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ARTICLE INFO ABSTRACT

Keywords: N6-methyladenosine (m6A) methylation of human immunodeficiency virus type 1 (HIV-1) RNA
N6-methyladenosine regulates viral replication, and the m6A of host RNA is affected by HIV-1 infection, but its global
HIV-1 pattern and function are still unclear. In this study, we report that the number and position of
;?Ifli-seq m6A peaks in huge genes of human microglial HMC3 cells were modulated by a single cycle HIV-
RNA-Seq 1 pseudotyped with VSV-G envelope glycoprotein infection using methylated RNA immunopre-

cipitation sequencing (MeRIP-seq). A conjoint analysis of MeRIP-seq and high-throughput
sequencing for mRNA (RNA-seq) explored four groups of clearly classified genes, including 45
hyper-up (m6A-mRNA), 45 hyper-down, 120 hypo-up, and 54 hypo-down genes, in HIV-1
infected cells compared to uninfected ones. KEGG pathway analysis showed that these genes
were mainly enriched in the Wnt and TNF signaling pathway, and cytokine-cytokine receptor
interaction, which might be related to the immune response in HMC3 cells. And some of these
genes might be associated with the pathway of axon guidance and neuroactive ligan-receptor
interaction, which affect the neuronal state. However, the cognitive disorders caused by HIV-1
is associated with inflammatory changes that have not yet been well clarified. Furthermore, we
confirmed the expression and m6A levels of four genes using RT-PCR and MeRIP-qPCR. Similar to
the sequencing results, the expressions of these genes were significantly upregulated by HIV-1
infection. And the m6A level of IL-6 was downregulated, and those of HLA-B, CFB, and OLR1
were upregulated. These results suggest that HIV-1-induced changes in gene expression may be
achieved through the regulation of methylation. Our study revealed the global m6A methylation
and gene expression patterns under HIV-1 infection in human microglia, which might provide
clues for understanding the interaction between HIV-1 and host cells and the cognitive disorders
caused by HIV-1.
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1. Introduction

N6-methyladenosine (m6A) is considered to be the most abundant modification of eukaryotic mRNA [1], which plays important
roles in controlling cellular gene expression and physiological function by affecting the stability [2-5] translation, splicing [2,6,7],
export, and decay [8-10] of mRNAs. Viral infection is one of the most crucial factors to interfere with the host’s physiological state, and
mo6A plays significant roles in the life cycle of viruses and the interaction between virus and host [11]. It was reported that the m6A
methylation of human immunodeficiency virus type 1 (HIV-1) RNA regulates viral replication. Spot-blot detection showed that the
m6A level of T-cell RNA is upregulated [12], but the global pattern and function of m6A methylation under HIV-1 infection are still
unknown.

‘RRACH’ has been demonstrated to be a common sequence for m6A modification, where R is adenine/guanine, H is adenine/
cytosine/uracil, and A is the m6A site [13-15]. It was also shown that m6A methylation tended to be enriched in the 3' UTR, long
intron, exon, and stop codon. Multiple proteins were discovered to have significant roles in the process of m6A methylation.
METTL3/14/16 (methyltransferase-like 3/14/16), and its additional adaptor molecules (namely RBM15/15B, WTAP, HAKAI,
KIAA1429, VIRMA, and ZC3H13) [16-20] have been identified as components of the methyltransferase complex and are called
‘writers’. ALKBH5 (alkB homolog 5) and FTO (fat mass and obesity-associated protein) have been identified as demethylases with
‘erasers’ functions [21-23]. YTHDF1/2/3 (YTH-family proteins 1/2/3), YTHDC1/2 (YTH domain-containing proteins 1/2), and
IGF2BP1/2/3 (insulin-like growth factor 2 mRNA binding proteins 1/2/3) were identified as m6A ‘readers’ that mediate specific
functions of methylated mRNA transcripts [1,24-26]. Numerous studies focusing on m6A methylation of RNA have demonstrated that
the regulators (writers, erasers, and readers ) of m6A RNA methylation are involved in various human cancers and metabolic diseases
[27]. In particular, m6A modification has significant impacts on lipid metabolic regulation [28]. In summary, m6A-associated proteins
have shown more evidence of the physiological effects of m6A methylation, and the regulation of these proteins may influence m6A
levels of cellular mRNAs.

m6A modification has been reported in many viral RNA transcripts including the adenovirus, influenza virus, avian sarcoma virus,
simian virus 40, Rous sarcoma virus, and HIV-1 [12,29-33]. It can regulate the replication of different viruses, causing either inhibition
or promotion. Therefore, it is important to research the biological functions of m6A modification in different viruses to understand the
pathogenesis of viruses and develop prevention methods. HIV-1 can regulate the modification of host nucleic acids and proteins,
thereby inducing a cellular response to infection and causing pathological changes [34-36]. Studies have found that HIV-1 mRNA
contains multiple m6A modification sequences and that m6A levels are upregulated in CD4" T cells infected by HIV-1 [12,37].
METTLL3, METTL14, and WTAP, as small-molecule activators, can promote the m6A modification of HIV-1 RNA and generate virions
in cells incubating copies of HIV-1 proviruses [38]. The m6A modification can also allow HIV-1 to evade host immune recognition and
promote its replication [12,39]. These reports suggest that m6A modification plays a significant role in the interaction between HIV-1
and host cells, but how to influence cellular gene expression through the regulation of m6A modification remains unclear.

Macrophages and T lymphocytes are the main target cells of HIV-1 infection [40]. Microglia, as intracranial macrophages, play
important roles in brain inflammation and are the foremost cells infected by HIV-1 in the central nervous system [41]. When microglia
are activated, large amounts of cytokines, chemokines, and other neurotoxic proteins are released which may contribute to the
pathological neuroinflammation observed in HIV-associated neurocognitive disorders (HAND) [42]. Another report suggested that
neuroinflammation caused by HIV-1 infection is the main reason for neurodegeneration, which is the main pathology of HAND [43].

We detected m6A levels of RNAs in three target cell lines infected by pseudotyped HIV-1. Compared with uninfected cells, the m6A
levels were significantly elevated in MT-4 T cells, THP-1 macrophages, and HMC3 microglial cells. In this study, our objective was to
investigate the transcriptome-wide m6A profiles in HMC3 cells infected with HIV-1 using methylated RNA immunoprecipitation
sequencing (MeRIP-seq) and mRNA high-throughput sequencing (RNA-seq). In addition, we verified the levels of m6A and the
expression level of differentially expressed genes in the sequencing data using MeRIP-qPCR and RT-PCR.

2. Materials and methods
2.1. Cell culture and antibodies

Human microglial cells HMC3 and human renal epithelial cells HEK-293T were grown in Dulbecco’s modified Eagle medium
(DMEM, Gibco, UT, USA) with 10 % fetal bovine serum (FBS, Gibco, UT, USA). Human monocytic cells THP-1 and human leukemia
cells MT-4 were grown in Roswell Park Memorial Institute 1640 medium (RPMI-1640, Gibco, UT, USA) with 10 % FBS. All cells were
cultured at 37 °C with 5 % CO- and purchased from the Cell Bank of the Chinese Academy of Science (Shanghai, China). THP-1 cells
were stimulated with 100 mM phorbol-12-myristate-13-acetate (PMA, Thermo, CA, USA) for 48 h (THP-1/PMA) to enable macrophage
differentiation.

An antibody against HIV-1 p24 (Santa Cruz Biotechnology, CA, USA) was diluted to 1:1000. An antibody against p-Actin (Pro-
teintech, IL, USA) was diluted to 1:1000. An antibody against m6A (Cell Signaling Technology, MA, USA) was diluted to1:500. An
antibody against IBA1 (Abcam, Cambridge, UK) was diluted to1:500.

2.2. Pseudotyped HIV-1 preparation and single-round infection

The HIV-1 proviral plasmid pNL4-3.Luc.R + E—was provided by Prof. K. Tokunaga (NIID, Japan), which lacks nef and env
expression and contains the luciferase gene. We replaced the luciferase gene with the EGFP gene to produce the pNL4-3.EGFP.R +
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E—vector. Briefly, 293T were seeded in a six-well plate with appropriate density, and the confluence rate reached 80 % on the second
day, then, 15 pg of pNL4-3.EGFP.R + E—plasmid and 5 pg of VSV-G expression plasmid were co-transfected using 40 pl Lipofectamine
2000 reagent (Invitrogen, CA, USA). After 4 h, the culture medium was changed, and the virus-containing supernatants were collected
at 44 h. The supernatants were used as pseudotyped HIV-1 (HIV-1-EGFP), and a 0.45 pm filter was used to filter the supernatants. Then,
they were divided into equal samples for the inoculation assay. A p24 ELISA kit (Advanced BioScience Laboratories, Inc, USA) was used
to measure the viral concentration.

THP-1/PMA, HMCS3, or MT-4 cells (1 x 10%/well) were seeded into a six-well plate and inoculated with HIV-1-EGFP at 100 ng of
p24 per mL. After 4 h of infection, the medium was renewed and further cultured for 44 h. Then, the cells were collected for further
detection.

2.3. Western blot

Cell samples were rinsed gently with PBS and lysed using RIPA Lysis Buffer (Beyotime Biotechnology, Beijing, China) containing
protease inhibitors (Roche, Shanghai, China) for 30 min at 4 °C. The lysate was centrifugated at 1000 g as a protein sample. The protein
concentrations were quantified using a BCA kit (Beyotime Biotechnology, Beijing, China). Then, 5 x SDS sample buffer was added to a
20 pg protein sample and subjected to 10 % SDS-PAGE. The proteins were transferred to polyvinylidene fluoride (PVDF) membranes
(Millipore, MA, USA). Then, 5 % non-fat milk in TBST (20 mM Tris, 0.9 % NaCl, and 0.05 % Tween 20) buffer was used to block the
membrane for 1 h and using the primary antibody incubated the membrane overnight at 4 °C. After rinsing with, the membrane was
incubated with the appropriate HRP-conjugated goat anti-mouse antibody for 1 h at room temperature, the membrane was washed
with TBST for 3 times again. The Chemidoc XRS Gel Imaging System (Bio-Rad, CA, USA) was used to visualize protein bands with an
ECL substrate (Millipore, MA, USA).

2.4. m6A dot blot detection

RNA samples were adjusted to 100 ng/ul for one assay. The diluted RNA was denatured at 95 °C for 3 min and was immediately
chilled on ice. Then, 2 pl of RNA was dropped directly onto a Hybond-N+ membrane (GE Healthcare, PA, USA), and cross-linked for
20-50 s. After washing with 10 ml TBST for 5 min, the membrane was blocked in 10 ml TBST containing 5 % non-fat milk for 1 h at
room temperature with gentle shaking and then incubated with the m6A antibody overnight at 4 °C. The following procedure was
performed as described above for the Western blot. The densitometry of the relative m6A levels was standardized with methylene blue
staining.

2.5. MeRIP-seq and RNA-seq

Poly (A) RNA was purified with Dynabeads Oligo (DT) for 2 cycles and cleaved using a Magnesium RNA Fragmentation Module
(NEB, MA, USA) at 86 °C for 7 min then, stored at 4 °C for 2 h. Next, 10 % of the RNA was used as input RNA, and the remaining
fragments were incubated with an m6A antibody for 2 h at 4 °C as IP RNA. The IP RNA was reverse-transcribed into cDNA using
SuperScript™ II Reverse Transcriptase (Invitrogen, CA, USA). Then, a base A was added to the blunt end of each strand, ready to attach
to the indexed adapters. The second-strand DNA labeled with U was treated with a heat-labile UDG enzyme (NEB, MA, USA). Finally,
we performed paired-end sequencing (PE150) on an Illumina Novaseq™ 6000 platform (LC-Bio Technology, Hangzhou, China)
following the vendor’s recommended protocol.

2.6. Quantitative real-time PCR (qRT-PCR) and MeRIP-qPCR

RNA (2 pg) was reverse-transcribed using M-MLV Reverse Transcriptase (Takara, Tokyo, Japan). The produced cDNAs were used as
templates to determine the mRNA expression levels using TB Green® Premix Ex Taq™ II (Takara, Tokyo, Japan). The housekeeping
GAPDH gene was used for normalization, and the 272t method was used to calculate the relative amounts of PCR products. The
primers for qRT-PCR are shown in Table 1.

- TGACAGCGGAATGTTCTTCCC -3'
- GAGCCCGCAGCCTCCCGCTT -3
- CCCGCGGCCATCACGCCACAG -3'

OLR1-R
GAPDH-F
GAPDH-R

Table 1
The primers for qRT-PCR.
genes Primer sequences
CFB-F 5'- CCCGTTCTCGAAGTCGTGTG -3’
CFB-R 5'- GCACTGGAGTACGTGTGTCC -3’
HLA-B-F 5'- CAGTTCGTGAGGTTCGACAG -3'
HLA-B-R 5'- CAGCCGTACATGCTCTGGA -3'
IL-6-F 5'-ACTTCCATCCAGTTGCCTTCTTGG -3'
IL-6-R 5'- TTAAGCCTCCGACTGTGAAGTG -3’
OLR1-F 5'- TCCGAATGTTGATTATGCCTCG -3’
5
5
5




Q. Peng et al. Heliyon 9 (2023) 21307

Methylated m6A RNA immunoprecipitation (Me-RIP) was performed using an EpiQuikTM CUT&RUN m6A RNA Enrichment Kit
(Epigentek, NY, USA). Total RNA was incubated with an anti-m6A antibody. Then, the Cleavage Enzyme Mix was used to separate the
m6A-bound mRNA, and RNA-binding beads were used to purify the fragments. After 2 washes with 90 % ethanol, the RNA was
released from the beads with an elution buffer. A small proportion of fragmented RNA was used as the input control. The m6A IP
samples and input samples were collected for RT-qPCR as described above. The primers for MeRIP-qPCR are shown in Table 2.

2.7. Data analysis

For the MeRIP-seq analysis, exomePeak2 software was used to identify differentially methylated m6A peaks. For the RNA-seq
analysis, the R package DESeq2 was used to identify differentially expressed genes. All the data satisfied the following criteria:
log2 (fold change) > 1 or log2 (fold change) < —1 and p-value <0.05. HOMER (http://homer.ucsd.edu/homer/motif) was used for de
novo and known motif finding, followed by localization of the motif with respect to peak summit. GO and KEGG pathway analyses
were performed based on the differentially methylated protein-coding genes and differentially expressed genes (https://www.
omicstudio.cn/index). The visualization of differentially methylated gene alignment was performed using the Integrative Genomics
Viewer (IGV). GraphPad Prism 8 was used to perform the statistical analysis, and p values were calculated using two-tailed unpaired
Student’s t-tests (*p < 0.05, **p < 0.01, ***p < 0.001).

3. Results
3.1. HIV-1 infection upregulates m6A levels

Since m6A modification is involved in the interaction between the virus and host cells, we detected the m6A modification levels in
HIV-1-infected target cells. THP-1/PMA, HMC3, and MT-4 cells were infected with pseudotyped HIV-1-EGFP at 100 ng of p24/mL for
48 h, the m6A levels of cellular RNA were detected by a dot-blot assay, and total cellular RNA was stained with methylene blue (MB) as
a loading control. The results showed that the cellular m6A levels increased in these cell lines (Fig. 1A, B, C). To confirm the increase
was due to HIV-1 infection, we further performed infection experiments with virus concentration gradients with MT-4 and HMC3 cells.
The m6A levels increased in a virus-dose-dependent manner (Fig. 1D and E). These results confirmed that HIV-1 infection can enhance
the m6A methylation levels of target cells.

THP-1/PMA, HMC3, and MT4 cells were infected with HIV-1-EGFP at 100 ng of p24/ml for 48 h (A, B, C), HMC3 and MT4 cells
were infected with HIV-1-EGFP at 0, 25, 50, and 100 ng of p24/ml for 48 h (D, E). Then, the m6A levels in total RNA (200 ng) from
infected or uninfected cells were measured with a dot-blot assay using m6A-specific antibodies, and MB staining of RNA was used as a
loading control. The gag levels of infected cells were quantified using Western blots. Quantification of relative m6A levels is shown as
representative results from three (A, B, C) or one (D, E) independent experiments (n = 3 or 1).

3.2. Overview of the m6A methylation in HIV-1-infected HMC3 cells

HMC3 cells are derived from human microglial cells, which are the main cell in the brain to cause neuroinflammation once
activated. Hence, we systematically analyzed the effects of HIV-1 infection on the m6A methylation of cellular RNA in HMC3 cells after
48 h of HIV-1-EGFP infection. By MeRIP-seq analysis, the results showed that there were 24049 common peaks, including 15311
unique peaks in uninfected cells and 13967 unique peaks in HIV-1-EGFP-infected HMC3 cells (Fig. 2A). We further compared the m6A
peak changes in the infected cells with the uninfected ones, and 1109 hyper-methylation and 1055 hypo-methylation peaks were
identified (Fig. 2B).

To analyze the distribution of m6A peaks in mRNAs, the peaks were divided into four transcribed fragments: the 5UTR, the coding
sequence (CDS), the noncoding sequence, and the 3'UTR. Compared to the uninfected cells, HIV-1 infection led to a significant increase
in m6A peaks in the CDS (hyper, 44.06 % vs. 18.50 %; hypo, 39.33 % vs. 18.50 %), a significant decrease in the 3'UTR (hyper, 43.35 %
vs. 70.86 %; hypo, 43.91 % vs. 70.86 %), and a relative increase in the 5UTR (up, 12.23 % vs. 10.57 %; down, 16.07 % vs. 10.57 %)
(Fig. 2C). Further analysis showed that the 3' UTR and stop codon were the main enrichment regions of m6A peaks, their distributions
and densities across the mRNA transcripts were similar (Fig. 2D). The typical motif was identified based on these data. There was a
small difference in the m6A methylation point between the two groups (Fig. 2E). These results indicated that HIV-1 infection

Table 2

The primers for MeRIP-qPCR.
genes Primer sequences
CFB-F 5- TCCTAACTCCCACTCCTCTC -3
CFB-R 5'- CCAGTGGGCAGGACTGGCCTTC -3'
HLA-B-F 5'- GCACATAGAAATGCTATTGAT -3'
HLA-B-R 5- TATCCTTGTTTGCACATCAT -3'
IL-6-F 5- CCAGCCTTTCCAGAGGAAT -3'
IL-6-R 5'- ATAAGCATGCCAGTAGA -3’
OLR1-F 5'- GAAGTCTTAATATTGCGA -3'
OLR1-R 5- TGTAAGAGTACATTATCTT -3
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Fig. 1. HIV-1 infection upregulates m6A levels of cellular RNA.

significantly affected the level and distribution of m6A methylation in human microglial cells.

3.3. Differentially methylated RNAs induced by HIV-1 are involved in important biological pathways

To detect the biological importance of m6A modification in HIV-1-EGFP-infected HMC3 cells, Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway analyses were performed. The GO analysis categorized genes into three
functional groups, including biological processes (BPs), cellular components (CCs), and molecular functions (MFs). The genes
significantly enriched in BPs, CCs, and MFs with upregulated or downregulated m6A peaks are shown in Fig. 3A and B. For the BP
category, we observed that up-regulated methylated m6A peaks were significantly enriched in the signal transduction, phosphory-
lation, and protein phosphorylation. Down-regulated methylated m6A peaks were significantly enriched in the signal transduction, G
protein—coupled receptor signaling pathway and positive regulation of transcription by RNA polymerase II. The KEGG pathway
analysis showed that upregulated m6A peaks were significantly associated with the Ras, MAPK, Rap1, and PI3K-Akt signaling pathway
(Fig. 3C). And downregulated m6A peaks were significantly associated with the MAPK, Hippo, PI3K-Akt, and Ras signaling pathway,
and Cytokine—cytokine receptor interaction (Fig. 3D). These results suggest that m6A modification has complicated roles in HIV-1
infection and various pathways related to the immune and nervous systems.

The GO terms of genes with upregulated (A) and downregulated (B) m6A peaks in the HIV-1-EGFP infected HMC3 cells are shown.
The KEGG pathways of genes with upregulated (C) and downregulated (D) m6A peaks in the HIV-1-EGFP infected HMC3 cells are
shown.

3.4. Conjoint analyses of MeRIP-Seq and RNA-seq data

To further explore the functional significance of m6A methylation differences under HIV-1-EGFP infection, we analyzed the
transcriptome profiles using RNA-seq data (MeRIP-Seq input library). A volcano plot shows that the numbers of significantly upre-
gulated and significantly downregulated genes were 1014 and 540, respectively (Fig. 4 A), and the top 100 genes (up: 32, down: 68)
with the smallest P-values are shown in Fig. 4B. Next, we performed a cross-analysis of the MeRIP-seq and RNA-seq data. All the genes
with differential m6A peaks and differential mRNA levels (a total of 264 genes) were divided into four groups: differentially hyper-
methylated m6A peaks with differentially upregulated genes (hyper-up, 45), differentially hyper-methylated m6A peaks with
differentially downregulated genes (hyper-down, 45), differentially hypo-methylated m6A peaks with differentially upregulated genes
(hypo-up, 120), and differentially hypo-methylated m6A peaks with differentially downregulated genes (hypo-down, 54) (Fig. 4C).
The top 10 % of these genes are shown in sTablel. The biological significance of these genes was investigated using GO and KEGG
pathway analyses. The GO analysis indicated that these genes are mainly involved in signal transduction, multicellular organism
development, the positive regulation of transcription from the RNA polymerase II promoter, and the regulation of transcription
involved in the cellular response to chemical stimuli (Fig. 4D). The KEGG pathway analysis revealed that 264 genes were primarily
enriched in the Wnt and TNF signaling pathway, Axon guidance, and cytokine—cytokine receptor interaction (Fig. 4E). It is suggested
that the m6A methylation modulated by HIV-1 might be one of the factors affecting the expression of these genes, and most of them are
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Fig. 2. Characteristics of m6A methylation in HIV-1-infected HMC3 cells. (A) A Venn diagram showing the common and unique m6A peaks in HIV-
1-EGFP-infected and uninfected cells. (B) A volcano plot showing the significantly differential m6A peaks in HIV-1-EGFP-infected and uninfected
cells. The percentage (C) and accumulation (D) of hyper-methylated, hypo-methylated, and stable m6A peaks among the four transcript segments.
(E) A representative motif analysis of the HIV-1-EGFP infected and uninfected groups based on the data in C.

related to immune response and axon signaling pathways in HMC3 cells.

3.5. Validation of the m6A methylation and expression data with MeRIP-qPCR and RT-PCR

To further confirm the results of our MeRIP-seq data, we validated the m6A methylation and expression alterations of several of the
top genes (sTable 1) using MeRIP-qPCR. The MeRIP-qPCR results showed significantly elevated m6A levels of HLA-B, CFB, and OLR1
and a significantly reduced m6A level of IL-6 RNA in HMC3 cells infected with HIV-1-EGFP (Fig. 5A). We further tested these gene
expression levels using QRT-PCR. The results indicated that HIV-1-EGFP infection increased the expression levels of these four genes by
more than six times (Fig. 5B). Furthermore, to clarify the altered intensity of the differentially methylated sites in these two groups, we
analyzed the changes in m6A methylation of the four genes using Integrative Genomics Viewer (IGV). Compared to uninfected cells,
the m6A levels of HLA-B, CFB, and OLR1 increased and that of IL-6 decreased in HIV-1-EGFP-infected cells, as shown in the small boxes
in Fig. 5C-F. In addition, the m6A site distributions of the four target genes were analyzed. The m6A sites of HLA-B and CFB were in the
CDS, the m6A site of OLR1 was in the 3'UTR, and the site of IL-6 was in the 5'UTR. These results suggest that HIV-1 infection might
affect the expression of different genes by regulating the m6A methylation levels in different mRNA regions.
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Fig. 3. GO and KEGG pathway analyses of differentially methylated mRNA.

4. Discussion

Several studies have demonstrated that the mRNA of HIV-1 can be modified by m6A methylation to regulate the replication of the
virus. For example, several m6A editing sites in HIV-1 3'UTRs can enhance the expression of the viral genes [44]. The suppression or
enhancement of the m6A modification level by silencing METTL3 and METTL14 or ALKBH5 can decrease or increase HIV-1 replication
[12]. On the other hand, HIV-1 infection can also regulate the m6A modification of cellular RNA, possibly through its viral gp120
protein [37]. However, the modification pattern and the effects on the expression of genes are still unknown. In our study, we
confirmed that HIV-1 infection can enhance the m6A methylation of cellular RNA in three target cell lines. Further systematic analysis
with MeRIP-seq revealed the global m6A methylation patterns of cellular RNA in HMC3 cells infected with HIV-1, and the results of
some genes were validated using MeRIP-qPCR and qRT-PCR.

Our data showed that the m6A peak number and region of HIV-1-infected cells were distinct from those of uninfected cells. It is well
known that m6A methylation is an invertible process involving several enzymes, including writers, erasers, and readers [16]. The
global changes in m6A modification by HIV-1 infection could result from the abnormal expression of these enzymes. However, the
expression of these enzymes remained unchanged in the HIV-1-infected HMC3 cells, according to our RNA-seq data. M6A methylation
is a complex process, and other unknown factors could be involved. Recently, it was reported that exon junction complexes (EJCs) act
as an m6A suppressor, protecting exon-junction-proximal RNA in coding sequences from methylation and regulating mRNA stability
by m6A suppression [45]. Again, the limited sample size in this study may be the main reason. A larger sample size should be

investigated in future studies.
Nagaraja et al. reported that HIV-1 infection enhanced the m6A modification through its envelope protein gp120; however, they



Q. Peng et al. Heliyon 9 (2023) e21307

A HIV-1-EGFP infected VS Unifected B Unifected HIV-1-EGFP infected

®  Sig_Up (1014)
©  NoDiff (28717) MR IOOHG e
®  Sig_Down (540) oA l

—log10(pVal)

log2(FC) ) &

Hypo-Up : 120 Hyper-Up :45 geno
i

.
o
o
o e %)
e
% e,
o ot
%
el

® op ° o® BAKi

? ) GRaarapLs

. D o_ oo '; . : B
et . firts

diffExp.gene.log2(fc)

I
N
o

.

g . g,

L3
Hypo-Down :54 Hyper Down :45 welg
et

-5.0 -2.5 0.0 25 5.0
diffPeak.log2fc

(=)

GO Enrichment BarPlot KEGG Enrichment Scatter Plot

Biological Process Cellular Component Molecular Function

Whnt signaling pathway .
| TNF signaling pathway .
£
g

3
3

Gene Number

@
S
rwn

Natural killer cell mediated cytotoxicity

a
S

Pathway Name
>

Axon guidance 4 ‘
£,
)

....'
=

Cytokine-cytokine receptor interaction | |’

Percent Of Genes (%)
8 3

III Autoimmune thyroid disease
: Insulin secretion 4 p Value

5 2oE 22925 S £
£ EF EEIL O 5
§ Ecge” fg°
5 g5 g3 Jak-STAT signaling pathway { () -
® g s 3 ;
5 g & 8
2 38 H é" TGF-beta signaling pathway ) .
H 5.80e-03

0.02 0.04 0.06 0.08
Rich Factor

Fig. 4. Identification and enrichment analysis of differentially expressed genes and their association with the m6A peak (A) Volcano plot showing
the significantly differentially expressed genes in HIV-1-EGFP-infected and uninfected cells. (B) Heatmap plot showing the differentially expressed
genes in HIV-1-EGFP-infected and uninfected cells. (C) Four-quadrant plot showing the distribution of genes with significant changes in both the
m6A modification (x-axis) and mRNA levels (y-axis). GO analysis (D) and KEGG analysis (E) of four-quadrant plot genes in C.

found no significant changes in the m6A-related enzymes in gp120-expressing cells [37]. Another study found that enterovirus 71
(EV71) RNA undergoes m6A modification during viral infection, which alters the expression and localization of m6A methyl-
transferase, demethylase, and their binding proteins [46]. Although Zhang et al. found that m6A modification of cellular mRNA was
not significantly altered by HIV-1 infection in T cells using LC-MS/MS method [47].In our study, even though we used the VSV-G
pseudotyped virus without gp120 protein, a significant increase in the m6A modification of cellular RNA was also observed using a
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Fig. 5. MeRIP-qPCR assays and Integrative Genomics Viewer (A) MeRIP-qPCR quantitative analysis of m6A level changes of HLA-B, IL-6, CFB, and
OLR1 between HIV-1-EGFP infected and uninfected cells using immunoprecipitation with a specific m6A antibody. (B) qRT-PCR validation of
expression of four genes between HIV-1-EGFP infected and uninfected cells. The m6A site distributions of the four genes were analyzed using IGV:
CFB (C), HLA-B (D), OLR1 (E), and IL-6 (F). (*p < 0.05, **p < 0.01, ***p < 0.001, Student’s t-test).

dot-blot assay. It may be because of the different detection methods used in different studies. It is necessary to perform further
investigation. These results indicate that, in addition to gp120, other viral proteins might also affect the m6A process. These viral
proteins need to be further identified, as does the mechanism by which they interfere with the m6A modification process in target cells.

The KEGG pathway analyses showed that the genes with upregulated m6A-modified sites were related to the Ras signaling
pathway, which is one of the main pathways for immune responses [48]. The conjoint analyses of the MeRIP-Seq and RNA-Seq data
found that 264 genes showed differential m6A peaks and expression induced by pseudotyped HIV-1, which were enriched in the Wnt
and TNF signaling pathway, Axon guidance, and cytokine-cytokine receptor interaction, which is related to the immune responses and
physiological functions of the nervous system. HMC3 is the target cell of HIV-1 in the brain, and it is also the immune cell that plays an
important role in HAND [49]. It was reported that Ras signaling induces Ros generation via the downstream effector MEK/ERK [50].
We found that HIV-1 infection could lead to the m6A modification of lots of proteins that are involved in the above pathways, which
indicates potential interactions between HIV-1 and the host cells, especially in the neuropathological change during HAND. Since
HIV-1 infection can activate microglia through multiple pathways, we are trying to demonstrate that it can induce neuroinflammation
through the regulation of m6A modification. we detected the m6A modification in the HIV-1 infected cells incubated with m6A in-
hibitor DAA. The results showed that the increase of methylation induced by HIV-1 infection was suppressed by the addition of DAA
(sFigurelA, B), and the higher level of IBA1 induced by virus infection is decreased by DAA treatment (sFigurelC). These results
implied that m6A methylation might be one of the reasons for the activation of inflammation under HIV-1 infection. HIV-1 transgenic
rats study found neuronal cell death and degeneration through increased nitroxidative stress and immune response pathway [51]. Our
results provide more information about the interaction between the virus and host, such as which pathway is targeted by the virus by
regulating m6A modification.

Although our m6A detection results showed that the total m6A level significantly increased in HIV-1-infected cells (Fig. 1), almost
half of the changed genes showed a decreased m6A methylation level, even though the expression level of their mRNA increased. In the
HIV-1 infected cells, the interaction between virus and cells is complex and constantly changing, the m6A modification also is
regulated in a variety of ways, and the region of m6A modification also made different affection on the gene expression. The results
imply that the m6A modification might be the reason for the changes in gene expression and that these genes might play important
roles in the pathogenesis of HIV-1 infection. HIV-1 infection enhances IL-6 expression through multiple pathways [52], the methyl-
ation might also be one way to affect the gene expression, and how it affects also need to be investigated more. And it was also reported
that the activation of the immune reaction plays important roles in HAND development, including IL-6 upregulation [53]. These results
suggest that the activation of an inflammatory signaling different than m6A methylation, and IL-6 might be related to TNF pathway. It
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is necessary to confirm the m6A modified region of IL-6 and to clarify the relation between that and the expression of IL-6.

Lipid metabolism exerts a profound impact on the maintenance of human physiology and health status. It is reported that m6A
modification of RNA also plays important roles on lipid metabolic regulation [28], we further examined the MDA to confirm the levels
of lipid peroxidation in the treated cells. MDA levels increased in HIV-1 infected cells, and DAA incubation prevent the increase of MDA
(sFigurelD). These results suggested that the increase of lipid peroxidation level in HMC3 during HIV-1 infection might be partially
due to the m6A methylation increasing. It has been reported that CFB promotes adipocyte differentiation, maturation, and lipid droplet
formation [54]. OLR1 implements its role in lipid metabolism [55], also is has been shown that OLR1 promotes the release of in-
flammatory cytokines and is associated with metabolic diseases [56], suggesting that OLR1 might involve in inflammatory response by
regulating lipid metabolism. The detailed mechanism is worth to further investigate. In addition, distinct HLA-B alleles, were asso-
ciated with HIV-1 infection control [57]. However, the relationship between HLA-B methylation and viral infection needs further
investigation.

In summary, via high-throughput sequencing and biological experiments, we confirmed that HIV-1 infection can enhance m6A
methylation in T cells and macrophages and showed distinct global patterns in microglial HMC3 cells infected with HIV-1. The
differentially expressed genes might be due to the regulation of m6A methylation by HIV-1 infection, and these genes are closely
related to immune activation. Our study provides new clues for understanding the interaction between HIV-1 and microglia-mediated
by m6A modifications on cellular RNA. In this study we performed the investigation just in vitro, the findings are very interesting, but
the results are limited. The conclusions need to be confirmed with primary microglia or the virus-positive macrophages from HIV-1
infected individuals in future study, and the phenotypic and mechanism analysis is necessary to be performed with HIV-1 infected
humanized mice.
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