone, as 
well as Tat alone. 
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myogenin (MYOD1), AP-1 with Fos and Jun interactions, tumor protein 53 (TP53), and the cAMP 
response element-binding protein 1 (CREBP1) and a smaller component had Zink finger 333 
(ZNF333) as a central transcription factor (Figure 3). The analysis of this two-component network 
showed a clustering coefficient of 0.024, and 2.59 average neighbors, suggesting interconnections 
through intermediate nodes (labeled with a red border). For instance, serine-threonine protein kinase 
AKT1 and the centromere protein F (CENPF) are regulated by both KLF6 and MYOD1, Bcl-2 
associated X (BAX) is regulated by both MYOD1 and TP53, and the vimentin gene (VIM) is regulated 
by both KLF6 and AP-1 (JUN/FOS). Moreover, ephrin receptor A2 (EPHA2), growth arrest and DNA-
damage-inducible alpha (GADD45A), stratifin (SFN), Fos-related antigens 1 (FOSL1), and B (FOSB) 
are regulated by both AP-1 and TP53, while the genes of Maf-bZip transcription factor (MAFF), 
activating transcription factor 3 (ATF3), tyrosine 3-monooxygenase/tryptophan 5-monooxygenase 
activation protein zeta (YWHAZ), and the dual specific protein phosphatase 1 (DUSP1) are in the 
interface between AP-1 and CREBP1. The gene of cyclin-dependent kinase inhibitor 1A (CDKN1A) 
was predicted to be regulated by all the predicted transcription factors. Interestingly, ZFN333 
segregated into a smaller component without connectivity with the larger one. 

 
 

 

   

   

   

   

 
When comparison input data was introduced in this interconnected transcription factor 

regulatory network of genes, some patterns could be visualized (Figure 3). For instance, compared to 
Tat−/Sal controls, both Tat alone (Tat/Sal) (Figure 3A), and Meth alone (Tat−/Meth) (Figure 3B), had 
an effect on MYOD1 and its regulated genes in the interface with KLF6 regulation. Yet, KLF6 itself 
and other immediate neighbors were not significantly disturbed by these conditions (Figures 3A and 
3B). Targets of TP53, such as interleukin 1b (IL1b), are significantly increased by Tat alone and by 
Meth alone. Homeobox proteins that are targets of ZNF333, are two- to four-fold increased by Tat or 
Meth, but these changes were not significant. When Tat was expressed in Meth challenged animals 
(Tat+/Meth), a stronger effect was noticed on the upregulation of AP1 complex genes, and their 
targets, with an effect on intermediate effectors between AP-1 and CREBP1, ATF3, and FOSB by Meth 
in the context of Tat (Figure 3C), and DUSP1, and FOSB by Tat in the context of Meth (Figure 3D). 
The TP53 target TNFSF103 was significantly but below three-fold elevated in Tat+/Meth animals, as 
well as GADD45A, which was also regulated by AP-1 (Figure 3D). This systems approach has 
generated a transcriptional regulation hypothesis, where the overall effect of Tat in the context of 
Meth can be the activation of AP-1 as a major contributor that modifies the effects of Meth alone, as 
well as Tat alone. 
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myogenin (MYOD1), AP-1 with Fos and Jun interactions, tumor protein 53 (TP53), and the cAMP 
response element-binding protein 1 (CREBP1) and a smaller component had Zink finger 333 
(ZNF333) as a central transcription factor (Figure 3). The analysis of this two-component network 
showed a clustering coefficient of 0.024, and 2.59 average neighbors, suggesting interconnections 
through intermediate nodes (labeled with a red border). For instance, serine-threonine protein kinase 
AKT1 and the centromere protein F (CENPF) are regulated by both KLF6 and MYOD1, Bcl-2 
associated X (BAX) is regulated by both MYOD1 and TP53, and the vimentin gene (VIM) is regulated 
by both KLF6 and AP-1 (JUN/FOS). Moreover, ephrin receptor A2 (EPHA2), growth arrest and DNA-
damage-inducible alpha (GADD45A), stratifin (SFN), Fos-related antigens 1 (FOSL1), and B (FOSB) 
are regulated by both AP-1 and TP53, while the genes of Maf-bZip transcription factor (MAFF), 
activating transcription factor 3 (ATF3), tyrosine 3-monooxygenase/tryptophan 5-monooxygenase 
activation protein zeta (YWHAZ), and the dual specific protein phosphatase 1 (DUSP1) are in the 
interface between AP-1 and CREBP1. The gene of cyclin-dependent kinase inhibitor 1A (CDKN1A) 
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Figure 3. Modeling of the interactions between predicted dominant transcription factors and their
targets. Genes that were significantly modified by Meth alone and by Tat in the context of Meth were
searched using iRegulon in Cytoscape, to identify targets of commonly relevant transcription factors
according to TRANSFAC simulations. Then, individual networks were merged for the identification
of common targets. Merged components were used for visualization of the impact of individual
conditions by applying fold change data attributes. Red/magenta nodes represent upregulated and
green nodes are downregulated changes. Elliptical shapes represent statistically significant changes.
Red lines represent common targets between two or more transcription factors. Blue nodes represent
transcription factors found to be relevant in TRANSFAC simulations, but not represented in the data.
Each coded comparison allows the visualization of (A) the effects of Tat from the comparison of Tat+/Sal
vs. Tat−/Sal; (B) the effects of Meth from the comparison of Tat−/Meth vs. Tat−/Sal; (C) the effects of
Meth in the context of Tat, from the comparison between Tat+/Meth vs. Tat+/Sal; and (D) the effects of
Tat in the context of Meth from the comparison between Tat+/Meth vs. Tat−/Meth.
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When comparison input data was introduced in this interconnected transcription factor regulatory
network of genes, some patterns could be visualized (Figure 3). For instance, compared to Tat−/Sal
controls, both Tat alone (Tat/Sal) (Figure 3A), and Meth alone (Tat−/Meth) (Figure 3B), had an effect
on MYOD1 and its regulated genes in the interface with KLF6 regulation. Yet, KLF6 itself and other
immediate neighbors were not significantly disturbed by these conditions (Figure 3A,B). Targets
of TP53, such as interleukin 1b (IL1b), are significantly increased by Tat alone and by Meth alone.
Homeobox proteins that are targets of ZNF333, are two- to four-fold increased by Tat or Meth, but these
changes were not significant. When Tat was expressed in Meth challenged animals (Tat+/Meth),
a stronger effect was noticed on the upregulation of AP1 complex genes, and their targets, with an
effect on intermediate effectors between AP-1 and CREBP1, ATF3, and FOSB by Meth in the context
of Tat (Figure 3C), and DUSP1, and FOSB by Tat in the context of Meth (Figure 3D). The TP53 target
TNFSF103 was significantly but below three-fold elevated in Tat+/Meth animals, as well as GADD45A,
which was also regulated by AP-1 (Figure 3D). This systems approach has generated a transcriptional
regulation hypothesis, where the overall effect of Tat in the context of Meth can be the activation of
AP-1 as a major contributor that modifies the effects of Meth alone, as well as Tat alone.

3.7. An Unfastened Analytical Strategy Identifies Overlapping Pathways Significantly Affected by Meth,
and by Tat+/Meth, in Anti-Directional Ways

Our analysis has shown a main effect of Meth-induced sensitization and an anti-directional effect
of Tat in the context of Meth. Therefore, we focused on these interactions. For this investigation of
interactions, the data was filtered with calculated z-scores that identified matches between expected
and observed relationship directions between genes, with a cutoff raw p-value alpha 0.01, and the
prediction of gene networks and pathways where changes in the model suggest strong action.

The top five overlapping canonical pathways and the p values for each designated comparison
were mitochondrial dysfunction (Figure 4, Tat−/Meth vs. Tat−/Sal p = 4.80 × 10−15 and Tat+/Meth vs.
Tat−/Meth p = 2.19 × 10−11, with 65.5% and 57.9% overlap, respectively), oxidative phosphorylation
(Figure 5, Tat−/Meth vs. Tat−/Sal p = 1.56 × 10−14 and Tat+/Meth vs. Tat−/Meth p = 4.50 × 10−12,
with 73.9% and 67.0% overlap, respectively), EIF2 signaling (Figure 6, Tat−/Meth vs. Tat−/Sal
p = 7.37 × 10−12 and Tat+/Meth vs. Tat−/Meth p = 6.03 × 10−13, with 58% and 56.4% overlap,
respectively), sirtuin signaling pathway (Figure 7, Tat−/Meth vs. Tat−/Sal p = 4.03 × 10−8 and
Tat+/Meth vs. Tat−/Meth p = 3.24 × 10−7, with 50.4% and 46.4% overlap, respectively) and regulation
of eIF4 and p70S6K signaling (Figure 8, Tat−/Meth vs. Tat−/Sal p = 7.55 × 10−6 and Tat+/Meth vs.
Tat−/Meth p = 7.53 × 10−6, with 51.8% and 48.9% overlap, respectively). A complete list of all the
genes in each one of these pathways, thresholds and p values can be found in Table S2 (Supplementary
Tat mouse pathway metadata). Upstream regulators identified in the model included a highly
significant activation of the rapamacyn-insensitive companion of mTOR (RICTOR) by Meth exposure
(p = 1.68× 10−15), and disorders assigned to cancer (p = 3.2× 10−11), organismal injuries (p = 3.2× 10−11),
endocrine system disorders (p = 8.83 × 10−11), and metabolic disease (p = 4.3 × 10−9).
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Figure 4 Mitochondrial dysfunction pathway. Genes with overlapping actions observed in (A) 
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Figure 4. Mitochondrial dysfunction pathway. Genes with overlapping actions observed in (A)
Tat−/Meth vs. Tat−/Sal and in (B) Tat+/Meth vs. Tat−/Meth and assigned to mitochondrial dysfunction
were loaded into Cytoscape via Genemania; significant changes (p < 0.01) associated to assigned
comparisons were visualized by loading node attributes. Tat−/Meth vs. Tat−/Sal p = 4.80 × 10−15 and
Tat+/Meth vs. Tat−/Meth p = 2.19 × 10−11, with 65.5% and 57.9% overlap, respectively.
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Figure 5. Oxidative phosphorylation pathway. Genes with overlapping actions observed in (A)
Tat−/Meth vs. Tat−/Sal and in (B) Tat+/Meth vs. Tat−/Meth and assigned to oxidative phosphorylation
were loaded into Cytoscape via Genemania; significant changes associated to assigned comparisons
(p < 0.01) were visualized by loading the node attributes table. Tat−/Meth vs. Tat−/Sal p = 1.56 × 10−14

and Tat+/Meth vs. Tat−/Meth p = 4.50 × 10−12, with 73.9% and 67.0% overlap, respectively.
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Figure 6. Eukaryotic initiation factor 2 (EIF2) signaling pathway. Genes with overlapping actions
observed in (A) Tat−/Meth vs. Tat−/Sal, and in (B) Tat+/Meth vs. Tat−/Meth and assigned to EIF2
signaling were loaded into Cytoscape via Genemania; significant changes associated to assigned
comparisons (p < 0.01) were visualized by loading the node attributes table. Tat−/Meth vs. Tat−/Sal
p = 7.37× 10−12 and Tat+/Meth vs. Tat−/Meth p = 6.03× 10−13, with 58% and 56.4% overlap, respectively.
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Figure 7. Sirtuin signaling pathway. Genes with overlapping actions observed in (A) Tat−/Meth
vs. Tat−/Sal and in (B) Tat+/Meth vs. Tat−/Meth and assigned to sirtuin signaling were loaded into
Cytoscape via Genemania; significant changes associated to assigned comparisons (p < 0.01) were
visualized by loading the node attributes table. Tat−/Meth vs. Tat−/Sal p = 4.03 × 10−8 and Tat+/Meth
vs. Tat−/Meth p = 3.24 × 10−7, with 50.4% and 46.4% overlap, respectively.
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Figure 8. Regulation of the eukaryotic initiation factor 4 (eIF4) and p70S6K signaling. Genes with
overlapping actions observed in (A) Tat−/Meth vs. Tat−/Sal and in (B) Tat+/Meth vs. Tat−/Meth,
and assigned to the regulation of eIF4 and p70S6K signaling were loaded into Cytoscape via Genemania;
significant changes associated to assigned comparisons (p < 0.01) were visualized by loading the node
attributes table. Tat−/Meth vs. Tat−/Sal p = 7.55 × 10−6 and Tat+/Meth vs. Tat−/Meth p = 7.53 × 10−6,
with 51.8% and 48.9% overlap, respectively.

The pathways most significantly affected by the interactions, with overlapping actions observed
in Tat−/Meth vs. Tat−/Sal and in Tat+/Meth vs. Tat−Meth, were predominantly characterized by
suppression of gene expression by Meth-induced sensitization and a counteracting positive effect of
Tat expression. These pathways had recurrent and redundant gene representations heavily assigned to
mitochondrial functions, which can be visualized in Figures 4–8. The sixth top canonical pathway is a
function of dopamine (p = 9.76 × 10−5 for Tat−/Meth vs. Tat−/Sal, and p = 2.45 × 10−5 for Tat+/Meth vs.
Tat−/Meth), which we have previously described [43].

A large number of NADH ubiquinone oxidoreductase supernumerary subunit (NDUF) genes were
represented in the two most significant pathways with anti-directional disturbances in Tat−/Meth vs.
Tat−/Sal and in Tat+/Meth vs. Tat−/Meth, which were the mitochondrial dysfunction pathway (Figure 3)
and in the oxidative phosphorylation pathway (Figure 5). Many of these were also represented in
the fourth most significant sirtuin signaling pathway (Figure 7). Together, the effect of Meth-induced
sensitization on suppressing these pathways suggests a strong impact of the drug in energy production,
homeostasis, and balance, as well as a major effect on mitochondrial health. Interestingly, the interaction
of Meth sensitization with Tat expression shows that the Tat protein, when expressed in the absence
of a productive infection, can elicit a protective response, with a few exceptions. For instance,
the cytochrome c oxidase subunit 7A2 (Cox7A2l) and the somatic cytochrome C (Cycs), which were
both suppressed by Meth, were not recovered by Tat expression, as seen in the Tat+/Meth vs. Tat−/Meth
comparison, where these genes are shown in green, indicating downregulation (Figure 4B,D).

The third most significantly affected pathway, by Meth-induced sensitization and by the interaction
between Meth exposure and Tat, was the eukaryotic initiation factor 2 (EIF2) pathway (Figure 6) that
is a stress-driven pathway response with a primary role regulating mRNA translation and protein
synthesis [71], which further suggests that Meth exposure is a potential suppressor input and HIV
Tat is an activator. Several genes in this pathway were also represented in the regulation of eIF4 and
p70S6K signaling (Figure 8).
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The sirtuin signaling pathway was the fourth most significantly affected pathway (Figure 7).
The Meth-induced sensitization regimen caused a significant transcriptional decrease of all sirtuins and
of several components that are regulated by sirtuins, including those associated with inflammation,
such as the inducible nitric oxide synthase (NOS2), the intercellular adhesion molecule 1 (ICAM1),
and with aging, such as the β-amyloid precursor protein (β-APP). With a few exceptions in the sirtuin
pathway, Tat expression also had a predominantly preventative effect upon the interaction with Meth.
The molecules in which expression was not recovered by Tat, in the context of Meth sensitization,
are shown in green indicating downregulation (Figure 7B). They included APP, the mitochondrial
marker and import receptor TOMM22, the ATP citrate lyase (ACLY), which is involved in the synthesis
of acetylcholine, the RNA polymerase subunit 1A (PolR1A), and the epigenetic silencer sirtuin 1
(SIRT1). The downregulation of APP and of SIRT1 in the model were further and successfully validated
by qRT-PCR (Figure 9A,B). Other genes selected for validation include were decreased by Meth and
recovered in the context of Tat expression. These include NOS2 (Figure 9C) and PPARa (Figure 9D).
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Figure 9. PCR validation of key genes not affected by the interaction between Tat expression and
Meth during sensitization. The primers for (A) SIRT1; (B) amyloid precursor protein (APP); (C) NOS2;
and (D) PPARa were purchased from Qiagen, and the expression was normalized by the average of
2 housekeeping genes, 18S and GAPDH. * p < 0.05 in ANOVA followed by Bonferroni’s post hoc test
between assigned comparisons.

The genes involved in the regulation of eIF4 and p70S6K/mTOR pathway play a regulatory role
in mRNA transcription and translation [72] (Figure 8). The Meth–induced sensitization regimen
suppressed the expression of the genes in this pathway with an anti-directional effect of Tat interaction.
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3.8. Validation of Genes of Interest

We used qRT-PCR to validate strong gene signatures of interest that were significantly
downregulated both by Tat expression and by Meth exposure, independently and together, and that
could have consequences that replicate observations in human HIV neurological disorders, as per our
previous observations in other models of neuroHIV. For instance, by qPCR, the transcriptional levels
of SIRT1 were significantly decreased by Tat induction, as well as by Meth exposure, and also by their
interaction (Figure 9A), replicating what we previously reported in the SIV rhesus macaque model and
in correlation with a potentially accelerated aging phenotype [73,74]. We also validated the decrease in
APP caused by Tat and by Meth alone (Figure 9B). The interaction between Tat and Meth caused a
partial recovery in the transcription of APP as compared with Meth alone, but it was not sufficient to
reach control levels (Figure 9B). Other genes selected for validation included those that were decreased
by Meth and recovered in the context of Tat expression. These included NOS2 (Figure 9C), and PPARa
(Figure 9D).

4. Discussion

We examined the hypothesis that HIV Tat expression and Meth independently modify gene
transcription in the brain during sensitization, and have interactive effects that result in patterns
associated with disease and with triggered locomotor behaviors, which have been previously described
in the same animals [43]. The effect of Tat was determined in males, given the confounders of the
estrous cycle that are commonly observed in female mice. We applied conservative analytical strategies
to reduce false positives, using raw data filtered at three-fold above background, two-fold changes
upon group comparisons, and with an FDR alpha 0.05, and a raw p value of 0.01. This approach was
chosen based on robust and consistent validation of candidate genes as compared with lower cutoff

settings (not shown).
The analysis of the transcriptional profile generated by Tat expression in the brain of transgenic

mice as compared with controls, on the one hand, revealed a limited impact associated with the absence
of strong gene signatures. The Meth-induced sensitization, on the other hand, had a very severe
impact on gene expression with a strong focus on pathways within mitochondria and endoplasmic
reticulum. The suppression of mitochondrial function by Meth has been extensively described in the
brain and in tissues that are rich in these organelles [75–78]. Meth-associated stress to the endoplasmic
reticulum has been associated with blood–brain barrier disruption [79], and loss of astrocytes by
apoptosis [80]. In addition, an attenuation of inflammatory response by Meth has been previously
observed [81], by preventing the neuro-immune system signal in response to systemic infectious stimuli
such as bacterial lipopolysaccharide. The impact of the Meth exposure on enhancing and exacerbating
inflammation has been shown to be higher in aged animals [82] or with higher, neurotoxic doses of the
drug [83].

Our study was limited to the transcriptome, and more significant changes in the presence of
Tat could potentially be observed at the proteome level, which was not examined here. A potential
leaky Tat mRNA expression could also be responsible for diluting strong signatures in the model [18]
Nevertheless, the mouse model tested here allows a rigorous systems-based analysis of the effects of
upregulation of the Tat protein, although excluded from active infection, and proposes a model on
how it can act in vivo on modulating suppressive patterns of transcription changes that are caused by
comorbidities such as Meth. The possibility that Tat is able to modulate cis-negative repressor elements
that are induced by Meth, remains to be examined. It is known that Tat functions through master
transcriptional regulators bound at promoters and enhancers, rather than through cellular”TAR-like”
motifs, to both activate and repress host gene sets sharing common functional annotations [84]. We have
previously shown that TATA-box binding peptide is critical for generating inflammatory signatures
in vitro [29]. However, we did not identify strong inflammatory signatures in this transgenic mouse
model. Instead, our systems biology-based analysis suggests that Tat is able to restore suppressive
signals by Meth through effects on mitochondria and transcription initiation complexes.
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The prediction of upstream regulators that are involved in Meth exposure led to a potential role
of RICTOR, a rapamycin-insensitive component of the mTOR complex with a role in cell cycle [85],
but also described in association with dopamine-dependent behaviors and deficits in dopaminergic
areas of the brain [86]. Importantly, we previously tested these animals for the effects of Meth on
the dopaminergic system, however, Tat expression enhanced motor sensitization and did not restore
dopaminergic changes caused by Meth [43]. This highlights a limitation of this study which is the
dissociations between behavioral phenotypes and gene expression signatures, but also demonstrates
the value of this experimental animal model.

The predictions of promoter target motif were highly informative. Meth alone or in the context
of Tat expression showed consistency of target motifs in genomic promoters, including binding
motifs for KLF6, ZNF333, AP-1, CREBP1, p53 (TP53), and myogenin (MYOD1). By modeling the
interactome of targets of these transcription factors, common effectors could be visualized and
suggest redundancies that are not easily dissected using systems biology approaches but need further
examination. For instance, on the one hand, KFL6 and MYOD1 can be involved in activating common
targets when Tat alone or Meth alone are compared to controls. Yet, these two conditions cause
a transcriptional increase in MYOD1, but not KLF6. The transcriptional activity of KLF6 cannot
necessarily be associated with an enhanced transcription. In addition, targets that are not common
between these two transcription factors exhibit a low activation. On the other hand, Tat+/Meth animals
show an enhanced FOS transcription, and also enhanced activity on AP-1 exclusive targets, as well as
targets that are common to TP53 and CREBP1. These hypothesis-generating modeling methodologies
can test the weight of potential transcriptional regulators, but they need to be further tested in cell
systems, to overcome the limitations of the systems biology approach.

Most importantly, in the context of Meth exposure, the HIV Tat protein counteracted the effects of
Meth on gene transcription, driving the global expression pattern to more closely resemble what is
observed in non-sensitized Tat-negative saline-treated (Tat−/Sal) controls. Therefore, in this transgenic
Tat mouse model, Tat expression in the brain in the absence of Meth sensitization could not have
strongly modified transcriptional profiles to the levels observed in active infection, or in HIV associated
neurological disorders (HAND) in humans [87–92]. Nevertheless, it had an anti-directional and
potentially positive impact in the context of interaction with Meth exposure. The results found,
in this study, for effects of Tat expression differ from what has been described regarding, for example,
inflammatory genes, both in vitro and in vivo [29,93,94], and including this mouse model [18,33].
Gliosis and neurological changes that have been reported in Tat transgenic animals, however, could
result from post-transcriptional effects in models that do not involve drug abuse interactions [33].
Hypothetically, Meth sensitization could induce cis-regulatory repression elements, in addition to
decreasing the expression of translation initiation complexes, such as the eIF2, eIF4, and p70S6K
signaling pathways, which were identified here as presenting significant disruptions in Meth. These
pathways control translation and transcription, especially of mRNAs that present a secondary
structure [95,96], with implications for the CNS. For example, deficits and mutations in eIF2 and
eIF4 pathways have been associated with neurological disorders and aging [96,97]. The fact that
these pathways are deeply affected by Meth, and their recovery in the presence of Tat, suggests
the potential involvement of upstream mTOR [98–102] as a critical element in Tat along with Meth
sensitization, and as a response to mitochondrial oxidative stress [103,104]. In the presence of Tat,
mitochondrial dysfunction and oxidative phosphorylation pathways were also maintained at control
levels. Moreover, Meth and Tat enhanced the role of AP-1 complexes, which is responsible for a range
of effects, including contributing to neutralizing cis-negative regulatory elements, a function that is
deeply associated with promoting viral transcription [105], but potentially exerting effects on bystander
host transcriptional patterns that are repressed by Meth. The role of ROS to these effects must be
further clarified. A summary of the hypothesis generated by our analysis is shown in Figure 10.
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Figure 10. Summary figure of the systems biology-generated hypothesis. Studies on transcriptional
patterns, pathway analysis, and transcription factor usage predictions in the brain of Tat-transgenic mice
sensitized with Meth suggest the following: Both Meth sensitization alone, and along with the induction
of HIV Tat protein, activate transcriptional regulatory mechanisms affecting the same genes but in
opposite ways. Overlapping transcriptional factor usage between these two conditions are predicted
and could be further regulated by differential actions on transcriptional control elements outside the
core promoter, as well as levels of transcription and translation initiation factors (eIF2 and eIF4). These
differences can be orchestrated by pathways in the mitochondria, including production of reactive
oxygen species (ROS) contributing to changes in oxidative phosphorylation, with mTOR/RICTOR
complex as a central regulator, and with AP1 support. We disclose that this concept was generated by a
systems biology analytical strategy, and further experiments are necessary.

An interesting finding is that the induction of Tat expression in the brain did not prevent the
decrease in SIRT1 transcription that was caused by Meth sensitization. We have shown that SIRT1
transcription is suppressed by active infection [73,74] and that this decrease is a key factor in the
development of long-term disruptions in the regulation of gene expression, with resulting aging-like
phenotypes. Likewise, APP transcription was suppressed by Meth sensitization, by Tat expression,
as well as by their interaction. Although a decrease in APP is regarded as protective, it could be a
factor limiting β-APP supply [106–108]. Whether these are replicating human disease and showing
signs of accelerated aging in this model, as a consequence of Meth and HIV Tat interaction, needs to be
further examined.

Regarding the interactions of Tat and Meth, our findings were surprising. As mentioned,
our previous work has shown that these Meth sensitized animals experience an important repression in
the dopaminergic system that is further enhanced by Tat [43], resulting in higher locomotor responses to
the drug challenge and replicating aspects of the pathology found in HIV-infected humans [43,109,110].
In chronic and binge Meth administration regimens performed in the same mouse model, the induction
of Tat expression during the final cycle of Meth exposure did not impact brain reward function
during withdrawal. Nevertheless, there was a trend that Tat expression could contribute to an
increased severity of withdrawal in the binge regimen as compared with the chronic regimen [109].
Overall, this finding suggests a subtle effect of Tat expression on brain reward function during Meth
withdrawal [109]. Thus, while the effects of Tat alone were subtle, the Tat transgenic mouse model is a
tool to examine the role of the HIV Tat protein in influencing the response to Meth in the different
paradigms used to study addiction.



Viruses 2020, 12, 426 23 of 29

Our results have shown that in this transgenic mouse model, Tat in the brain, in the absence of
a replicating virus, did not induce strong gene signatures at challenge. However, the effects of Tat
were not absent, since in the context of interaction with Meth sensitization and exposure, it caused
transcription patterns to become overall more similar to controls at challenge, counteracting the
effects of Meth. It is possible that the ability of Tat to quickly translocate and epigenetically trigger
transcription in host cells [29] could serve as a compensatory mechanism to counteract the suppressing
effects of Meth exposure, by restoring the levels of initiation complexes. However, in the absence of the
factors that are present during active replication, the Tat protein possibly is not sufficient to exacerbate
gene transcription.

It is important to acknowledge that this study is limited to transcriptional changes and post
transcriptional modifications that can affect phenotypes were not examined here.

In conclusion, we have shown that the HIV Tat transgenic mouse is a tool for the examination of
in vivo interactions between the HIV Tat protein and exposure to drugs of abuse. The effects of Tat
in this transgenic mouse model are found to be limited and focal when stringent statistical measures
are taken. Meth sensitization has a strong effect on pathways associated with mitochondrial health
and protein translation, and the induction of Tat in that context positively reverted the effects of Meth
sensitization, which were detectable after a withdrawal period and at challenge. The effects of Meth
and the countering effects of Tat are largely associated with transcriptional regulation mechanisms that
can combine silencing and activation of transcriptional factors with binding motifs in redundant target
promoters (Figure 10).

While the overall observations were not in agreement with our hypothesis, they demonstrate
the challenges and the values of animal models in replicating aspects of human HIV neurological
consequences under rigorous systematic conditions, especially in the context of drug comorbidities
and different drug administration and sensitization paradigms.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4915/12/4/426/s1,
Table S1: Supplementary threshold metadata—complete list of thresholds, p values and signatures in two excel
sheets, correspondent to Meth and to Tat expression in the context of Meth. Table S2: Supplementary Tat mouse
pathway metadata—complete list of genes, thresholds and p values in all the significant predicted pathways.

Author Contributions: L.V.B. performed all the validating PCRs and was responsible for pathway analysis with
several different strategies; J.P.K. performed all the drugs administrations and sensitization animal work under
S.S. orientation; M.K. participated in the design of the study, discussions, and contributed to the manuscript;
S.S. participated in the design, supervised and performed animal work, participated in all the discussions and
in the elaboration of the manuscript; M.C.G.M. elaborated the concept and the hypothesis, participated in the
design, performed all the perfusions and organ harvest, performed all the systems analysis on Cytoscape and
Transfac, wrote the manuscript and obtained funding. All authors have read and agreed to the published version
of the manuscript.

Funding: This work was supported by the R01DA036164 and R01DA047822 to M.C.G.M., R01 MH087332 to M.K.
and partly by the TMARC P50 DA26306. J.P.K. was a fellow from the Interdisciplinary Research Fellowship in
NeuroAIDS (IRFN, MH081482).

Acknowledgments: The transcriptomic profile data presented in this manuscript has been made public in Gene
Expression Omnibus (GEO), under accession number GSE111925, ID 200111925, and with the help of Steven
Totusek (University of Nebraska Medical Center). The authors thank Howard S. Fox (University of Nebraska
Medical Center, NE) for discussions and Peter J. Gaskill (Drexel University College of Medicine, PA) for critically
reviewing this manuscript. We also thank Robin Taylor (University of Nebraska Medical Center, NE) and Richard
Milner (SDBRI) for revising the text, and Christine Auciello (San Diego Biomedical Research Institute, CA) for
administrative assistance.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Wang, G.; Pan, Y.; Seth, P.; Song, R.; Belcher, L. Estimation of the Percentage of Newly Diagnosed HIV-Positive
Persons Linked to HIV Medical Care in CDC-Funded HIV Testing Programs. Eval. Health Prof. 2018, 41,
474–492. [CrossRef] [PubMed]

http://www.mdpi.com/1999-4915/12/4/426/s1
http://dx.doi.org/10.1177/0163278717725372
http://www.ncbi.nlm.nih.gov/pubmed/28835116


Viruses 2020, 12, 426 24 of 29

2. Heaton, R.K.; Franklin, D.R.; Ellis, R.J.; McCutchan, J.A.; Letendre, S.L.; Leblanc, S.; Corkran, S.H.;
Duarte, N.A.; Clifford, D.B.; Woods, S.P.; et al. HIV-associated neurocognitive disorders before and during
the era of combination antiretroviral therapy: Differences in rates, nature, and predictors. J. Neurovirol. 2011,
17, 3–16. [CrossRef] [PubMed]

3. Shoptaw, S.; Peck, J.; Reback, C.J.; Rotheram-Fuller, E. Psychiatric and substance dependence comorbidities,
sexually transmitted diseases, and risk behaviors among methamphetamine-dependent gay and bisexual
men seeking outpatient drug abuse treatment. J. Psychoact. Drugs 2003, 35, 161–168. [CrossRef] [PubMed]

4. Rajasingham, R.; Mimiaga, M.J.; White, J.M.; Pinkston, M.M.; Baden, R.P.; Mitty, J.A. A systematic review of
behavioral and treatment outcome studies among HIV-infected men who have sex with men who abuse
crystal methamphetamine. AIDS Patient Care STDs 2012, 26, 36–52. [CrossRef]

5. Soontornniyomkij, V.; Kesby, J.P.; Morgan, E.E.; Bischoff-Grethe, A.; Minassian, A.; Brown, G.G.;
Grant, I.; Translational Methamphetamine AIDS Research Center (TMARC) Group. Effects of HIV
and Methamphetamine on Brain and Behavior: Evidence from Human Studies and Animal Models.
J. Neuroimmune Pharmacol. 2016, 11, 495–510. [CrossRef]

6. Ferris, M.J.; Mactutus, C.F.; Booze, R.M. Neurotoxic profiles of HIV, psychostimulant drugs of abuse, and
their concerted effect on the brain: Current status of dopamine system vulnerability in NeuroAIDS. Neurosci.
Biobehav. Rev. 2008, 32, 883–909. [CrossRef]

7. Purohit, V.; Rapaka, R.; Shurtleff, D. Drugs of abuse, dopamine, and HIV-associated neurocognitive
disorders/HIV-associated dementia. Mol. Neurobiol. 2011, 44, 102–110. [CrossRef]

8. Zhou, B.Y.; Liu, Y.; Kim, B.; Xiao, Y.; He, J.J. Astrocyte activation and dysfunction and neuron death by HIV-1
Tat expression in astrocytes. Mol. Cell Neurosci. 2004, 27, 296–305. [CrossRef]

9. Toggas, S.M.; Mucke, L. Transgenic models in the study of AIDS dementia complex. Curr. Top. Microbiol.
Immunol 1996, 206, 223–241.

10. Toggas, S.M.; Masliah, E.; Rockenstein, E.M.; Rall, G.F.; Abraham, C.R.; Mucke, L. Central nervous system
damage produced by expression of the HIV-1 coat protein gp120 in transgenic mice. Nature 1994, 367,
188–193. [CrossRef]

11. Peng, J.; Vigorito, M.; Liu, X.; Zhou, D.; Wu, X.; Chang, S.L. The HIV-1 transgenic rat as a model for HIV-1
infected individuals on HAART. J. Neuroimmunol. 2010, 218, 94–101. [CrossRef] [PubMed]

12. Potash, M.J.; Chao, W.; Bentsman, G.; Paris, N.; Saini, M.; Nitkiewicz, J.; Belem, P.; Sharer, L.; Brooks, A.I.;
Volsky, D.J. A mouse model for study of systemic HIV-1 infection, antiviral immune responses, and
neuroinvasiveness. Proc. Natl. Acad. Sci. USA 2005, 102, 3760–3765. [CrossRef] [PubMed]

13. Klotman, P.E.; Rappaport, J.; Ray, P.; Kopp, J.B.; Franks, R.; Bruggeman, L.A.; Notkins, A.L. Transgenic
models of HIV-1. AIDS 1995, 9, 313–324. [CrossRef] [PubMed]

14. Kopp, J.B.; Ray, P.E.; Adler, S.H.; Bruggeman, L.A.; Mangurian, C.V.; Owens, J.W.; Eckhaus, M.A.; Bryant, J.L.;
Klotman, P.E. Nephropathy in HIV-transgenic mice. Contrib. Nephrol. 1994, 107, 194–204.

15. Mocchetti, I.; Bachis, A.; Avdoshina, V. Neurotoxicity of human immunodeficiency virus-1: Viral proteins
and axonal transport. Neurotox. Res. 2012, 21, 79–89. [CrossRef]

16. Fitting, S.; Zou, S.; Chen, W.; Vo, P.; Hauser, K.F.; Knapp, P.E. Regional heterogeneity and diversity in cytokine
and chemokine production by astroglia: Differential responses to HIV-1 Tat, gp120, and morphine revealed
by multiplex analysis. J. Proteome Res. 2010, 9, 1795–1804. [CrossRef]

17. Merino, J.J.; Montes, M.L.; Blanco, A.; Bustos, M.J.; Oreja-Guevara, C.; Bayon, C.; Cuadrado, A.; Lubrini, G.;
Cambron, I.; Munoz, A.; et al. HIV-1 neuropathogenesis: Therapeutic strategies against neuronal loss
induced by gp120/Tat glycoprotein in the central nervous system. Rev. Neurol. 2011, 52, 101–111.

18. Kim, B.O.; Liu, Y.; Ruan, Y.; Xu, Z.C.; Schantz, L.; He, J.J. Neuropathologies in transgenic mice expressing
human immunodeficiency virus type 1 Tat protein under the regulation of the astrocyte-specific glial fibrillary
acidic protein promoter and doxycycline. Am. J. Pathol. 2003, 162, 1693–1707. [CrossRef]

19. Thaney, V.E.; Sanchez, A.B.; Fields, J.A.; Minassian, A.; Young, J.W.; Maung, R.; Kaul, M. Transgenic mice
expressing HIV-1 envelope protein gp120 in the brain as an animal model in neuroAIDS research. J. Neurovirol.
2018, 24, 156–167. [CrossRef]

20. Hoefer, M.M.; Sanchez, A.B.; Maung, R.; de Rozieres, C.M.; Catalan, I.C.; Dowling, C.C.; Thaney, V.E.;
Pina-Crespo, J.; Zhang, D.; Roberts, A.J.; et al. Combination of methamphetamine and HIV-1 gp120
causes distinct long-term alterations of behavior, gene expression, and injury in the central nervous system.
Exp. Neurol. 2015, 263, 221–234. [CrossRef]

http://dx.doi.org/10.1007/s13365-010-0006-1
http://www.ncbi.nlm.nih.gov/pubmed/21174240
http://dx.doi.org/10.1080/02791072.2003.10400511
http://www.ncbi.nlm.nih.gov/pubmed/12825759
http://dx.doi.org/10.1089/apc.2011.0153
http://dx.doi.org/10.1007/s11481-016-9699-0
http://dx.doi.org/10.1016/j.neubiorev.2008.01.004
http://dx.doi.org/10.1007/s12035-011-8195-z
http://dx.doi.org/10.1016/j.mcn.2004.07.003
http://dx.doi.org/10.1038/367188a0
http://dx.doi.org/10.1016/j.jneuroim.2009.09.014
http://www.ncbi.nlm.nih.gov/pubmed/19913921
http://dx.doi.org/10.1073/pnas.0500649102
http://www.ncbi.nlm.nih.gov/pubmed/15728729
http://dx.doi.org/10.1097/00002030-199504000-00001
http://www.ncbi.nlm.nih.gov/pubmed/7794536
http://dx.doi.org/10.1007/s12640-011-9279-2
http://dx.doi.org/10.1021/pr900926n
http://dx.doi.org/10.1016/S0002-9440(10)64304-0
http://dx.doi.org/10.1007/s13365-017-0584-2
http://dx.doi.org/10.1016/j.expneurol.2014.09.010


Viruses 2020, 12, 426 25 of 29

21. Jolicoeur, P.; Kay, D.G.; Cool, M.; Jothy, S.; Rebai, N.; Hanna, Z. A novel mouse model of HIV-1 disease.
Leukemia 1999, 13 (Suppl. 1), S78–S80. [CrossRef] [PubMed]

22. Hudson, L.; Liu, J.; Nath, A.; Jones, M.; Raghavan, R.; Narayan, O.; Male, D.; Everall, I. Detection of the human
immunodeficiency virus regulatory protein tat in CNS tissues. J. Neurovirol. 2000, 6, 145–155. [CrossRef]
[PubMed]

23. Bachani, M.; Sacktor, N.; McArthur, J.C.; Nath, A.; Rumbaugh, J. Detection of anti-tat antibodies in CSF
of individuals with HIV-associated neurocognitive disorders. J. Neurovirol. 2013, 19, 82–88. [CrossRef]
[PubMed]

24. Mediouni, S.; Darque, A.; Baillat, G.; Ravaux, I.; Dhiver, C.; Tissot-Dupont, H.; Mokhtari, M.; Moreau, H.;
Tamalet, C.; Brunet, C.; et al. Antiretroviral therapy does not block the secretion of the human
immunodeficiency virus tat protein. Infect. Disord. Drug Targets 2012, 12, 81–86. [CrossRef]

25. Johnson, T.P.; Patel, K.; Johnson, K.R.; Maric, D.; Calabresi, P.A.; Hasbun, R.; Nath, A. Induction of IL-17
and nonclassical T-cell activation by HIV-Tat protein. Proc. Natl. Acad. Sci. USA 2013, 110, 13588–13593.
[CrossRef]

26. Marcondes, M.C.; Burudi, E.M.; Huitron-Resendiz, S.; Sanchez-Alavez, M.; Watry, D.; Zandonatti, M.;
Henriksen, S.J.; Fox, H.S. Highly activated CD8(+) T cells in the brain correlate with early central nervous
system dysfunction in simian immunodeficiency virus infection. J. Immunol. 2001, 167, 5429–5438. [CrossRef]

27. Marcondes, M.C.; Burdo, T.H.; Sopper, S.; Huitron-Resendiz, S.; Lanigan, C.; Watry, D.; Flynn, C.;
Zandonatti, M.; Fox, H.S. Enrichment and persistence of virus-specific CTL in the brain of simian
immunodeficiency virus-infected monkeys is associated with a unique cytokine environment. J. Immunol.
2007, 178, 5812–5819. [CrossRef]

28. Rayne, F.; Debaisieux, S.; Bonhoure, A.; Beaumelle, B. HIV-1 Tat is unconventionally secreted through the
plasma membrane. Cell Biol. Int. 2010, 34, 409–413. [CrossRef]

29. Tjitro, R.; Campbell, L.A.; Basova, L.; Johnson, J.; Najera, J.A.; Lindsey, A.; Marcondes, M.C.G. Modeling the
Function of TATA Box Binding Protein in Transcriptional Changes Induced by HIV-1 Tat in Innate Immune
Cells and the Effect of Methamphetamine Exposure. Front. Immunol. 2018, 9, 3110. [CrossRef]

30. Maragos, W.F.; Tillman, P.; Jones, M.; Bruce-Keller, A.J.; Roth, S.; Bell, J.E.; Nath, A. Neuronal injury in
hippocampus with human immunodeficiency virus transactivating protein, Tat. Neuroscience 2003, 117,
43–53. [CrossRef]

31. Chauhan, A.; Turchan, J.; Pocernich, C.; Bruce-Keller, A.; Roth, S.; Butterfield, D.A.; Major, E.O.; Nath, A.
Intracellular human immunodeficiency virus Tat expression in astrocytes promotes astrocyte survival but
induces potent neurotoxicity at distant sites via axonal transport. J. Biol. Chem. 2003, 278, 13512–13519.
[CrossRef] [PubMed]

32. Francesconi, W.; Berton, F.; Marcondes, M.C.G. HIV-1 Tat alters neuronal intrinsic excitability. BMC Res.
Notes 2018, 11, 275. [CrossRef] [PubMed]

33. Langford, D.; Oh Kim, B.; Zou, W.; Fan, Y.; Rahimain, P.; Liu, Y.; He, J.J. Doxycycline-inducible and
astrocyte-specific HIV-1 Tat transgenic mice (iTat) as an HIV/neuroAIDS model. J. Neurovirol. 2018, 24,
168–179. [CrossRef] [PubMed]

34. Kiebala, M.; Polesskaya, O.; Yao, Z.; Perry, S.W.; Maggirwar, S.B. Nuclear factor-kappa B family member
RelB inhibits human immunodeficiency virus-1 Tat-induced tumor necrosis factor-alpha production. PLoS
ONE 2010, 5, e11875. [CrossRef]

35. Ferris, M.J.; Frederick-Duus, D.; Fadel, J.; Mactutus, C.F.; Booze, R.M. In vivo microdialysis in awake,
freely moving rats demonstrates HIV-1 Tat-induced alterations in dopamine transmission. Synapse 2009, 63,
181–185. [CrossRef]

36. Kesby, J.P.; Markou, A.; Semenova, S. The effects of HIV-1 regulatory TAT protein expression on brain reward
function, response to psychostimulants and delay-dependent memory in mice. Neuropharmacology 2016, 109,
205–215. [CrossRef]

37. Midde, N.M.; Gomez, A.M.; Zhu, J. HIV-1 Tat Protein Decreases Dopamine Transporter Cell Surface
Expression and Vesicular Monoamine Transporter-2 Function in Rat Striatal Synaptosomes. J. Neuroimmune
Pharmacol. 2012, 7, 629–639. [CrossRef]

38. Theodore, S.; Cass, W.A.; Dwoskin, L.P.; Maragos, W.F. HIV-1 protein Tat inhibits vesicular monoamine
transporter-2 activity in rat striatum. Synapse 2012, 66, 755–757. [CrossRef]

http://dx.doi.org/10.1038/sj.leu.2401293
http://www.ncbi.nlm.nih.gov/pubmed/10232371
http://dx.doi.org/10.3109/13550280009013158
http://www.ncbi.nlm.nih.gov/pubmed/10822328
http://dx.doi.org/10.1007/s13365-012-0144-8
http://www.ncbi.nlm.nih.gov/pubmed/23329164
http://dx.doi.org/10.2174/187152612798994939
http://dx.doi.org/10.1073/pnas.1308673110
http://dx.doi.org/10.4049/jimmunol.167.9.5429
http://dx.doi.org/10.4049/jimmunol.178.9.5812
http://dx.doi.org/10.1042/CBI20090376
http://dx.doi.org/10.3389/fimmu.2018.03110
http://dx.doi.org/10.1016/S0306-4522(02)00713-3
http://dx.doi.org/10.1074/jbc.M209381200
http://www.ncbi.nlm.nih.gov/pubmed/12551932
http://dx.doi.org/10.1186/s13104-018-3376-8
http://www.ncbi.nlm.nih.gov/pubmed/29728138
http://dx.doi.org/10.1007/s13365-017-0598-9
http://www.ncbi.nlm.nih.gov/pubmed/29143286
http://dx.doi.org/10.1371/journal.pone.0011875
http://dx.doi.org/10.1002/syn.20594
http://dx.doi.org/10.1016/j.neuropharm.2016.06.011
http://dx.doi.org/10.1007/s11481-012-9369-9
http://dx.doi.org/10.1002/syn.21564


Viruses 2020, 12, 426 26 of 29

39. Zhu, J.; Mactutus, C.F.; Wallace, D.R.; Booze, R.M. HIV-1 Tat protein-induced rapid and
reversible decrease in [3H]dopamine uptake: Dissociation of [3H]dopamine uptake and
[3H]2beta-carbomethoxy-3-beta-(4-fluorophenyl)tropane (WIN 35,428) binding in rat striatal synaptosomes.
J. Pharmacol. Exp. Ther. 2009, 329, 1071–1083. [CrossRef]

40. Gaskill, P.J.; Miller, D.R.; Gamble-George, J.; Yano, H.; Khoshbouei, H. HIV, Tat and dopamine transmission.
Neurobiol. Dis. 2017, 105, 51–73. [CrossRef]

41. Koob, G.F.; Volkow, N.D. Neurocircuitry of addiction. Neuropsychopharmacology 2010, 35, 217–238. [CrossRef]
[PubMed]

42. Kesby, J.P.; Hubbard, D.T.; Markou, A.; Semenova, S. Expression of HIV gp120 protein increases sensitivity to
the rewarding properties of methamphetamine in mice. Addict. Biol. 2014, 19, 593–605. [CrossRef] [PubMed]

43. Kesby, J.P.; Najera, J.A.; Romoli, B.; Fang, Y.; Basova, L.; Birmingham, A.; Marcondes, M.C.G.; Dulcis, D.;
Semenova, S. HIV-1 TAT protein enhances sensitization to methamphetamine by affecting dopaminergic
function. Brain Behav. Immun. 2017, 65, 210–221. [CrossRef] [PubMed]

44. Hirabayashi, M.; Alam, M.R. Enhancing effect of methamphetamine on ambulatory activity produced by
repeated administration in mice. Pharmacol. Biochem. Behav. 1981, 15, 925–932. [CrossRef]

45. Ances, B.M.; Roc, A.C.; Wang, J.; Korczykowski, M.; Okawa, J.; Stern, J.; Kim, J.; Wolf, R.; Lawler, K.;
Kolson, D.L.; et al. Caudate blood flow and volume are reduced in HIV+ neurocognitively impaired patients.
Neurology 2006, 66, 862–866. [CrossRef] [PubMed]

46. Jernigan, T.L.; Gamst, A.C.; Archibald, S.L.; Fennema-Notestine, C.; Mindt, M.R.; Marcotte, T.D.; Heaton, R.K.;
Ellis, R.J.; Grant, I. Effects of methamphetamine dependence and HIV infection on cerebral morphology.
Am. J. Psychiatr. 2005, 162, 1461–1472. [CrossRef] [PubMed]

47. Wang, G.J.; Chang, L.; Volkow, N.D.; Telang, F.; Logan, J.; Ernst, T.; Fowler, J.S. Decreased brain dopaminergic
transporters in HIV-associated dementia patients. Brain 2004, 127, 2452–2458. [CrossRef]

48. Carey, A.N.; Sypek, E.I.; Singh, H.D.; Kaufman, M.J.; McLaughlin, J.P. Expression of HIV-Tat protein is
associated with learning and memory deficits in the mouse. Behav. Brain Res. 2012, 229, 48–56. [CrossRef]

49. Paris, J.J.; Singh, H.D.; Ganno, M.L.; Jackson, P.; McLaughlin, J.P. Anxiety-like behavior of mice produced by
conditional central expression of the HIV-1 regulatory protein, Tat. Psychopharmacology 2014, 231, 2349–2360.
[CrossRef]

50. Morisset, S.; Pilon, C.; Tardivel-Lacombe, J.; Weinstein, D.; Rostene, W.; Betancur, C.; Sokoloff, P.; Schwartz, J.C.;
Arrang, J.M. Acute and chronic effects of methamphetamine on tele-methylhistamine levels in mouse brain:
Selective involvement of the D(2) and not D(3) receptor. J. Pharmacol. Exp. Ther. 2002, 300, 621–628.
[CrossRef]

51. Jing, L.; Zhang, M.; Li, J.X.; Huang, P.; Liu, Q.; Li, Y.L.; Liang, H.; Liang, J.H. Comparison of single versus
repeated methamphetamine injection induced behavioral sensitization in mice. Neurosci. Lett. 2014, 560,
103–106. [CrossRef] [PubMed]

52. Cheadle, C.; Cho-Chung, Y.S.; Becker, K.G.; Vawter, M.P. Application of z-score transformation to Affymetrix
data. Appl. Bioinform. 2003, 2, 209–217.

53. Cheadle, C.; Vawter, M.P.; Freed, W.J.; Becker, K.G. Analysis of microarray data using Z score transformation.
J. Mol. Diagn. 2003, 5, 73–81. [CrossRef]

54. Mostafavi, S.; Ray, D.; Warde-Farley, D.; Grouios, C.; Morris, Q. GeneMANIA: A real-time multiple association
network integration algorithm for predicting gene function. Genome Biol. 2008, 9, S4. [CrossRef]

55. Shannon, P.; Markiel, A.; Ozier, O.; Baliga, N.S.; Wang, J.T.; Ramage, D.; Amin, N.; Schwikowski, B.; Ideker, T.
Cytoscape: A software environment for integrated models of biomolecular interaction networks. Genome
Res. 2003, 13, 2498–2504. [CrossRef]

56. Stark, C.; Breitkreutz, B.J.; Reguly, T.; Boucher, L.; Breitkreutz, A.; Tyers, M. BioGRID: A general repository
for interaction datasets. Nucleic Acids Res. 2006, 34, D535–D539. [CrossRef]

57. Maere, S.; Heymans, K.; Kuiper, M. BiNGO: A Cytoscape plugin to assess overrepresentation of gene ontology
categories in biological networks. Bioinformatics 2005, 21, 3448–3449. [CrossRef]

58. Wingender, E.; Chen, X.; Fricke, E.; Geffers, R.; Hehl, R.; Liebich, I.; Krull, M.; Matys, V.; Michael, H.;
Ohnhauser, R.; et al. The TRANSFAC system on gene expression regulation. Nucleic Acids Res. 2001, 29,
281–283. [CrossRef]

http://dx.doi.org/10.1124/jpet.108.150144
http://dx.doi.org/10.1016/j.nbd.2017.04.015
http://dx.doi.org/10.1038/npp.2009.110
http://www.ncbi.nlm.nih.gov/pubmed/19710631
http://dx.doi.org/10.1111/adb.12023
http://www.ncbi.nlm.nih.gov/pubmed/23252824
http://dx.doi.org/10.1016/j.bbi.2017.05.004
http://www.ncbi.nlm.nih.gov/pubmed/28495611
http://dx.doi.org/10.1016/0091-3057(81)90056-3
http://dx.doi.org/10.1212/01.wnl.0000203524.57993.e2
http://www.ncbi.nlm.nih.gov/pubmed/16567703
http://dx.doi.org/10.1176/appi.ajp.162.8.1461
http://www.ncbi.nlm.nih.gov/pubmed/16055767
http://dx.doi.org/10.1093/brain/awh269
http://dx.doi.org/10.1016/j.bbr.2011.12.019
http://dx.doi.org/10.1007/s00213-013-3385-1
http://dx.doi.org/10.1124/jpet.300.2.621
http://dx.doi.org/10.1016/j.neulet.2013.12.024
http://www.ncbi.nlm.nih.gov/pubmed/24361545
http://dx.doi.org/10.1016/S1525-1578(10)60455-2
http://dx.doi.org/10.1186/gb-2008-9-s1-s4
http://dx.doi.org/10.1101/gr.1239303
http://dx.doi.org/10.1093/nar/gkj109
http://dx.doi.org/10.1093/bioinformatics/bti551
http://dx.doi.org/10.1093/nar/29.1.281


Viruses 2020, 12, 426 27 of 29

59. Ponomarenko, M.P.; Ponomarenko Iu, V.; Kel, A.E.; Kolchanov, N.A.; Karas, H.; Wingender, E.; Sklenar, H.
Computer analysis of conformational features of the eukaryotic TATA-box DNA promotors. Mol. Biol. 1997,
31, 733–740.

60. Janky, R.; Verfaillie, A.; Imrichova, H.; Van de Sande, B.; Standaert, L.; Christiaens, V.; Hulselmans, G.;
Herten, K.; Naval Sanchez, M.; Potier, D.; et al. iRegulon: From a gene list to a gene regulatory network
using large motif and track collections. PLoS Comput. Biol. 2014, 10, e1003731. [CrossRef]

61. Blaveri, E.; Kalsi, G.; Lawrence, J.; Quested, D.; Moorey, H.; Lamb, G.; Kohen, D.; Shiwach, R.;
Chowdhury, U.; Curtis, D.; et al. Genetic association studies of schizophrenia using the 8p21-22 genes:
Prepronociceptin (PNOC), neuronal nicotinic cholinergic receptor alpha polypeptide 2 (CHRNA2) and
arylamine N-acetyltransferase 1 (NAT1). Eur. J. Hum. Genet. 2001, 9, 469–472. [CrossRef] [PubMed]

62. Conti, V.; Aracri, P.; Chiti, L.; Brusco, S.; Mari, F.; Marini, C.; Albanese, M.; Marchi, A.; Liguori, C.; Placidi, F.;
et al. Nocturnal frontal lobe epilepsy with paroxysmal arousals due to CHRNA2 loss of function. Neurology
2015, 84, 1520–1528. [CrossRef] [PubMed]

63. Trivisano, M.; Terracciano, A.; Milano, T.; Cappelletti, S.; Pietrafusa, N.; Bertini, E.S.; Vigevano, F.; Specchio, N.
Mutation of CHRNA2 in a family with benign familial infantile seizures: Potential role of nicotinic
acetylcholine receptor in various phenotypes of epilepsy. Epilepsia 2015, 56, e53–e57. [CrossRef] [PubMed]

64. Wang, S.; van der Vaart, A.D.; Xu, Q.; Seneviratne, C.; Pomerleau, O.F.; Pomerleau, C.S.; Payne, T.J.; Ma, J.Z.;
Li, M.D. Significant associations of CHRNA2 and CHRNA6 with nicotine dependence in European American
and African American populations. Hum. Genet. 2014, 133, 575–586. [CrossRef]

65. Demontis, D.; Rajagopal, V.M.; Thorgeirsson, T.E.; Als, T.D.; Grove, J.; Leppala, K.; Gudbjartsson, D.F.;
Pallesen, J.; Hjorthoj, C.; Reginsson, G.W.; et al. Genome-wide association study implicates CHRNA2 in
cannabis use disorder. Nat. Neurosci. 2019, 22, 1066–1074. [CrossRef]

66. Corley, R.P.; Zeiger, J.S.; Crowley, T.; Ehringer, M.A.; Hewitt, J.K.; Hopfer, C.J.; Lessem, J.; McQueen, M.B.;
Rhee, S.H.; Smolen, A.; et al. Association of candidate genes with antisocial drug dependence in adolescents.
Drug Alcohol Depend. 2008, 96, 90–98. [CrossRef]

67. Kishi, T.; Fukuo, Y.; Okochi, T.; Kitajima, T.; Kawashima, K.; Naitoh, H.; Ujike, H.; Inada, T.; Yamada, M.;
Uchimura, N.; et al. Serotonin 6 receptor gene is associated with methamphetamine-induced psychosis in a
Japanese population. Drug Alcohol Depend. 2011, 113, 1–7. [CrossRef]

68. Fukuo, Y.; Kishi, T.; Yoshimura, R.; Kitajima, T.; Okochi, T.; Yamanouchi, Y.; Kinoshita, Y.; Kawashima, K.;
Naitoh, H.; Umene-Nakano, W.; et al. Serotonin 6 receptor gene and mood disorders: Case-control study
and meta-analysis. Neurosci. Res. 2010, 67, 250–255. [CrossRef]

69. Tanaka, T.; Ago, Y.; Umehara, C.; Imoto, E.; Hasebe, S.; Hashimoto, H.; Takuma, K.; Matsuda, T.
Role of Prefrontal Serotonergic and Dopaminergic Systems in Encounter-Induced Hyperactivity in
Methamphetamine-Sensitized Mice. Int. J. Neuropsychopharmacol. 2017, 20, 410–421. [CrossRef]

70. Ago, Y.; Nakamura, S.; Arikawa, S.; Yata, M.; Matsuda, T. Involvement of prefrontal serotonergic neurons in
methamphetamine-induced behavioral sensitization. Nihon Shinkei Seishin Yakurigaku Zasshi 2008, 28, 85–91.

71. Hershey, J.W. Protein phosphorylation controls translation rates. J. Biol. Chem. 1989, 264, 20823–20826.
[PubMed]

72. Roux, P.P.; Topisirovic, I. Signaling Pathways Involved in the Regulation of mRNA Translation. Mol. Cell.
Biol. 2018, 38. [CrossRef] [PubMed]

73. Chaudhuri, A.D.; Yelamanchili, S.V.; Marcondes, M.C.; Fox, H.S. Up-regulation of microRNA-142 in simian
immunodeficiency virus encephalitis leads to repression of sirtuin1. FASEB J. 2013, 27, 3720–3729. [CrossRef]
[PubMed]

74. Bortell, N.; Basova, L.; Najera, J.A.; Morsey, B.; Fox, H.S.; Marcondes, M.C.G. Sirtuin 1-Chromatin-Binding
Dynamics Points to a Common Mechanism Regulating Inflammatory Targets in SIV Infection and in the
Aging Brain. J. Neuroimmune Pharmacol. 2018, 13, 163–178. [CrossRef]

75. Brown, J.M.; Quinton, M.S.; Yamamoto, B.K. Methamphetamine-induced inhibition of mitochondrial complex
II: Roles of glutamate and peroxynitrite. J. Neurochem. 2005, 95, 429–436. [CrossRef]

76. Brown, J.M.; Yamamoto, B.K. Effects of amphetamines on mitochondrial function: Role of free radicals and
oxidative stress. Pharmacol. Ther. 2003, 99, 45–53. [CrossRef]

77. Sanchez-Alavez, M.; Bortell, N.; Galmozzi, A.; Conti, B.; Marcondes, M.C. Reactive oxygen species scavenger
N-acetyl cysteine reduces methamphetamine-induced hyperthermia without affecting motor activity in mice.
Temperature 2014, 1, 227–241. [CrossRef]

http://dx.doi.org/10.1371/journal.pcbi.1003731
http://dx.doi.org/10.1038/sj.ejhg.5200646
http://www.ncbi.nlm.nih.gov/pubmed/11436130
http://dx.doi.org/10.1212/WNL.0000000000001471
http://www.ncbi.nlm.nih.gov/pubmed/25770198
http://dx.doi.org/10.1111/epi.12967
http://www.ncbi.nlm.nih.gov/pubmed/25847220
http://dx.doi.org/10.1007/s00439-013-1398-9
http://dx.doi.org/10.1038/s41593-019-0416-1
http://dx.doi.org/10.1016/j.drugalcdep.2008.02.004
http://dx.doi.org/10.1016/j.drugalcdep.2010.06.021
http://dx.doi.org/10.1016/j.neures.2010.04.003
http://dx.doi.org/10.1093/ijnp/pyw115
http://www.ncbi.nlm.nih.gov/pubmed/2687263
http://dx.doi.org/10.1128/MCB.00070-18
http://www.ncbi.nlm.nih.gov/pubmed/29610153
http://dx.doi.org/10.1096/fj.13-232678
http://www.ncbi.nlm.nih.gov/pubmed/23752207
http://dx.doi.org/10.1007/s11481-017-9772-3
http://dx.doi.org/10.1111/j.1471-4159.2005.03379.x
http://dx.doi.org/10.1016/S0163-7258(03)00052-4
http://dx.doi.org/10.4161/23328940.2014.984556


Viruses 2020, 12, 426 28 of 29

78. Sanchez-Alavez, M.; Conti, B.; Wood, M.R.; Bortell, N.; Bustamante, E.; Saez, E.; Fox, H.S.; Marcondes, M.C.
ROS and Sympathetically Mediated Mitochondria Activation in Brown Adipose Tissue Contribute to
Methamphetamine-Induced Hyperthermia. Front. Endocrinol. 2013, 4, 44. [CrossRef]

79. Qie, X.; Wen, D.; Guo, H.; Xu, G.; Liu, S.; Shen, Q.; Liu, Y.; Zhang, W.; Cong, B.; Ma, C. Endoplasmic Reticulum
Stress Mediates Methamphetamine-Induced Blood-Brain Barrier Damage. Front. Pharmacol. 2017, 8, 639.
[CrossRef]

80. Shah, A.; Kumar, A. Methamphetamine-mediated endoplasmic reticulum (ER) stress induces type-1
programmed cell death in astrocytes via ATF6, IRE1alpha and PERK pathways. Oncotarget 2016, 7,
46100–46119. [CrossRef]

81. Buchanan, J.B.; Sparkman, N.L.; Johnson, R.W. Methamphetamine sensitization attenuates the febrile and
neuroinflammatory response to a subsequent peripheral immune stimulus. Brain Behav. Immun. 2010, 24,
502–511. [CrossRef] [PubMed]

82. Buchanan, J.B.; Sparkman, N.L.; Chen, J.; Johnson, R.W. Cognitive and neuroinflammatory consequences of
mild repeated stress are exacerbated in aged mice. Psychoneuroendocrinology 2008, 33, 755–765. [CrossRef]
[PubMed]

83. Buchanan, J.B.; Sparkman, N.L.; Johnson, R.W. A neurotoxic regimen of methamphetamine exacerbates the
febrile and neuroinflammatory response to a subsequent peripheral immune stimulus. J. Neuroinflamm. 2010,
7, 82. [CrossRef] [PubMed]

84. Reeder, J.E.; Kwak, Y.T.; McNamara, R.P.; Forst, C.V.; D’Orso, I. HIV Tat controls RNA Polymerase II and the
epigenetic landscape to transcriptionally reprogram target immune cells. eLife 2015, 4. [CrossRef]

85. Fuhler, G.M.; Tyl, M.R.; Olthof, S.G.; Lyndsay Drayer, A.; Blom, N.; Vellenga, E. Distinct roles of the mTOR
components Rictor and Raptor in MO7e megakaryocytic cells. Eur. J. Haematol. 2009, 83, 235–245. [CrossRef]

86. Dadalko, O.I.; Siuta, M.; Poe, A.; Erreger, K.; Matthies, H.J.; Niswender, K.; Galli, A. mTORC2/rictor signaling
disrupts dopamine-dependent behaviors via defects in striatal dopamine neurotransmission. J. Neurosci.
2015, 35, 8843–8854. [CrossRef]

87. Borjabad, A.; Volsky, D.J. Common transcriptional signatures in brain tissue from patients with HIV-associated
neurocognitive disorders, Alzheimer’s disease, and Multiple Sclerosis. J. Neuroimmune Pharmacol. 2012, 7,
914–926. [CrossRef]

88. Borjabad, A.; Morgello, S.; Chao, W.; Kim, S.Y.; Brooks, A.I.; Murray, J.; Potash, M.J.; Volsky, D.J. Significant
effects of antiretroviral therapy on global gene expression in brain tissues of patients with HIV-1-associated
neurocognitive disorders. PLoS Pathog. 2011, 7, e1002213. [CrossRef]

89. Borjabad, A.; Brooks, A.I.; Volsky, D.J. Gene expression profiles of HIV-1-infected glia and brain: Toward
better understanding of the role of astrocytes in HIV-1-associated neurocognitive disorders. J. Neuroimmune
Pharmacol. 2010, 5, 44–62. [CrossRef]

90. Desplats, P.; Dumaop, W.; Cronin, P.; Gianella, S.; Woods, S.; Letendre, S.; Smith, D.; Masliah, E.; Grant, I.
Epigenetic alterations in the brain associated with HIV-1 infection and methamphetamine dependence.
PLoS ONE 2014, 9, e102555. [CrossRef]

91. Sanna, P.P.; Repunte-Canonigo, V.; Masliah, E.; Lefebvre, C. Gene expression patterns associated with
neurological disease in human HIV infection. PLoS ONE 2017, 12, e0175316. [CrossRef] [PubMed]

92. Repunte-Canonigo, V.; Lefebvre, C.; George, O.; Kawamura, T.; Morales, M.; Koob, G.F.; Califano, A.;
Masliah, E.; Sanna, P.P. Gene expression changes consistent with neuroAIDS and impaired working memory
in HIV-1 transgenic rats. Mol. Neurodegener. 2014, 9, 26. [CrossRef] [PubMed]

93. Toborek, M.; Lee, Y.W.; Pu, H.; Malecki, A.; Flora, G.; Garrido, R.; Hennig, B.; Bauer, H.C.; Nath, A. HIV-Tat
protein induces oxidative and inflammatory pathways in brain endothelium. J. Neurochem. 2003, 84, 169–179.
[CrossRef] [PubMed]

94. Pu, H.; Tian, J.; Flora, G.; Lee, Y.W.; Nath, A.; Hennig, B.; Toborek, M. HIV-1 Tat protein upregulates
inflammatory mediators and induces monocyte invasion into the brain. Mol. Cell. Neurosci. 2003, 24, 224–237.
[CrossRef]

95. Brown, E.J.; Schreiber, S.L. A signaling pathway to translational control. Cell 1996, 86, 517–520. [CrossRef]
96. Bullido, M.J.; Martinez-Garcia, A.; Tenorio, R.; Sastre, I.; Munoz, D.G.; Frank, A.; Valdivieso, F. Double

stranded RNA activated EIF2 alpha kinase (EIF2AK2; PKR) is associated with Alzheimer’s disease. Neurobiol.
Aging 2008, 29, 1160–1166. [CrossRef]

http://dx.doi.org/10.3389/fendo.2013.00044
http://dx.doi.org/10.3389/fphar.2017.00639
http://dx.doi.org/10.18632/oncotarget.10025
http://dx.doi.org/10.1016/j.bbi.2009.12.008
http://www.ncbi.nlm.nih.gov/pubmed/20035859
http://dx.doi.org/10.1016/j.psyneuen.2008.02.013
http://www.ncbi.nlm.nih.gov/pubmed/18407425
http://dx.doi.org/10.1186/1742-2094-7-82
http://www.ncbi.nlm.nih.gov/pubmed/21092194
http://dx.doi.org/10.7554/eLife.08955
http://dx.doi.org/10.1111/j.1600-0609.2009.01263.x
http://dx.doi.org/10.1523/JNEUROSCI.0887-15.2015
http://dx.doi.org/10.1007/s11481-012-9409-5
http://dx.doi.org/10.1371/journal.ppat.1002213
http://dx.doi.org/10.1007/s11481-009-9167-1
http://dx.doi.org/10.1371/journal.pone.0102555
http://dx.doi.org/10.1371/journal.pone.0175316
http://www.ncbi.nlm.nih.gov/pubmed/28445538
http://dx.doi.org/10.1186/1750-1326-9-26
http://www.ncbi.nlm.nih.gov/pubmed/24980976
http://dx.doi.org/10.1046/j.1471-4159.2003.01543.x
http://www.ncbi.nlm.nih.gov/pubmed/12485413
http://dx.doi.org/10.1016/S1044-7431(03)00171-4
http://dx.doi.org/10.1016/S0092-8674(00)80125-7
http://dx.doi.org/10.1016/j.neurobiolaging.2007.02.023


Viruses 2020, 12, 426 29 of 29

97. Scali, O.; Di Perri, C.; Federico, A. The spectrum of mutations for the diagnosis of vanishing white matter
disease. Neurol. Sci. 2006, 27, 271–277. [CrossRef]

98. Amorim, I.S.; Lach, G.; Gkogkas, C.G. The Role of the Eukaryotic Translation Initiation Factor 4E (eIF4E) in
Neuropsychiatric Disorders. Front. Genet. 2018, 9, 561. [CrossRef]

99. Lazzeri, G.; Biagioni, F.; Fulceri, F.; Busceti, C.L.; Scavuzzo, M.C.; Ippolito, C.; Salvetti, A.; Lenzi, P.; Fornai, F.
mTOR Modulates Methamphetamine-Induced Toxicity through Cell Clearing Systems. Oxid. Med. Cell.
Longev. 2018, 2018, 6124745. [CrossRef]

100. Li, J.; Wang, W.; Tong, P.; Leung, C.K.; Yang, G.; Li, Z.; Li, N.; Sun, X.; Han, Y.; Lu, C.; et al. Autophagy
Induction by HIV-Tat and Methamphetamine in Primary Midbrain Neuronal Cells of Tree Shrews via the
mTOR Signaling and ATG5/ATG7 Pathway. Front. Neurosci. 2018, 12, 921. [CrossRef]

101. Zeng, X.F.; Li, Q.; Li, J.; Wong, N.; Li, Z.; Huang, J.; Yang, G.; Sham, P.C.; Li, S.B.; Lu, G. HIV-1 Tat and
methamphetamine co-induced oxidative cellular injury is mitigated by N-acetylcysteine amide (NACA)
through rectifying mTOR signaling. Toxicol. Lett. 2018, 299, 159–171. [CrossRef] [PubMed]

102. Huang, S.H.; Wu, W.R.; Lee, L.M.; Huang, P.R.; Chen, J.C. mTOR signaling in the nucleus accumbens
mediates behavioral sensitization to methamphetamine. Prog. Neuropsychopharmacol. Biol. Psychiatr. 2018,
86, 331–339. [CrossRef] [PubMed]

103. Nacarelli, T.; Azar, A.; Sell, C. Aberrant mTOR activation in senescence and aging: A mitochondrial stress
response? Exp. Gerontol. 2015, 68, 66–70. [CrossRef] [PubMed]

104. Heberle, A.M.; Prentzell, M.T.; van Eunen, K.; Bakker, B.M.; Grellscheid, S.N.; Thedieck, K. Molecular
mechanisms of mTOR regulation by stress. Mol. Cell. Oncol. 2015, 2, e970489. [CrossRef] [PubMed]

105. Lu, Y.C.; Touzjian, N.; Stenzel, M.; Dorfman, T.; Sodroski, J.G.; Haseltine, W.A. Identification of cis-acting
repressive sequences within the negative regulatory element of human immunodeficiency virus type 1.
J. Virol. 1990, 64, 5226–5229. [CrossRef]

106. Hategan, A.; Masliah, E.; Nath, A. HIV and Alzheimer’s disease: Complex interactions of HIV-Tat with
amyloid beta peptide and Tau protein. J. Neurovirol. 2019, 25, 648–660. [CrossRef] [PubMed]

107. Hategan, A.; Bianchet, M.A.; Steiner, J.; Karnaukhova, E.; Masliah, E.; Fields, A.; Lee, M.H.; Dickens, A.M.;
Haughey, N.; Dimitriadis, E.K.; et al. HIV Tat protein and amyloid-beta peptide form multifibrillar structures
that cause neurotoxicity. Nat. Struct. Mol. Biol. 2017, 24, 379–386. [CrossRef]

108. Chen, L.; Choi, J.J.; Choi, Y.J.; Hennig, B.; Toborek, M. HIV-1 Tat-induced cerebrovascular toxicity is enhanced
in mice with amyloid deposits. Neurobiol. Aging 2012, 33, 1579–1590. [CrossRef]

109. Kesby, J.P.; Chang, A.; Najera, J.A.; Marcondes, M.C.G.; Semenova, S. Brain Reward Function after Chronic
and Binge Methamphetamine Regimens in Mice Expressing the HIV-1 TAT Protein. Curr. HIV Res. 2019, 17,
126–133. [CrossRef]

110. Mediouni, S.; Marcondes, M.C.; Miller, C.; McLaughlin, J.P.; Valente, S.T. The cross-talk of HIV-1 Tat and
methamphetamine in HIV-associated neurocognitive disorders. Front. Microbiol. 2015, 6, 1164. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1007/s10072-006-0683-y
http://dx.doi.org/10.3389/fgene.2018.00561
http://dx.doi.org/10.1155/2018/6124745
http://dx.doi.org/10.3389/fnins.2018.00921
http://dx.doi.org/10.1016/j.toxlet.2018.09.009
http://www.ncbi.nlm.nih.gov/pubmed/30261225
http://dx.doi.org/10.1016/j.pnpbp.2018.03.017
http://www.ncbi.nlm.nih.gov/pubmed/29574227
http://dx.doi.org/10.1016/j.exger.2014.11.004
http://www.ncbi.nlm.nih.gov/pubmed/25449851
http://dx.doi.org/10.4161/23723548.2014.970489
http://www.ncbi.nlm.nih.gov/pubmed/27308421
http://dx.doi.org/10.1128/JVI.64.10.5226-5229.1990
http://dx.doi.org/10.1007/s13365-019-00736-z
http://www.ncbi.nlm.nih.gov/pubmed/31016584
http://dx.doi.org/10.1038/nsmb.3379
http://dx.doi.org/10.1016/j.neurobiolaging.2011.06.004
http://dx.doi.org/10.2174/1570162X17666190703165408
http://dx.doi.org/10.3389/fmicb.2015.01164
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Animals 
	Doxycycline Regimen 
	Methamphetamine-Induced Sensitization 
	Brain Harvest 
	Gene Expression Array 
	Systems Approach 
	RT-PCR 
	Statistical Analyses 

	Results 
	General Findings 
	The Effects of Meth-Induced Sensitization: The Comparison between Tat-/Meth vs. Tat-/Sal Animals 
	The Effects of Tat Expression: The Comparison Between Tat+/Sal vs. Tat-/Sal 
	The Effects of Tat Expression in the Context of Meth-Induced Sensitization: The Comparison Between Tat-/Meth and Tat+/Meth 
	The Effects of Meth-Induced Sensitization in the Context of Tat Expression: The Comparison Between Tat+/Meth versus Tat+/Sal 
	Prediction of Transcriptional Signatures 
	An Unfastened Analytical Strategy Identifies Overlapping Pathways Significantly Affected by Meth, and by Tat+/Meth, in Anti-Directional Ways 
	Validation of Genes of Interest 

	Discussion 
	References

