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Clinical research has proven that HIV-positive (HIV") indi-
viduals with cocaine abuse show behavioral and neurocogni-
tive disorders. Noncoding RNAs (ncRNAs), such as long
ncRNAs (IncRNAs) and microRNAs (miRNAs), are known
to regulate gene expression in the contexts of HIV infection
and drug abuse. However, there are no specific IncRNA or
miRNA biomarkers associated with HIV-1 Transactivator of
transcription protein (Tat) and cocaine coexposure. In
the central nervous system (CNS), astrocytes are the primary
regulators of energy metabolism, and impairment of the
astrocytic energy supply can trigger neurodegeneration. The
aim of this study was to uncover the roles of IncRNAs and
miRNAs in the regulation of messenger RNA (mRNA) targets
affected by HIV infection and cocaine abuse. Integrative
bioinformatics analysis revealed altered expression of 10
IncRNAs, 10 miRNAs, and 4 mRNA/gene targets in human
primary astrocytes treated with cocaine and HIV-1 Tat.
We assessed the alterations in the expression of two
miRNAs, hsa-miR-2355 and hsa-miR-4726-5p; four IncRNAs,
LINC01133, H19, HHIP-AS1, and NOP14-AS1; and four
genes, NDUFA9, KYNU, HKDCI1, and LIPG. The results re-
vealed interactions in the LINCO01133-hsa-miR-4726-5p-
NDUFA9 axis that may eventually help us understand
cocaine- and HIV-1 Tat-induced astrocyte dysfunction that
may ultimately result in neurodegeneration.

INTRODUCTION

HIV-associated neurocognitive disorders (HANDs) include cogni-
tive, behavioral, and mood disorders in HIV-infected patients, and
30%-50% of HIV-positive individuals manifest these symptoms."
Although antiretroviral therapy (ART) has become more advanced
and is currently available, there is no definitive cure to manage
symptoms such as memory loss, impaired judgment, psychosis,
and poor coordination of motor movements in HIV-positive indi-
viduals.” Cocaine is one of the most common psychostimulant
drugs of abuse among HIV patients and has been shown to

contribute to the progression of the infection to AIDS.* Moreover,
cocaine is known to accelerate neuroinflammation and HAND
symptoms.”® ART is a necessary treatment to suppress viral load
and maintain CD4 levels in the blood. Antidepressants and antipsy-
chotic drugs can help relieve some HAND symptoms, but there is
no prompt treatment or cure for HAND progression.”” Astrocytes
are the primary energy reservoirs in the brain and maintain cellular
functions, including energy fuel transfer and oxidative meta-
bolism.”® Previous studies have shown that HIV infection and the
HIV-Transactivator of transcription protein (Tat) and gpl20 pro-
teins can impact astrocyte networks and may be involved in
HANDs.”® In addition, there is a strong correlation between astro-
cyte cell death mechanisms and neurological disease progression in
HANDs,” which can impair several cellular functions, including by
causing epigenetic changes in the expression of messenger RNAs
(mRNAs) and microRNAs (miRNAs).” Previous research reports
have shown that Transactivator of transcription protein (Tat) signif-
icantly alters protein-coding and noncoding regions of DNA in the
contexts of HIV infection and cocaine exposure.'””"” Interestingly,
both miRNAs, which are small (18- to 25-nt) single-stranded
RNAs, and long noncoding RNAs (IncRNAs), which have more
than 200 nt, are noncoding RNAs (ncRNAs) that can exert regula-
tory functions at different levels of gene expression, including at the
chromatin-modification and posttranscriptional levels.' miRNAs
and IncRNAs interact with mRNAs, proteins, and DNA by acting
as signals, decoys, scaffolds, and guides in various diseases.'°"'’ Pre-
vious research has shown that IncRNAs and miRNAs regulate gene
expression in HIV infection and drug abuse.''>*° However, no
specific IncRNA and miRNA biomarkers are associated with
caused by HIV-1 Tat and cocaine

neuronal impairments
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Figure 1. Summary of IncRNAs in TC-exposed human primary astrocytes compared with control astrocytes

(A) INcRNA subclass distribution given in percentages. (B) Chromosome location. (C) Size ranges and abundance. (D) Heatmap showing the top upregulated IncRNAs
(colored red) and downregulated IncRNAs (colored green). (E) Volcano plot presenting the differential expression of INCRNAs. The x axis corresponds to FCs of —2
(downregulation) and +2 (upregulation). The y axis represents the —log+ p value. The red and green points in the plot represent the significant DE IncRNAs. The table shows
the top upregulated and downregulated INcRNAs with the log,FC values. (F and G) Stripcharts showing the significantly expressed INcRNAs with their individual expression
values in each sample. The expression of LINCO1674 was upregulated and that of LINC00242 was downregulated in the TC group compared with the control group

(p < 0.05).

coexposure. Moreover, studies have shown that mRNAs/genes can
be regulated through mechanisms independent of IncRNA-miRNA
interactions.”’ Therefore, abnormal expression of IncRNAs and
miRNAs may dysregulate downstream target gene signaling, leading

to alterations in cellular, biological, and molecular processes.22

Therefore, we analyzed the effects of HIV-1 Tat and cocaine expo-
sure on miRNA and IncRNA expression profiles in human primary
astrocytes by utilizing small-RNA and whole-RNA sequencing
(RNA-seq) analyses. Bioinformatics analysis revealed that HIV-1
Tat and cocaine coexposure significantly altered IncRNAs and miR-
NAs. We identified a specific list of significantly altered miRNAs
and IncRNAs through systematic integrative bioinformatics and
cellular/molecular experimental analyses. The gene/mRNA targets
of the key identified miRNAs and IncRNAs were deciphered based
on databases such as LncExpDB, miRWalk2.0, and miRNet. The
target gene list showed the featured seven genes that were involved
in brain energy metabolism and neurodegeneration pathways. Out
of the seven genes, we selected four for both in vitro and in vivo
studies to decipher the effect of coexposure to HIV-1 Tat
and cocaine: NADH:ubiquinone oxidoreductase subunit A9
(NDUFA9); lipase G, endothelial type (LIPG); kynureninase
(KYNU); and hexokinase domain-containing 1 (HKDC1). The sys-
temic analysis results ultimately identified two significantly altered
miRNAs, hsa-miR-2355 and hsa-miR-4726-5p; four IncRNAs,
LINCO01133, H19, HHIP-AS1, and NOP14-AS1; and two genes,
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NDUFA9 and LIPG. Interestingly, IncRNA-miRNA-mRNA axis
regulation was confirmed by knocking down the expression of
LINCO01133 in astrocytes. The small interfering RNA (siRNA)-
mediated knockdown of LINC01133 resulted in downregulation of
NDUFA9 and upregulation of hsa-miR-4726-5p. This integrated
analysis reveals the alterations in IncRNA-miRNA-mRNA expres-
sion in cocaine- and HIV-1 Tat-treated human primary astrocytes.
The results regarding the interactions in the LINCO01133-hsa-miR-
4726-5p-NDUFA9 axis may aid in understanding of cocaine- and
HIV-1 Tat-induced astrocyte dysfunction and associated
neurodegeneration.

RESULTS

Analysis of IncRNAs expression in HIV-1 Tat- and cocaine-
exposed human primary astrocytes

The whole-RNA-seq analysis results revealed that HIV-1 Tat,
cocaine, and coexposure of HIV-1 Tat with cocaine significantly
altered expression of IncRNAs. Research studies have shown that
IncRNAs mainly interact and exert their action on nearby protein-
coding gene targets.””> We classified IncRNAs on the basis of their
genomic locations. Based on this classification, significantly differen-
tially expressed (DE) IncRNAs in the coexposure of HIV-1 Tat with
cocaine group were found to be 53.08% intergenic, 40% antisense,
and 5.83% (321) sense (Figure 1A) in the genome. IncRNAs were
distributed in all chromosomes, and the highest number of IncRNAs
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Figure 2. Identification of significant IncRNAs, miRNAs, and IncRNA-/miRNA-targeted mRNAs

(A) Venn diagram showing the upregulated DE IncRNAs in the different group comparisons. Three INcCRNAs—LINC01133, LINCO1016, and LINC02352—were shared
among all three comparisons (control versus HIV-1 Tat, control versus cocaine, and control versus TC). (B) Venn diagram showing the downregulated DE miRNAs among
the different group comparisons. Eleven miRNAs—miR6799, miR6756, miR4734, miR4483, miR551A, miR6743, miR2355, miR4726, miR4786, miR597, and miR5580—
were shared among all three comparisons. (C) The miRNA-specific gene targets were determined with the help of the miRWalk 2.0 web server, and the INcRNA-targeted
mRNAs were identified using LncExpDB. The Venn diagram shows the 198 commonly identified gene targets among the miRNA-mRNA and IncRNA-mRNA comparison

groups.

belonged to chromosome 1 (Figure 1B). These IncRNAs ranged from
100 to 709,352 nt in size (Figure 1C).

Identification of DE IncRNAs

To decode the effects of cocaine and HIV-1 Tat exposure on
IncRNAs in human primary astrocytes, we investigated the DE
IncRNAs between the control and HIV-1 Tat- and cocaine-exposed
samples. Our study’s primary goal was to determine whether
cocaine and HIV-1 Tat exposure dysregulate IncRNA expression,
which may affect gene expression posttranscriptionally. To explore
the IncRNA-level changes, we used thresholds of a fold change (FC)
> 1.5and p < 0.05. First, we explored IncRNA expression in HIV-1
Tat-exposed samples compared with control samples. The read
counts from control and HIV-1 Tat-exposed samples were trans-
formed to log,(counts per million [CPMs]) values. The normaliza-
tion of the data was performed using a mean-variance relationship
model with precision weights in the voom method. A total of 54
IncRNAs were significantly altered, and out of the 48, 6 IncRNAs
were downregulated, while 42 IncRNAs were upregulated (Data
S1). The heatmap shows the most significantly upregulated and
downregulated IncRNAs (Figure S1A). Figure S1B shows a volcano
plot showing the upregulated and downregulated IncRNAs with
log,FC values and significant p values. Moreover, the IncRNA
expression values in control and HIV-1 Tat-exposed samples were
compared by plotting the normalized log,FC expression levels for
LINCO01133 and LINC00222 (Figures S1C and S1D). Next, we eval-
uated the DE analysis between control and cocaine-exposed human
primary astrocytes. Cocaine exposure to astrocytes significantly
altered 37 IncRNAs compared with control. Of the 37 IncRNAs,
26 IncRNAs and 11 IncRNAs were significantly upregulated and
downregulated, respectively. Figure S2A shows the upregulated
and downregulated IncRNA expression in the form of a heatmap.
The volcano plots in Figure S2B depict the most significant upregu-

lated and downregulated IncRNAs. Moreover, the IncRNA expres-
sion values in the control and cocaine-exposed samples were
compared by plotting the normalized log,FC expression values for
LINCO1133 and LINCO01933 (Figures S2C and S2D; Data S2).
Furthermore, we evaluated the effect of combined exposure to
HIV-1 Tat and cocaine (TC) on IncRNA expression in human pri-
mary astrocytes. The coexposure significantly changed IncRNA
expression levels and mainly affected LINC01133, LINC00323,
and LINCO01166, as shown by the heatmap in Figure 1D. These re-
sults revealed that 50 IncRNAs were significantly altered because
of TC exposure. Of these IncRNAs, 33 IncRNAs were upregulated,
while 17 IncRNAs were downregulated. The normalized log,FC
values of the IncRNAs between control and TC-treated astrocytes
showed significant differences between the groups, as shown in
the volcano plot in Figure 1E. Moreover, the IncRNA expression
values in control and TC-exposed samples were compared by plot-
ting the normalized log,FC values for LINC01574 and LINC00242
(Figures 1F and 1G) (Data S3). In summary, the IncRNA-seq data
indicated that TC exposure significantly altered IncRNA expression
and induced dysregulation of IncRNAs in human primary
astrocytes.

Next, we selected only significantly upregulated IncRNAs from the
control versus HIV-1 Tat, control versus cocaine, and control versus
TC comparisons. Then, we compared all the IncRNAs from the
different group analyses and observed three common IncRNAs,
LINCO01133, LINC01016, and LINC02352 (Data S4), as shown in Fig-
ure 2A. A detailed list of the comparisons of all IncRNAs is given in
Figure S3.

Analysis of IncRNA- and miRNA-targeted genes

IncRNAs and miRNAs are ncRNAs that regulate mRNA expression.
IncRNAs change the expression of protein-coding genes at the
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Figure 3. Functional analysis of miRNA- and IncRNA-targeted genes
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B  hsa:4704 NDUFA9; NADH:ubiquinone oxidoreductase

subunit A9
hsa:80201 HKDC1; hexokinase domain containing 1
hsa:8942 KYNU; kynureninase
hsa:9388 LIPG; lipase G, endothelial type

C  HIV-1 Tat+ Cocaine

Human Primary Astrocytes

IncRNA/mRNA
sequencing

IncRNA-mRNA targets
(LncExpDB database)

MRNA/ gene targets (198)

Small RNA
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Common gene targets- NDUFAS9, LIPG, KYNU, HKDC1

(A) The involvement of the miRNA- and IncRNA-targeted genes in various pathways was investigated using KEGG pathway analysis. A list of the most enriched KEGG
pathways in which the genes are involved is shown. (B) Genes associated with various components, metabolic pathways, and neurodegeneration pathways. The four
common genes, NDUFA9, LIPG, KYNU, and HKDCH1, are shown. (C) Gene target identification workflow. Schematic of the workflow used to analyze the miRNA-specific
gene targets with the help of the miRWalk 2.0 web server. The IncRNA-targeted mRNAs were identified using LncExpDB.

posttranscriptional level by either serving as miRNA precursors or by
regulating mRNAs via competition or interaction with miRNAs for
target genes.”' In order to investigate the target genes of IncRNAs,
we assessed the common gene targets of 17 IncRNAs from the compar-
isons by utilizing the LncExpDB database. The 17 IncRNAs were
LINCO01133, LINCO01016, LINCO02352, NOP14-AS1, LINCO01164,
CACNAI1C-AS2, LINC01166, LINC00552, LINC00571, LINC02585,
LINC02359, LINC02070, LINC00367, LINC02432, LY86-AS1,
LINC00923, and GATA6-AS], as shown in Data S5. The LncExpDB
database analysis revealed that these 17 IncRNAs targeted 204
mRNAs/genes. To identify the miRNA-targeted genes, we identified
significantly downregulated miRNAs from the small-RNA-seq data
(Data S6). We analyzed the small-RNA-seq data for all comparison
groups such as control versus HIV-1 Tat, control versus cocaine, and
control versus TC. We used the normalized miRNA expression value
in each sample of the control and TC-exposed groups to create DE pro-
files across all the comparisons. A miRNA was considered DE when it
had >10 reads in each sample, FC < —1.5, and p < 0.05. First, we
explored miRNA expression in HIV-1 Tat-exposed samples compared
with control samples. Our data analysis revealed that 11 common miR-
NAs were significantly downregulated across all comparisons (Data
S7), as shown in Figure 2B. These 11 miRNAs included miR6799,
miR6756, miR4734, miR4483, miR551A, miR6743, miR2355,
miR4726, miR4786, miR597, and miR5580. A detailed list of the
miRNA comparisons is given in Figure S4. We also evaluated
miRNA-gene targets by utilizing the miRWalk 2.0 web server, which
relies on databases such as TargetScan, miRDB, and miRTarBase.
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We investigated the gene/mRNA targets of the 11 common downregu-
lated miRNAs based on their binding capabilities in the 3’ untranslated
region (UTR), 5’ UTR, and coding sequence (CDS). In total, 286 signif-
icant miRNA-targeted mRNAs/genes were arranged on the basis of
their expression in all comparisons groups, such as control versus
HIV-1 Tat, control versus cocaine, and control versus TC (Data S8).
We mainly arranged genes from upregulation to downregulation and
then selected only significantly upregulated genes for further analysis.

Furthermore, we compared the miRNA-targeted and IncRNA-tar-
geted mRNA/gene lists and observed 198 common gene/mRNA tar-
gets, as shown in Figure 2C. A detailed list of the miRNA- and
IncRNA-targeted genes is given in Figure S5.

Biological function and pathway analyses of the target genes of
the common downregulated miRNAs and upregulated IncRNAs
with the Kyoto Encyclopedia of Genes and Genomes (KEGG) and
Gene Ontology (GO) databases

The 198 significant target mRNAs/genes of miRNAs and IncRNAs
from the systematic bioinformatics analysis were identified based
on their binding probability, number of pairings, and binding site
positions within the seed regions. The GO annotation terms
(from the GO Consortium) and the biological pathways (based on
the curated KEGG pathways database) of the 198 target mRNAs/
genes were explored, as shown in Figure 3A. The results revealed
that the genes were significantly associated with KEGG pathway
terms, such as metabolic pathways, amyotrophic lateral sclerosis,
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Huntington’s disease, Parkinson’s disease, Alzheimer’s disease (AD),
and pathway of neurodegeneration (Figure 3A). We also investi-
gated the gene targets associated with various metabolic pathways
(25 genes) and neurodegeneration pathways of multiple diseases
(7 genes) (Data S9). Furthermore, we performed a Venn diagram
analysis and observed four common genes representing both the
metabolic pathways and the neurodegeneration pathways (Fig-
ure 3B): NDUFA9, LIPG, KYNU, and HKDCI. The schematic in
Figure 3C explains the systematic approach for identification of
these four gene targets. The KEGG pathway analysis of TC exposure
gene targets indicate that gene targets mainly involve dysregulation
of energy metabolism. This confirms our earlier findings that HIV-1
Tat and cocaine may impact astrocyte energy deficits and induce
neurodegeneration.'”

HIV-1 Tat and cocaine impact IncRNA and miRNA target protein
levels in human primary astrocytes and an HIV-1 Tat-inducible
transgenic (iTat) mouse model

The integrative miRNA-mRNA and IncRNA-mRNAs target predic-
tion analysis revealed that 198 genes were potential targets of
IncRNAs and miRNAs. We analyzed the involvement of these 198
genes in various KEGG pathways and found that 25 genes were signif-
icantly involved in metabolic pathways, while 7 genes were involved
in neurodegenerative disease pathways, as shown in Figure 3B. We
more closely investigated four genes (NDUFA9, LIPG, KYNU, and
HKDC1) that were common to both metabolic and neurodegenera-
tive disease pathways. We investigated the effects of HIV-1 Tat and
cocaine on the proteins and observed slight upregulation of KYNU
protein levels in the HIV-1 Tat, cocaine, and TC groups compared
with the control group (Figure 4A). In addition, cocaine (F(3, 6) =
32.90, p = 0.0005), HIV-1 Tat (F(3, 6) = 32.90, p = 0.0007), and TC
(F(3, 6) = 32.90, p = 0.0030) significantly upregulated HKDC1 protein
levels (Figures 4E and 4F). Compared with the control, TC treatment
also significantly upregulated NDUFA9 (F(3, 6) = 8.268, p = 0.0199)
(Figures 4C and 4D) and LIPG (F(3, 6) = 9.562, p = 0.0179) protein
levels (Figures 4G and 4H). We also investigated the effects of
HIV-1 Tat and cocaine exposure on the mRNA expression of
NDUFA9 and LIPG. Cocaine (F(3, 6) = 107.8, p < 0.0001), HIV-1
Tat (F(3, 6) = 107.8, p = 0.0006), and TC (F(3, 6) = 107.8, p =
0.0013) significantly upregulated NDUFA9 mRNA levels (Figure 4I),
while cocaine (F(3, 6) = 18.4, p = 0.0017), HIV-1 Tat (F(3, 6) = 184,
p =0.0057), and TC (F(3, 6) = 18.4, p = 0.0203) significantly upregu-
lated LIPG mRNA levels (Figure 4]).

We validated the effects of cocaine treatment in an HIV-1 iTat
mouse model. We isolated brain tissues from HIV-iTat mice with
and without 14 days of exposure to cocaine. We resolved the total
protein extracts by sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) and analyzed NDUFA9, LIPG, KYNU,
and HKDCI levels by western blotting. KYNU protein expression
was significantly upregulated in the brain tissues of mice treated
with HIV-1 Tat (F(3, 6) = 11.99, p = 0.0071), cocaine (F(3, 6) =
11.99, p = 0.0167), and TC (F(3, 6) = 11.99, p = 0.0128) compared
with those of saline-treated mice (controls) (Figures 5A and 5B). We

also observed similar effects of HIV-1 Tat (F(3, 6) = 12.37, p =
0.0092) and cocaine (F(3, 6) = 12.37, p = 0.0086) on NDUFA9
(Figures 5C and 5D). HIV-1 Tat (E(3, 6) = 19.62, p = 0.0025),
cocaine (F(3, 6) = 19.62, p = 0.0025), and TC (F(3, 6) = 19.62,
p = 0.0063) significantly increased HKDC1 protein levels
(Figures 5E and 5F). LIPG protein levels in HIV-1 iTat mice were
significantly increased by cocaine (F(3, 6) = 7.535, p = 0.0415)
and TC (F(3, 6) = 7.535, p = 0.0183) exposure (Figures 5G and 5H).

Identification of miRNA-IncRNA interactions

To identify miRNA-IncRNA interactions, we utilized the 33 signifi-
cantly downregulated miRNAs from all comparison groups, such as
control versus HIV-1 Tat, control versus cocaine, and control versus
TC described previously (Data S6). We utilized the miRNet database,
which consists of Cross-linking immunoprecipitation (CLIP) experi-
ment-validated miRNA-targeted IncRNAs, to identify miRNA-IncRNA
interactions. We observed 1,047 IncRNA-miRNA interactions (Data
S10). A total of 18 of 33 miRNAs targeted IncRNAs. The resulting list
of IncRNAs was parsed based on the significantly upregulated IncRNAs
(FC > 1.5and p < 0.05) observed in our RNA-seq data analysis. These
significantly upregulated IncRNAs were then compared with the com-
mon IncRNAs we obtained from the analysis in Figure S3, as shown in
Data S11. Furthermore, we investigated the association of IncRNAs with
diseases by utilizing the LncBook disease database (Data S12). We
compared the IncRNAs associated with neurodegenerative diseases
with the IncRNAs in the curated list and obtained a list of 35 IncRNAs
(Data S13). We assessed the target miRNAs of these 35 IncRNAs with
the LncBase database, as shown in Figure S6. Of the 35 IncRNAs,
only 17 showed miRNA interactions. A total of 1,046 IncRNA-miRNA
interactions occurred in which 104 miRNAs were targeted by 17
IncRNAs (Data S14). However, only miR200c expression was downre-
gulated in the small-RNA-seq data. We used the DIANA tools of
LncBook to identify the most significant miRNA-IncRNA interactions
for targeting of specific IncRNAs. To perform this detailed analysis, we
utilized 11 common miRNAs from the list of significantly downregu-
lated miRNAs across all comparison groups. We screened the int-
eractions mainly between the 11 miRNAs and 35 IncRNAs based on
validated CLIP experiments with the DIANA tools and found that 10
of the miRNAs (hsa-miR-1913, hsa-miR-2355, hsa-miR-4726, hsa-
miR-873, hsa-miR-206, hsa-miR-5008, hsa-miR-6799, hsa-miR-4525,
hsa-miR-4731, and hsa-miR-6823) showed significant interactions
with 10 IncRNAs (TP53TG1, LBX2-AS1, LINC01197, LY86-AS1,
LINCO1133, LINC02432 (ENSG00000248810), HCP5, H19, HHIP-
AS1, and NOP14-AS1) (Data S15). Of these 10 miRNAs, we selected
2 miRNAs that showed many interactions with the 10 IncRNAs, hsa-
miR-2355 and hsa-miR-4726, for further investigation. These analyses
identified potential miRNA-targeted IncRNAs that may play major
roles as endogenous miRNA sponges.

Identification of potential interactions between IncRNAs and
mRNAs

In order to decipher the possible interactions between IncRNAs and
mRNAs, we utilized the LncRRIsearch web server to predict specific
mRNA targets of IncRNAs. The algorithm of LncRRIsearch assesses
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Figure 4. Effects of cocaine, HIV-1 Tat, and TC on miRNA- and IncRNA-targeted proteins in human primary astrocytes

Cells were exposed to cocaine (1 uM) and HIV-1 Tat (50 ng/mL) either alone or in combination for 24 h. The protein expression levels of NDUFA9, LIPG, KYNU, and HKDC1 in
astrocytes were determined by western blot analysis using B-actin as a loading control. The western blot shows (A) KYNU, (E) HKDCH1, (C) NDUFA9, and (G) LIPG. The densi-
tometric analysis results in (B), (D), (F), and (H) represent the protein levels (FC from control) of KYNU, HKDC1, NDUFAS, and LIPG, respectively. The data are expressed as
the mean + SEM from three independent experiments. n = 3. Moreover, (I) NDUFA9 and (J) LIPG mRNA expression levels in astrocytes were determined by quantitative real-
time PCR analysis using the housekeeping gene B-actin as a loading control. Two-way ANOVA was performed to compare the groups. The data are expressed as the mean +
SEM of the transcript accumulation index (TAl) from three independent experiments. n= 3. ***p < 0.0001, **p < 0.001, **p < 0.01. NS, nonsignificant.

two RNA transcripts (the query IncRNA and the target RNA) for an
arbitrary RNA-RNA interaction of interest. The threshold of the local
base-pairing interaction energy calculated by Rlblast was set to
—16 kcal/mol. The most stable local base-pairing interactions be-
tween the query and target RNAs are predicted by RIblast. A lower
interaction energy between two RNA transcripts indicates higher
stability of the interaction. We assessed the interactions of
the 10 IncRNAs (TP53TG1, LBX2-AS1, LINCO01197, LY86-AS1,
LINCO01133, LINC02432 (ENSG00000248810), HCP5, H19, HHIP-
AS1, and NOP14-AS1) and found that the miRNAs and IncRNAs
targeted 29 genes/mRNAs, which were also assessed for their involve-
ment in KEGG pathways (Data S16). The genes NDUFA9, LIPG,
KYNU, and HKDCI were targeted by more than seven IncRNAs.
LINCO01133, HHIP, H19, and NOPA-14 interacted with 7, 9, 24,
and 12 gene/mRNA targets, respectively. Therefore, we investigated
the expression of LINCO01133, HHIP, H19, and NOPA-14 by poly-
merase chain reaction (PCR). Interestingly, RNA-seq data analysis re-
vealed that LINC01133 was expressed significantly and upregulated
in all comparison groups, such as control versus HIV-1 Tat, control
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versus cocaine, and control versus TC. Moreover, we analyzed the in-
teractions of LINCO1133 with the gene targets NDUFA9, LIPG,
KYNU, and HKDC1 and found that the LINCO01133-NDUFAJ9,
LINCO01133-LIPG, and LINC01133-KYNU interactions had energies
of —17.21, —33.93, and —59.80 kcal/mol, respectively, as shown in
Figures 6A-6C. We identified IncRNA-miRNA interactions using
the LncBook database and miRNA-IncRNA interactions using the
miRNet database based on a systematic bioinformatics approach.
The results revealed 4 gene targets, 10 miRNAs, and 10 IncRNAs.
Further analysis with the LncRRIsearch database demonstrated that
LINCO01133 is a potential target in the IncRNA-miRNA-mRNA
axis. The schematic in Figure 6D explains the systematic approach
used to investigate this axis.

HIV-1 Tat and cocaine impact IncRNA and miRNA expression in
human primary astrocytes

We evaluated the effects of HIV-1 Tat and cocaine on the expression
of IncRNAs that were selected through a careful systematic bioinfor-
matics approach and with existing IncRNA databases, such as
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Figure 5. Effects of HIV-1 Tat, cocaine, and TC on the KYNU, HKDC1, NDUFA9, and LIPG proteins

HIV-1 iTat or saline-treated (control) mice received daily i.p. injections of saline or Dox (100 mg/kg/day) over 14 days with or without s.c. cocaine (10 mg/kg/day). Following
treatment, equal amounts of protein lysates from harvested brains were resolved, and protein expression was analyzed using western blot analysis. The results show the
levels of (A) KYNU, (E) HKDC1, (C) NDUFA9, and (G) LIPG in HIV-1 iTat (GT-tg) mouse brains and the levels of total B-actin protein. The densitometric analysis results in (B), (D),
(F), and (H) represent the protein levels (FC from control) of KYNU, HKDC1, NDUFA9, and LIPG, respectively. The data are expressed as the mean + SEM from three inde-
pendent experiments. The data represent three independent experiments. n=3, ****p < 0.0001, ***p < 0.001, *p < 0.01, *p < 0.05.

LncExpDB, LncBase, and LncRRIsearch. We investigated the signifi-
cantly upregulated IncRNAs and performed PCR analysis on four of
the IncRNAs: LINC01133, HHIP, H19, and NOPA-14. HIV-1 Tat
(F(3, 6) = 23.34, p = 0.0009) and TC (F(3, 6) = 23.34, p = 0.0044)
significantly upregulated LINC01133 expression (Figure 7A). H19
expression was significantly upregulated by exposure to HIV-1 Tat
(F(3, 6) = 33.84, p = 0.0025), cocaine (F(3, 6) = 33.84, p = 0.0108),
and TC (F(3, 6) = 33.84, p = 0.0003) (Figure 7B). Interestingly,
HIV-1 Tat (F(3, 6) = 17.14, p = 0.0030), cocaine (F(3, 6) = 17.14,
p =0.0072), and TC (F(3, 6) = 17.14, p = 0.0049) also significantly up-
regulated NOPA-14 expression (Figure 7C). HHIP expression was
also upregulated by HIV-1 Tat (F(3, 6) = 22.24, p = 0.0055), cocaine
(F(3, 6) = 22.24, p = 0.0062), and TC (F(3, 6) = 22.24, p = 0.0009)
(Figure 7D).

The expression of hsa-miR-2355 (F(3, 6) = 248.4, p < 0.0001) and hsa-
miR-4726-5p (F(3, 6) = 47.72, p < 0.0001) was downregulated in as-
trocytes exposed to cocaine, HIV-1 Tat, and TC, as shown in
Figures 7E and 7F, respectively.

Knockdown of LINC01133 in astrocytes downregulates NDUFA9
and upregulates hsa-miR-4726 expression

Previous studies have shown that IncRNAs and miRNAs can act as
master regulators of various protein-coding genes.”>** Moreover,
IncRNAs can sequester miRNAs and inhibit interactions with their
target mRNAs/genes.””** Bioinformatics analysis of the miRNet
database showed that hsa-mir-4726-5p interacts with LINC01133.
In addition, LncExpDB, LncBase, and LncRRIsearch analyses
demonstrated that the NDUFA9 protein-coding gene interacts
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Sum of local base-pairing interaction energies -715.18 kealmol
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Figure 6. Identification of the interaction between IncRNAs and mRNA targets
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LINCO01133 AND LIPG

Global base-paifing interaction

Sum of local baso-paiing intoraction onargios -246.93 kcalimol
Minimum of local baso-pairing intoraction onorgios -33.93 kealimol
Number of local base-pairing interactions predictod by Ribast 9

T

IncRNA, miRNA and mRNA expression changes

HIV-1 Tat + Cocaine

Downregulated miRNAs
(52 miRNAs)

miRNet database

Upregulated IncRNAs
(35 IncRNAs)

IncRNA-miRNA
Interactions

miRNA-IncRNA
interactions

10 IncRNA, 10 miRNA and 4 gene targets identified

1 LncRRIsearch webserver database

siRNA targeting LINC01133

The interactions between various INcRNAs and other IncRNAs or mRNAs were analyzed using LncRRIsearch. The interactions between LINC01133 and (A) NDUFA9, (B)
LIPG, and (C) KYNU were analyzed and are illustrated with the minimum local pairing interaction energies. (D) Schematic of the workflow used to analyze the INncRNA-miRNA
interactions with LncBook and the miRNA-INcCRNA interactions with miRNet databases. The analysis identified 10 INcCRNAs, 10 miRNAs, and 4 gene targets.

with LINCO01133. Therefore, we next investigated whether
LINCO01133 could directly regulate NDUFA9 and hsa-miR-4726-
5p in human primary astrocytes. To do this, we knocked down
LINCO01133 in human primary astrocytes by utilizing Silencer Select
siRNA targeted to LINCO01133. LINCO01133 expression was signifi-
cantly lower in the group transfected with siLINC01133 than in
the negative control group (Figure 8A). LINCO01133 expression
was significantly downregulated by more than 80% in control and
HIV-1 Tat-, cocaine-, and TC-treated human primary astrocytes
(Figure 8A). We also compared NDUFA9 expression between siL-
INCO01133-targeted astrocytes and negative control astrocytes (Fig-
ure 8B) and found that NDUFA9 expression was significantly
downregulated in siLINC01133-targeted astrocytes in the control
and HIV-1 Tat-, cocaine-, and TC-treated groups (Figure 8B). In or-
der to confirm the gene-level changes revealed by quantitative
real-time PCR, we also performed western blot analysis to assess
the effects of HIV-1 Tat, cocaine, and TC on NDUFA9 protein
expression. The results confirmed that NDUFA9 protein expression
was significantly downregulated in siLINCO01133-treated astrocytes
compared with negative control astrocytes (Figure 8C). Fur-
thermore, we examined the expression of hsa-mir-4726-5p in siL-
INCO01133-treated astrocytes compared with negative control
astrocytes. The results confirmed that hsa-mir-4726-5p expression
was significantly upregulated in the control, HIV-1 Tat, cocaine,
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and TC groups (Figure 8D), indicating that LINC01133 interacts
with NDUFA9 and the hsa-miR-4726-5p network. The IncRNA-
miRNA-mRNA network based on the bioinformatics and experi-
mental results is shown in Figure 8E.

DISCUSSION

HIV infection and cocaine use are known to affect the transcription of
mRNAs and the expression of IncRNAs and miRNAs.””*® However,
the orchestrated IncRNA-miRNA-mRNA molecular mechanism
underlying the effects of HIV and cocaine use on dementia and
neurocognitive behavior have not been reported. In this study, we
investigated the molecular mechanism by which HIV-1 Tat and
cocaine impact astrocyte energy metabolism to influence the
IncRNA-miRNA-mRNA regulatory network, which may further
induce neurodegeneration. This may in turn lead to dementia and
neurocognitive and behavioral impairments. Dysregulated expression
of miRNAs, mRNAs, and IncRNAs has been reported to play a critical
role in the progression of neurodegeneration.””>' Altered ncRNA
expression has been identified as a pathogenesis marker in neuronal
dysfunction-related diseases, such as AD and Parkinson’s disease.’***
Previous studies have demonstrated that IncRNAs can act as compet-
itive endogenous RNAs (ceRNAs) that compete with target genes for
miRNA response elements and attenuate the inhibitory effects of
miRNAs on target genes.”™”” Therefore, IncRNAs can indirectly



www.moleculartherapy.org

A B NS (o} NS
NS — o "
10 NS 8 b 8 bl P
L *%
8 P 6 6
8 - " B
g ® NS 2g : iz
8 E E E 4 % = 4
24 2z
- ) 2 2
0 0 0
N >
\5°\ «é\ r&‘(\e <& o\so <3 "b“& <© Q‘(o &,g‘ ;o‘oe <&
c,°° & & ° N 000 ° R 000
S ¢ & &
NS
D |—|N S E F
A
8 e 15
o NS a
® — ©
6 *k *% '6 [7-
8 10 il .
iz NT 1 N
I E 4 & é . =3
- E o5 £
© b i ©
2 g - 2
0 0.0
&‘o\ & <& & \«"o‘ ~ <L
N o o ; “
® & [ oW o4

Figure 7. Effects of HIV-1 Tat, cocaine, and TC on miRNA and IncRNA expression

Human primary astrocytes were exposed to cocaine (1 uM) and HIV-1 Tat (50 ng/mL) either alone or in combination for 24 h. Controls were maintained in drug-free medium
(without drug exposure). (A) LINC01133, (B) H19, (C) NOPA-14, and (D) HHIP IncRNA expression levels in astrocytes were determined by quantitative real-time PCR analysis
using the housekeeping gene B-actin as a loading control. Two-way ANOVA was performed to compare the groups. The data are expressed as the mean + SEM of the TAI
from three independent experiments. N = 3. Moreover, (E) hsa-miR-2355-5p and (F) hsa-miR-4726-5p miRNA expression levels in astrocytes were determined by quan-
titative real-time PCR analysis using the housekeeping gene U6 snRNA as a loading control. The data are expressed as the mean + SEM of the TAI from three independent

experiments. n = 3. ***p < 0.0001, **p < 0.001, **p < 0.01, *p < 0.05.

regulate the expression of target genes and affect the occurrence and
development of diseases.*®

In addition to regulating transcription, IncRNAs control co-transcrip-
tional regulatory functions and remodeling of chromatin struc-
tures.””>° Thus, IncRNAs also notably contribute to perturbances in
cellular metabolism. From the transcriptional perspective, miRNAs
are considered negative gene regulators because they inhibit translation
by degrading mRNA transcripts through association with the 3' UTRs
of target gene sequences.”’ According to previous studies, the predom-
inant downregulation of deregulated miRNAs in neurodegenerative
diseases is attributed to upregulation of corresponding mRNAs and
IncRN As.*”*** Therefore, it is highly intriguing to explore the interplay
of the IncRNA-miRNA-mRNA axis, which will provide the first insights
into how these interactions influence downstream molecular processes.

In the present study, the integrative bioinformatics approach revealed
that 10 miRNAs and 10 IncRNAs were significantly altered because of
HIV-1 Tat and cocaine coexposure in the human primary astrocytes.
The possible gene targets of these ncRNAs were identified based on bio-
informatics and experimental evidence. We identified 198 gene targets,
and their involvement in various biological processes was then analyzed
with the KEGG database. KEGG analysis revealed seven common gene

targets that were heavily involved in neurodegeneration and metabolic
pathways. Out of the seven, we selected four genes: NDUFAY, LIPG,
KYNU, and HKDCI. Our in vitro and in vivo results showed that
NDUFAJY, LIPG, KYNU, and HKDC1 protein and mRNA expression
levels were upregulated because of HIV-1 Tat and cocaine coexposure.
A genome-wide association study analysis of an attention deficit hyper-
activity disorder (ADHD) patient database has shown that HKDCl is a
significant highly expressed gene in ADHD patients.”” The HKDCI
gene is positioned next to the hexokinase 1 (HK1) gene on chromosome
10*** and plays a significant role in glucose metabolism.*® HKDC1 also
plays an important role in regulating glycolytic activity, metabolic pro-
files, and glucose metabolism, which are mainly associated with energy
metabolism.*”

Interestingly, our previously published and current research demon-
strate that HIV infection, gp120, and Tat protein significantly activate
HKI gene activity in astrocytes and glia.**** Hexokinases phosphory-
late glucose to produce glucose-6-phosphate (G6P), which is the most
important and first step in most glucose metabolism pathways.”® The
HKDCI and HK1 genes share 70% sequence homology at both the
nucleotide and the amino acid levels.***> These findings suggest that
HKDCI1 may be involved in HIV-1 Tat- and cocaine-induced disrup-
tion of energy metabolism. In major depressive disorder (MDD) and
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Figure 8. Effect of LINC01133 knockdown on cocaine- and HIV-1 Tat-treated human primary astrocytes

(A) Validation of the knockdown of the INcRNA LINCO1133. Quantitative real-time PCR analysis demonstrated that the knockdown efficiency of LINC01133 was amost 90%. (B)
Levels of NDUFA9 mRNA after knockdown of LINCO1133 in HIV-1 Tat-, cocaine-, and TC-treated human primary astrocytes. (C) The protein expression levels of NDUFAQ in astro-
cytes were determined by western blot analysis using B-actin as a loading control. (D) hsa-miR-4726-5p miIRNA expression was upregulated in astrocytes, as determined by quan-
titative real-time PCR analysis using the housekeeping gene U6 snRNA as a loading control. The data are expressed as the mean + SEM of the TAI from three independent exper-
iments. n=3.“**p <0.0001, **p < 0.001, *p < 0.01, *p < 0.05. (E) INcRNA-MIRNA-mRNA network. The rounded rectangles represent INcRNAs, the diamonds represent miRNAs,
and the ellipses represent mMRNAs. LncExpDB, LncBase, and LncRRIsearch database analyses revealed 10 INcRNA nodes, 2 miRNA nodes, and 8 mRNA nodes in the network.

bipolar disorder, the kynurenine (KYN) pathway (KP) plays a signifi-
cant role in L-tryptophan (TRP) metabolism, producing several neuro-
toxic and neuroprotective metabolic precursors that may affect the
astrocyte energy profile, possibly leading to neurodegeneration.’’
HIV-1 Tat is known to activate indoleamine-2,3-dioxygenase (IDO),
the rate-limiting enzyme of the KP, which further leads to increased
TRP catabolism and generation of neurotoxins such as KYN.”> KYN
has been shown to be a major player in the neuropathogenesis of
HANDs.>>*

HIV infection is known to limit the levels of TRP and successively
increase the levels of the neurotoxin quinolinic acid in HIV-positive
individuals, which leads to neuronal impairment with depression
and cognitive impairment.”’ The protein KYNU is involved in a
KYN metabolic pathway leading to the production of nicotinamide
adenine dinucleotide (NAD™).” It is well known that patients with
cocaine use disorder (CUD) and comorbid conditions with MDD
have significantly elevated levels of IDO/TRP 2,3-dioxygenase, KYN
aminotransferase (KAT), and KYNU.”®

The protein NDUFAJ is a subunit of NADH:ubiquinone oxidoreduc-
tase (complex I of the electron transport chain [ETC]). NDUFA9 is a
well-known regulator of the ETC and maintains mitochondrial respira-
tory complex I.”” Dysregulation of NDUFA9 may impair ATP produc-
tion and cause oxidative mitochondrial damage, which can further
impact the mitochondrial genome.”® Interestingly, an in vivo study
recently showed that chronic cocaine self-administration in rats
significantly alters the NDUFA9 protein and the network of proteins
associated with NDUFA9.” LIPG and HK kinase play major roles in
regulating metabolic profiles and oxidative energy resources to maintain
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cellular homeostasis.”” The enzyme LIPG plays vital roles in lipoprotein
metabolism, cytokine expression, and lipid composition in cells.
Previous studies have shown that LIPG expression alleviates inflamma-
tion and AD."'

HIV-1 Tat and cocaine use significantly influence miRNA-associ-
ated astrocyte energy metabolism,'” change mitochondrial DNA
methylation,* alter the expression of the energy sensor AMP-acti-
vated protein kinase,”’ cause redox modifications, and affect Nu-
clear Respiratory Factor (NRE) transcription.*® These findings
corroborate the results of the current study, which showed that
IncRNAs and miRNAs target important common genes involved
in neurodegeneration and metabolic pathways. We investigated
the effects of HIV-1 Tat and cocaine coexposure on two miRNAs,
hsa-miR-2355 and hsa-miR-4726-5p, that were selected with a sys-
tematic bioinformatics approach. The expression of both miRNAs
was significantly downregulated. Moreover, we evaluated the
expression of four IncRNAs, LINCO01133, HHIP, H19, and
NOPA-14, by PCR. The results revealed that these IncRNAs
were significantly upregulated in HIV-1 Tat- and cocaine-coex-
posed human primary astrocytes. LncExpDB,
LncBase, and LncRRIsearch database analyses revealed that
LINCO1133 has increased degrees of interaction with NDUFA9
and hsa-miR-4726-5p. Fan et al. reported that the circular RNAs
hsa_circ_0044520 and hsa_circ_0044529 play critical regulatory
roles by sponging hsa-miR-4726-5p in laryngeal squamous cell
carcinoma.®® Interestingly, Ryu Hyun-Jung was granted a patent
in 2019 for an invention related to a method for diagnosing

Intriguingly,

neuronal degeneration in Parkinson’s disease associated with
miRNA biomarkers that can help prevent, ameliorate, or treat
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Parkinson’s disease. The miRNAs hsa-miR-494-3p, hsa-miR-1244,
hsa-miR-6768-5p, and hsa-miR-4726-5p were significantly altered
in a Parkinson’s disease model and can be effectively used to diag-
nose and treat Parkinson’s disease.”* The data showed that hsa-
miR-4726-5p was significantly downregulated from normal levels,
which corroborates our findings in HIV-1 Tat- and cocaine-
treated  astrocytes. studies have reported that
LINCO01133 is an oncogene in lung squamous cell carcinoma.’
Recently, altered expression of LINCO01133 was shown to be
involved in the endothelial-to-mesenchymal transition process
and various cancers, such as gastric cancer and lung and esopha-
geal squamous cell carcinomas.®*” In addition, HIV-1 Tat is
known to recruit the zeste homolog 2 (EZH2) scaffold by inducing
EZH2 phosphorylation in a reactive oxygen species (ROS)/Akt-
dependent manner.” Intriguingly, ENCODE chromatin immuno-
precipitation sequencing (ChIP-seq) data from the Human Brain
Transcriptome reveal that EZH2 expression in the anterior cingu-
late cortex is 3-fold higher in individuals with schizophrenia than
in controls.”' In addition, studies have shown that cocaine expo-
sure is closely associated with histone 3 lysine 9 (H3K9) dimethy-
lation and that the lysine dimethyltransferase G9a induces EZH2
expression and structural and behavioral plasticity.”*”*

Previous

LINCO1133 has been shown to interact with EZH2 and LSD1 scaf-
folds for promoter suppression of KLF2, P21, or E-cadherin.”* In
glioma patients, EZH2 overexpression is associated with increased
glucose metabolism.”” These findings prove that dysregulated
expression of LINC01133 is associated with energy metabolism.
However, the role of LINC01133 has not yet been elucidated in
the context of HIV infection- and cocaine use-associated neurode-
generation. We investigated the effect of silencing LINC01133
expression and further studied the downstream effects on gene
and miRNA expression. siRNA targeting LINC01133 resulted in
downregulation of NDUFA9 gene expression but upregulation of
hsa-miR-4726-5p expression. Overall, these results confirm that
the interactions of the LINCO01133-hsa-miR-4726-5p-NDUFA9
axis can be studied in the context of HANDs. The analyses allowed
us to perform a robust comparative genomics and bioinformatics
study to reveal a molecular signature of miRNAs, IncRNAs, and
their mRNA/gene targets associated with HIV-1 TC in human pri-
mary astrocytes.

In summary, we identified four gene targets of two DE miRNAs and
four IncRNAs involved in various biological processes using functional
annotation with the KEGG database. The results of this integrative and
multifaceted bioinformatics analysis form a comprehensive resource
that provides novel insights into how significant IncRNA-miRNA-
mRNA signature markers are regulated during HIV-1 infection with
cocaine exposure via modulation of targeted metabolic pathways and
pathways of neurodegeneration. However, further functional evaluation
of the identified IncRNA, miRNA, and mRNA associations is needed to
achieve a comprehensive mechanistic understanding of the roles of
these molecules in HIV-1 Tat- and cocaine-mediated astrocyte
dysfunction.

MATERIALS AND METHODS

Cell culture and reagents

Cocaine (purity >99%) was purchased from Sigma-Aldrich (CAS; St.
Louis, MO, USA). Cell culture reagents were purchased from
ScienCell (Carlsbad, CA, USA).

HIV-1 Tat proteins

HIV-1 Tat (catalog no. 2222) was obtained from the NIH AIDS
Research and Reference Reagent Program. The recombinant Tat pro-
teins were tested and revealed to be of >95% purity.

Human primary astrocytes

In this study, human primary astrocytes (isolated from the cere-
bral cortex) were obtained from ScienCell (CAT-1800). The
cultured cells were maintained in basal astrocyte medium supple-
mented with a concentration of 1% astrocyte growth supplements
(AGSs) and 10% fetal bovine serum (FBS) (ScienCell; Carlsbad,
CA, USA).

Drug treatment in vitro

Cocaine was prepared in cell culture-grade distilled water to obtain
working concentrations. To investigate the effects of HIV-1 Tat and
cocaine on cultured cells, we divided the cells into four groups: (1)
control cells exposed to medium alone, (2) cells treated with HIV-1
Tat (50 ng/mL), (3) cells exposed to cocaine (1 pM), and (4) cells
exposed to HIV-1 Tat (50 ng/mL) and cocaine (1 pM) (TC) in com-
bination for 24 h. The optimized doses and times used in the present

studies were based on our published report.>”®

Animals and housing

Adult male iTat mice (formerly known as GT-tg bigenic mice)”” were
bred from a colony started by progenitors generously donated by Dr.
Johnny He. All mice (8-10 weeks of age) were maintained at the Uni-
versity of Florida’s animal facilities and used in experiments accord-
ing to protocols approved by the Institutional Animal Care and Use
Committee of the University of Florida (Gainesville, FL, USA). The
procedures for creating HIV-1 iTat mice and confirming the genotype
for the inducible and brain-targeted HIV-1 Tat protein are described

77,78

in detail elsewhere.

Drug treatment in vivo

Brain-targeted Tat was induced with doxycycline (Dox) treatment
with or without cocaine exposure. To induce the expression of
HIV-1 Tat [1-86], we administered Dox to iTat mice via intraper-
itoneal (i.p.) injection of a single daily dose of 100 mg/kg dissolved
in 0.9% saline in a volume of 0.3 mL/30 g body weight for 14 days
(iTat-Dox; n = 3). iTat mice treated with saline served as controls
(n = 3), as indicated and characterized previously [41]. An addi-
tional set of mice received cocaine via subcutaneous (s.c.) admin-
istration at a dose of 10 mg/kg/day in 0.9% saline for 14 days
(n = 3). A final set of iTat mice (n = 3) were treated with Dox
(100 mg/kg/day, i.p.) followed by cocaine (10 mg/kg/day, s.c.)
2 min later.
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Isolation of brain specimens for immunoblot analysis

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

RNA extraction

Total RNA was extracted from the primary astrocytes after 24 h of
treatment using a Qiagen RNeasy Mini Kit (catalog no. 74104) (Ger-
mantown, MD, USA). The detailed procedures were carried out per
manufacturer’s instructions and a previously published paper.'” All
experiments were repeated in triplicate to ensure the reproducibility
of the data.

IncRNA-seq and DE analysis

RNA-seq library preparation was performed as per the manufac-
turer’s instructions (Illumina, San Diego, CA, USA). The sequencing
was performed on the Illumina HiSeq instrument (4000 or equiva-
lent) according to the manufacturer’s instructions. For IncRNA
expression profiles, we applied the Limma-Voom R package to iden-
tify DE IncRNAs from given a matrix of featureCounts files. We
investigated DE IncRNAs between the control and treatment groups
using the “model.matrix,” “ImFit,” “eBays,” and “topTable” func-
tions.””** We also calculated the log,FC values for each IncRNA by
dividing the expression in the treated samples with the measured
expression in the control counterparts. The statistical significance
threshold was set at p < 0.05.

Small-RNA library preparation and HiSeq sequencing

RNA library preparation and sequencing were conducted at
GENEWIZ (South Plainfield, NJ, USA). The detailed procedures
for Small-RNA library preparation and HiSeq sequencing are dis-
cussed in a previously published paper.'®

Small-RNA genomic analysis

The .fastq files for all samples were analyzed on Galaxy interface
servers.”” All reads were then further assessed through FastQC v0.72
for standard QC and trimmed®* with Trim Galore version 0.6.3.5°
Low-quality reads and all reads <18 nt in length were discarded by us-
ing Trim Galore. Reads 18-45 nt in length were then aligned to the
Homo sapiens Hg38 reference genome downloaded from the Ensembl
website (Homo_sapiens.GRCh38.89.chr.gtf.gz) with the sR_Bowtie
tool (small-RNA short reads; Galaxy version 2.1.1) (one mismatch al-
lowed).®® The tool featureCounts used for miRNA counts measure
from mapped .bam files with the help of a gene annotation file in
.gtf format (from miRBase V22). For miRNA expression profiles, we
applied the Limma-Voom R package to identify DE miRNAs using
eBays,” and “topTable” functions.””
The statistical significance threshold was set at p < 0.05.

» «

the “model.matrix,” “ImFit,

The miRDeep2®” Mapper module mapped the .fastq files and per-
formed the quantification of known miRNAs and prediction of po-
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tential novel miRNAs.*® The collapsed .fasta files were then used as
input files in the web server sRNAtools.”’

miRNA extraction and quantitative real-time PCR assay
Astrocytes were seeded in 100-mm-diameter culture dishes at a den-
sity of 2 x 10° cells/dish. At the time of treatment, the astrocytes had
reached approximately 65%-70% confluency. The total RNA extrac-
tion procedure using Qiagen miRNeasy Tissue/Cells Advanced Mini
Kit (50) (catalog no. 217004; Qiagen, Germantown, MD, USA) was
performed as per manufacturer’s instructions. The total RNA was
screened for purity according to a 260/280 ratio of ~2.0. cDNA
was synthesized and amplified using specific primers for hsa-miR-
4726-5p (assay ID 463408_mat, catalog no. 4440885), hsa-miR-
2355-5p (assay ID 241374 _mat, catalog no. 4427975), and U6 snRNA
(assay ID 001973, catalog no. 4427975) (Applied Biosystems, Foster
City, CA, USA). For quantitative real-time PCR, U6 snRNA was
used as an internal control. Initial denaturation was performed at
95°C for 2 min and was followed by 40 cycles of denaturation at
94°C for 15 s, annealing at 59°C for 1 min, and extension at 72°C
for 15 s. The relative mRNA expression was quantified, and the
2722CT method was used to calculate the FCs in the expression of
the target miRNAs. All experiments were repeated in triplicate to
ensure the reproducibility of the data.

IncRNA and mRNA analysis using real-time PCR

Astrocytes were seeded in 100-mm-diameter culture dishes at a den-
sity of 2 x 10° cells/dish. Total RNA extraction procedure using Qia-
gen RNeasy Tissue/Cells Mini Kit (50) (catalog no. 74104; Qiagen,
Germantown, MD, USA) was performed as per the manufacturer’s
instructions. Total RNA was screened for purity according to a
260/280 ratio of ~2.0. ¢cDNA was synthesized and amplified
using specific primers for NDUFA9 (assay ID Hs00245308_m1, cat-
alog no. 4448892), LIPG (assay ID Hs00195812_ml, catalog
no. 4331182), NOP14-AS1 (assay ID Hs03653612_ml, catalog
no. 4331182), HHIP-ASI (assay ID Hs04232235_ml, catalog no.
4426961), LINCO1133 (assay ID Hs04274447_ml, catalog no.
4331182), H19 (assay ID Hs00399294_gl, catalog no. 4453320),
and B-actin (Hs99999903_m1) (Applied Biosystems, Foster City,
CA, USA). For quantitative real-time PCR, B-actin was used as an in-
ternal control. Initial denaturation was performed at 95°C for 2 min
and was followed by 40 cycles of denaturation at 94°C for 15 s, an-
nealing at 59°C for 1 min, and extension at 72°C for 15 s. The relative
mRNA expression was quantified, and the 2 744"
to calculate the FCs in the expression of the target mRNAs. All exper-
iments were repeated in triplicate to ensure the reproducibility of the
data.

method was used

Western blot analysis

An NDUFAY rabbit polyclonal antibody (pAb) (A3196), LIPG rabbit
pAb (A1891), KYNU rabbit pAb (A6643), and HKDCI rabbit pAb
(A16573) were purchased from ABclonal (Woburn, MA, USA) for
expression analysis by western blotting. The detailed procedure of
western blot experiment analysis was described in a previously pub-
lished paper.'”
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Target gene prediction

miRNA target genes were identified using miRWalk 2.0.”°" We
used an approach in which the miRWalk 2.0 algorithm examined
potential miRNA binding sites at the promoter, 5 UTR, and CDS
of genes. We chose TargetScan, miRTarBase, and miRDB to validate
the miRNA-target gene prediction scores. The miRNAs of the con-
trol and treated groups were compared, and the intersecting miR-
NAs were displayed using Venn diagrams (http://bioinformatics.
psb.ugent.be/webtools/Venn/). The KEGG was employed for gene
9279% A corrected p < 0.05 indicated statistical
significance. Hierarchical categories were obtained based on the
KEGG database.

pathway annotation.

siRNA knockdown

For primary astrocytes, the Lipofectamine RNAIMAX (pL):siRNA
(pmol) ratio was 1:1, with a final total siRNA concentration of 30
pmol (six-well plate). Silencer Select Negative Control No. 1 (catalog
no. 4390843) was used as a control. Silencer Select GAPDH Positive
Control siRNA was used as a positive control (catalog no. 4390849).
siLINCO01133 was also used (assay ID s444575, catalog no. 4392420).
The experiment was performed following the manufacturer’s proto-
col. We utilized Opti-MEM I Reduced Serum Medium (catalog no.
31985062) and Lipofectamine RNAIMAX (catalog no. 13778100)
Transfection Reagent for siRNA transfection. The siRNA oligonucle-
otides used are listed in Table S2. Forty-eight hours post-transfection,
the medium for the primary astrocytes was changed to reduced-
serum (2%) or serum-free medium without treatment (control) or
containing HIV-1 Tat, cocaine, or TC, and the cells were harvested
for RNA extraction at 72 h.

Systematic bioinformatics analysis to curate lists of IncRNAs
and their targeted genes

To understand the interactions between IncRNAs and miRNAs, we
utilized DIANA-LncBase v3, which is a reference repository with
experimentally supported miRNA targets on noncoding tran-
scripts.”””® To decipher the interactions between IncRNAs and
mRNAs, we utilized LncBook® and LncExpDB.”® The interactions
between various IncRNAs and other IncRNAs or mRNAs were
analyzed using LncRRIsearch, a web server for comprehensive pre-
diction of human and mouse IncRNA-IncRNA and IncRNA-mRNA
interactions. LncRRIsearch uses Rlblast, which is a fast and accurate
RNA-RNA interaction prediction tool. This tool can be used to
investigate interactions of a particular IncRNA with target RNAs
through a web interface. In addition, it integrates tissue-specific
expression and subcellular localization data for IncRNAs with the
web server.”

Statistical analysis

Statistical analysis was performed using GraphPad Prism version 6.
For comparisons of two groups, Student’s two-tailed t test was per-
formed. For comparisons of more than two groups, two-way
ANOVA followed by Tukey’s post hoc test was performed. All data
are presented as the mean + standard error of the mean (SEM),
and p < 0.05 was considered to indicate statistical significance.
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