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Vpr driving DNA methylation variation
of CD4+T cells in HIV-1 infection
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Abstract

Background Despite the existence of available therapeutic interventions for HIV-1, this virus remains a significant
global threat, leading to substantial morbidity and mortality. Within HIV-1-infected cells, the accessory viral protein r
(Vpr) exerts control over diverse biological processes, including cell cycle progression, DNA repair, and apoptosis. The
regulation of gene expression through DNA methylation plays a crucial role in physiological processes, exerting its
influence without altering the underlying DNA sequence. However, a thorough examination of the impact of Vpr on
DNA methylation in human CD4 +T cells has not been conducted.

Methods In this study, we employed base-resolution whole-genome bisulfite sequencing (WGBS), real-time
quantitative RCR and western blot to explore the effect of Vpr on DNA methylation of host cells under HIV-1 infection.

Results We observed that HIV-1 infection leads to elevated levels of global DNA methylation in primary CD4+T
cells. Specifically, Vpr induces significant modifications in DNA methylation patterns, particularly affecting regions
within promoters and gene bodies. These alterations notably influence genes related to immune-related pathways
and olfactory receptor activity. Moreover, Vpr demonstrates a distinct ability to diminish the levels of methylation in
histone genes.

Conclusions These findings emphasize the significant involvement of Vpr in regulating transcription through the
modulation of DNA methylation patterns. Together, the results of this investigation will considerably enhance our
understanding of the influence of HIV-1 Vpr on the DNA methylation of host cells, offer potential avenues for the
development of more effective treatments.
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the infection upon discontinuation of treatment [2, 3].
Consequently, there exist considerable impediments to
the prevention and treatment of HIV-1 [4]. The intricate
interplay between HIV-1 and host target cells constitutes
a fundamental cause for these formidable hurdles, yet
the underlying mechanisms of this interaction remain
inadequately comprehended. DNA methylation assumes
a pivotal function in the regulation of gene expression
without modifying the DNA sequence [5], predominantly
manifesting at the carbon-5 position of cytosine resi-
dues within a cytosine-guanine dinucleotide (CpG site)
[6, 7]. However, numerous diseases have been linked to
abnormal methylation patterns [8—11]. Various studies
have demonstrated that viral infections can trigger aber-
rant methylation patterns within the genome of the host
[12-14]. Conversely, the integrated proviral genome is
also influenced by the epigenetic milieu of the host [12,
15, 16]. Consequently, the interaction between the virus
and the host leads to a modified epigenetic environment
that impacts both the virus and the infected host cell.
Multiple studies offer substantiation that HIV-1 infec-
tion elicits alterations in DNA methylation of host cells
[17, 18]. DNA methylation is established by a group of
enzymes known as DNA methyltransferases (DNMTs),
specifically DNMT1, DNMT3A, and DNMT3B [19, 20].
Previous studies have demonstrated that early expressed
HIV-1 proteins, such as Tat, Nef, and Rev, can promote
the expression of DNMTs by enhancing the activity of the
DNMT1 promoter [21-23]. Additionally, Methyl CpG-
binding protein-2 (MeCP2), a crucial multifunctional
epigenetic regulator, plays a role in recognizing methyl-
ated CpG sites and influencing transcription and chro-
matin structure [24—25]. It has been observed that HIV
Tat can induce the expression of miR-132, which subse-
quently leads to the down-regulation of MeCP2 expres-
sion [26]. However, there is limited literature available
regarding the impact of other HIV accessory proteins on
the methylation of host cell DNA.

Vpr, an accessory protein of HIV-1, warrants inves-
tigation due to its incorporation into viral particles and
involvement in the early stages of infection. Previous
research has demonstrated that Vpr can induce cell cycle
arrest during the G2/M phase, facilitate apoptosis of tar-
get cells, enhance the expression of HIV-1 genes, disrupt
crucial signaling pathways, and counteract host restric-
tion factors within target cells [27-32]. It is hypothesized
that Vpr operates by enlisting host target proteins to the
DCAF1-DDB1-Cul4 E3 ubiquitin ligase complex [33—
34]. Furthermore, recent research has demonstrated that
Vpr elicits comprehensive changes in the transcriptomic
and proteomic profiles during the initial phases of HIV-1
infection [35-36]. These findings strongly suggest that
Vpr exerts a substantial influence on the gene expres-
sion patterns of primary CD4+T cells during HIV-1
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infection. Notably, the Ten-eleven translocation methyl-
cytosine dioxygenase (TET) enzymes, which function as
DNA demethylase enzymes, catalyze the conversion of
5-methyl-cytosine into 5-hydroxymethyl-cytosine, serv-
ing as the initial step in cytosine demethylation. Recent
investigations have revealed that HIV-1 Vpr enhances
HIV-1 replication by degrading TET2 in macrophages
[34, 37]. However, there is a limited amount of research
available regarding the impact of HIV-1 infection on
DNA methylation within the host genome. Additionally,
no studies have been conducted to investigate the effects
of Vpr on alterations in the entire genome of CD4+T
cells in terms of DNA methylation.

In this study, we performed base-resolution whole-
genome bisulfite sequencing (WGBS) of primary CD4+T
cells with either HIV-1-Vpr or HIV-1-/A\Vpr infection,
to investigate the role of Vpr in DNA methylation varia-
tion. Besides, we conducted an analysis on the distinctive
features of Vpr-induced differentially methylated cyto-
sines (DMCs), while also investigating the correlation
between DNA methylation of histones and Vpr. The find-
ings of this research endeavor will significantly enhance
our comprehension regarding the impact of HIV-1 Vpr
on the DNA methylation of host cells, thereby presenting
innovative therapeutic targets for the regulation of HIV
progression and management.

Methods

Human participants

The use of healthy adult peripheral blood mononu-
clear cells for the isolation of primary CD4+T cells was
approved by the Institutional Review Board of Shenzhen
Blood Center (Shenzhen, Guangdong, China). All partici-
pants provided written informed consent to participate
in the study and for publication of their experimental
data.

Virus stock production

Pseudotyped viral stocks were produced in HEK293
T cells by co-transfecting 2.2 pg of pCXCR4 HIV-1
envelope-expression vector, 4.4 pg of packaging vector
pC-help, and 4.4 pg HIV-1 pseudotyped vector using
a polyethylenimine (Invitrogen) transfection system
according to the manufacturer’s instructions. The lentivi-
rus for overexpression was produced in HEK293 T cells
by co-transfecting 2.2 pug of VSV-G glycoprotein-expres-
sion vector, 4.4 ug of packaging vector pC-help, and
4.4 pg of lentivirus vector. Supernatants were harvested
after 48 h, centrifuged (10 min, 500 X g, room tempera-
ture), and filtered through a 0.45 um pore size membrane
to remove the cell debris. The viruses were concentrated
by centrifugation with 25% v/v of 50% polyethylene gly-
col 6000, 10% v/v of 4 m NaCl and 11% v/v of 4 PBS.
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Concentrated virions were resuspended in complete
medium and stored at -80 °C.

HIV-1 infection and cell culture

Primary CD4+T cells were isolated from three HIV-1
naive individuals. CD4+T cells were co-stimulated with
anti-CD3 and anti-CD28 antibodies (BioLegend) for
three days. Activated CD4+T cells were infected with
pseudotyped viral stocks at a multiplicity of infection of
0.05-0.1. All infections were performed by centrifuging
the target cells with the virus at 1,200 x g for 2 h. The
infected cells were maintained in STCM (super T cell
medium) for 3 days or 7 days.

Genomic DNA isolation and WGBS library construction

At 3 days post-infection and 7 days post-infection,
each DNA samples were extracted using the TIANamp
genomic DNA kit (TIAN GEN, China) and three individ-
uals were mixed in equal proportions. For the construc-
tion of the typical WGBS library, 1 ug sample genome
DNA mixed with unmethylated lambda DNA was
fragmented using a Bioruptor system to a mean size of
approximately 250 bp. After fragmentation, the purified
randomly fragmented DNA was treated with a mix of T4
DNA polymerase, Klenow fragment and T4 polynucleo-
tide kinase to repair, blunt, and phosphorylate the ends.
The blunt DNA fragments were subsequently 3’ adenyl-
ated using the Klenow fragment (3'-5" exo-) and ligated
to adaptors synthesized with 5’-methylcytosine instead of
cytosine using T4 DNA ligase. After each step, DNA was
purified using a QIAquick PCR Purification Kit (Qiagen).
Next, a ZYMO EZ DNA Methylation-Gold Kit™ was used
according to the manufacturer’s instructions to convert
unmethylated cytosine into uracil. Finally, PCR was car-
ried out in a final reaction volume of 50 pL, consisting of
20 pL adapter ligated DNA, 4 pL 2.5mm dNTP, 5 pL 10
x buffer, 0.5 pL JumpStart™ Taq DNA Polymerase, 2 puL
PCR primers and 18.5 puL water and the following ther-
mal cycling program: 94 °C for 1 min, 10 cycles of 94 °C
for 10's, 62 °C for 30 s, 72 °C for 30 s then prolonged with
5 min at 72 °C and the products held at 12 °C. PCR prod-
ucts were purified using the QIAquick PCR Purification
Kit (Qiagen, Hilden, Germany). Before analysis using the
Mlumina sequencing platform (Illumina Novaseq 6000
paired 150), the purified library was analyzed using a Bio-
analyzer analysis system (Agilent, Santa Clara, CA, USA)
and quantified by real-time PCR.

DNA-seq data analysis

Adaptor sequences, contaminants, and low-quality
reads were initially removed from the raw data follow-
ing the delivery of the sequencing data. The reference
genome was then mapped using the clean data with
BSMAP [38], and a sufficient amount of clean data was
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ensured. The reference genome utilized in this study was
based on prior research [39]. The alignment underwent
a quality check. The methylation information for cyto-
sine throughout the whole genome was subsequently
obtained using the uniquely mapped data. The cytosine
data were then employed for generic and customized bio-
informatics analyses.

Sequence alignment and detection of cytosine
methylation levels

The cleaned reads were mapped back to the refer-
ence genome using BSMAP software version 2.90. The
parameter settings used were “-n 1 -v 0.08 -g 1 -p 48"
The methylation ratios were extracted from the BSMAP
output using a Python script (methratio.py) distributed
with the BSMAP package. Briefly, the methylation level
was calculated based on the methylated cytosine (mC)
percentage in the whole genome as follows: site meth-
ylation level=100 x (number of sequences with methyl-
ated cytosines (mC)/total number of valid sequences).
DMCs were detected using MethylKit (v1.20) in de-novo
mode among CpG sites with at least 5 X coverage. The
parameter settings used were “--mincov 5 --m_cutoft 0.1
--p_cutoff 0.05” The genome GO and KEGG annotation
was performed using emapper based on the EGGNOG
database. Related genes were subjected to GO and KEGG
enrichment analyses using Allenricher (v1.0).

Differentially methylated region (DMRs) detection
Windows with at least five CG sites, a twofold change in
methylation level, and Fisher test P<0.05 were selected
to identify putative differentially methylated regions
(DMRs) between the control and other groups. Neither
group should be hypomethylated during DMR discovery.
If the genomic area from the beginning of an upstream
DMR to the end of a downstream DMR displayed two-
fold methylation level variations between Con and other
groups with a P<0.05, then the two neighboring DMRs
were deemed interdependent and combined into one
continuous DMR. The two DMRs were considered inde-
pendent in all other respects. The final dataset of DMRs
comprised those of DMRs independent of one another
after repeatedly combining the interdependent DMRs.

Function enrichment of DMR-related genes

Gene Ontology (GO) enrichment histogram of DMR-
related genes can visually reflect the number distribution
of DMR-related genes in BP (biological process), CC (cell
component) and MF (molecular function). Kyoto Ency-
clopedia of Genes and Genomes (KEGG) is the main
public database on the pathway. ClusterProfiler pack-
age in R software was used to investigate GO and KEGG
enrichment analysis. P<0.05 was used for the cut-off
criterion.
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Quantitative PCR (qPCR)

The cells were then incubated with different compounds
for different times. Total RNA was extracted using
the TRIzol reagent (Thermo Fisher, Cat# 15,596,018).
Reverse transcription of RNA to cDNA was performed
using SuperScript IV system-controlled response
(Thermo Fisher Scientific). qPCR was performed using
SYBR qPCR Master Mix (Vazyme, Nanjing, China) on
the QuantStudio 3 PCR system (Thermo Fisher Scien-
tific) using a standard two-step procedure (denaturation
at 95 C for 10 s, annealing at 60 ‘C for 30 s; 40 cycles).
The qPCR primer sequences are listed in Table 1. The
glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
gene was used as the reference gene, and the relative
expression of mRNAs was analyzed using 2- AACT.

Western blotting

After treatment, cells were lysed by Radio Immunopre-
cipitation Assay (RIPA) lysis buffer, incubated on ice
for 30 min, followed by centrifugation at 12,000 x g for
10 min at 4 ‘C. The supernatant was collected as the
whole protein extract. The protein extract was denatured
by adding NuPAGE running buffer (Thermo Fisher Scien-
tific, Cat# NP0001) and heating up at 100 ‘C for 10 min.
Protein samples were stored at —80 ‘C or used directly
for western blotting. Total proteins were electropho-
resed on an SDS-PAGE gel for 1.5 h to separate the pro-
teins, which were then transferred onto a polyvinylidene
fluoride (PVDF) membrane (Bio-Rad, Cat# 1,620,177).
They were then co-incubated with primary antibodies
and incubated with secondary antibodies conjugated to
horseradish peroxidase (HRP). Antibodies were diluted
with 5% bovine serum albumin (BSA). Primary anti-
bodies against DNMT1 (24206-1-AP) and DNMT3A
(20954-1-AP), were purchased from proteintech Group
(Wuhan, China). Primary antibodies CTCF (ab128873),
PAX5 (ab109443) and GAPDH (ab181602) were pur-
chased from Abcam (Cambridge, UK). HRP-labeled
Goat Anti-Mouse IgG (H+L) (A0216) and HRP-labeled
Goat Anti-Rabbit IgG (H+L) (A0208) were purchased

Table 1 RT-gPCR primer sequences
Primer name Sequence (5'-3')

H1-2-F CCGCCTCTAAAGAGCGTAGC
H1-2-R AGACCAAGTTTGATACGGCTG
H2AC6-F CTCGCGCCAAAGCGAAATC
H2AC6-R CTGCGTAGTTGCCTTTACGGA
H2AC8-F CTACTCCGAACGAGTCGGG
H2AC8-R GATGGTCACGCGACCTAGAAG
H2BC5-F GGGCATCATGAACTCGTTCG
H2BC5-R ACTTGGAGCTGGTGTACTTGG
H3C4-F CCATTCCAGCGTCTAGTCCG
H3C4-R TCTGAAAACGCAGATCAGTCTTG
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from Beyotime (Guangzhou, China). The HRP signal was
detected using ChemiDoc Touch (Bio-Rad).

Statistical analysis

All experiments were repeated at least thrice. Statis-
tics were performed with GraphPad Prism 8 version
8.0 (GraphPad Software, Inc., San Diego, CA, USA),
and all data are presented as mean values*SD. p-values
were calculated based on the Student’s t-test using IBM
SPSS statistics for Windows, version 20.0 (IBM Corp.,
Armonk, NY, USA).

Results
HIV-1 Vpr induces DNA methylation changes in primary
CD4+T cells
Activated CD4+T cells were infected with either HIV-1-
Vpr or HIV-1- /A Vpr. The infection rates remained con-
sistent in both groups on day 3 or 7 post-infection, and
all samples were collected for subsequent analysis using
whole-genome bisulfite sequencing (WGBS) (Fig. 1A, B).
A total of 80 G clean data was generated for each group,
and after data filtering, the mapped reads exhibited rates
ranging from 73.25 to 77.18% (Table S1). Notably, DNA
methylation was observed in three sequence contexts,
namely CG, CHG, and CHH (Table S2). The distribution
of the three types of methylation exhibited consistency
across all groups, with mCG accounting for approxi-
mately 75.4-77.28%, mCHG accounting for 1.20-1.28%,
and mCHH accounting for 1.0-1.18% (Table S2). Our
findings indicate that Vpr solely augmented the average
methylation rate in CG, while no effect was observed in
CHG or CHH (Fig. 1C-E). Although minimal variation
was observed in the methylation patterns of promoter
regions and CpG islands (CGI), Vpr heightened the levels
of DNA methylation in the gene body, 2 kb downstream
of the transcription start site (TSS), and CGI shelves
(Fig. 1F-H). Together, there data indicated that HIV-1
Vpr can induce DNA methylation changes, especially CG
type DNA methylation in primary CD4+T cells.

HIV-1 Vpr induces extensive DNA hypermethylation.

In order to further investigate the distribution of meth-
ylation levels in various transcriptional elements, we
categorized mC into specific gene features, including
promoter, 5°UTR, exon, intron, 3'UTR, and intergenic
regions. Analysis of the distribution of genomic fea-
tures revealed that there were no significant differences
in genome-wide DNA methylation levels on day 3 after
HIV-1-AVpr infection. However, on day 7, there was a
slight increase in the proportion of hypomethylated cyto-
sines (Fig. 2A, B). However, the incidence of hypermeth-
ylated cytosines exhibited a substantial increase upon
HIV-1-Vpr infection, predominantly localized within the
gene body and intergenic regions (Fig. 2A, B), whereas
changes in the level of each chromosome remained
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Fig. 1 Landscape of Vpr-induced DNA methylation. (A) The schematic depicts the experimental design employed in the Whole Genome Bisulfite Se-
quencing (WGBS) study. (B) Flow cytometry plots are presented as representatives, illustrating the HIV-1 infection of primary CD4+T cells in the context
of WGBS. (C-E) The methylation levels across the genome are displayed for CG (C), CHG (D), and CHH (E) contexts. (F) A violin plot is utilized to showcase
the overall distribution of methylation levels, with a bin size of 10 kb. (G, H) The mean DNA methylation levels are computed based on elemental (G) and

CGl (H) patterns.

consistent (Fig. 2C, D). These findings provide evidence
that primary CD4+T lymphocytes exposed to Vpr expe-
rienced notable DNA hypermethylation, particularly
within the gene body and intergenic regions, in the con-
text of HIV-1 infection.

Vpr orchestrates the DNA methylation of lymphocyte
differentiation-related genes.

A comparison between HIV-1-Vpr infection and HIV-
1-AVpr infection yielded a total of 612,611 differentially
methylated cytosines (DMCs). Among these DMCs,
363,667 were hypermethylated cytosines and 248,944

were hypomethylated cytosines. These changes were pre-
dominantly observed in genosome and intergenic regions
on day 3 post-infection, as depicted in Fig. 3A-C. Notably,
Vpr-induced infection on day 7 resulted in a higher num-
ber of hypermethylated cytosines, as shown in Fig. 3A-C.
The methylation changes in each chromosome remained
constant, except for chromosome 16 (Fig. 3D, E). GO
analysis was conducted to explore the functional signifi-
cance of genes modified by DMC, revealing that both
hypermethylation and hypomethylation modifications
were found to be enriched in specific pathways, including
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Fig. 2 HIV-1 Vprinduce extensive DNA hypermethylation. (A) Genomic characteristics of differentially methylated cytosines (DMCs) in HIV-1-AVpr infec-
tion and HIV-1-Vpr infection on day 3 post-infection. (B) Genomic features of differentially methylated cytosines (DMCs) in HIV-1-AVpr infection and HIV-1-
Vprinfection on day 7 post-infection. (C) The distribution of DMCs on each chromosome during HIV-1-AVpr or HIV-1-Vpr infection on day 3 post-infection.
(D) The distribution of DMCs on each chromosome during HIV-1-AVpr or HIV-1-Vpr infection on day 7 post-infection.

olfactory receptor activity, the B cell receptor signaling
pathway, and the T cell receptor complex (Fig. 3F, G).
Additionally, promoter-DMC-modified genes were pre-
dominantly associated with the T cell receptor complex,
olfactory receptor activity, and B cell receptor signaling
pathways (Fig. 3H, I), which are known to be epigenetic
markers associated with gene silencing [40]. The findings
suggest that methylation modification on either the gene
body or promoter leads to the clustering of Vpr-induced
hypermethylated cytosine-modified genes and Vpr-
induced hypomethylated cytosine-modified genes into
highly similar pathways.

Figure 4 A illustrates the presence of specific Vpr-
induced DMC-modified genes that exhibit enrichment in

T/B cell-related pathways, including CD19 and MS4A1
(B cell biomarkers), CD4 and CD8A (T cell biomark-
ers), TGFB1 and CD40 (antigen binding), and ZNF683
and JAK3 (adaptive immune response) (Fig. 4B-E). Fur-
thermore, Vpr perturbed the DNA methylation patterns
of BATF, CTCF, RUNXI1, and PAX5, which are crucial
transcriptional regulators involved in lymphocyte dif-
ferentiation (Fig. 4F, G) [41-44]. These findings collec-
tively provide evidence that Vpr induces alterations in the
DNA methylation of genes associated with lymphocyte
differentiation.

DNA methylation is orchestrated by a family of
DNMTs, notably DNMT1 and DNMT3A [19, 20]. Our
investigation revealed that Vpr induces demethylation
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Fig. 3 Vpr-induced DNA methylation changes mainly distributed in immune-related pathways. (A) The quantity of differentially methylated cytosines
(DMCs) specifically induced by Vpr. (B, C) The genomic characteristics of DMCs specifically induced by Vpr on day 3 (B) and day 7 post-infection (C). (D,
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with promoter-hypermethylated (H) or hypomethylated (1) DMCs.
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Fig. 4 Vpr induces DNA methylation changes in lymphocyte differentiation-related genes. (A) Signature genes of the main GO enrichment pathways
of Vpr-induced DMCs. (B) The IGV genome browser was used to track whole-genome bisulfite sequencing (WGBS) data at the CD19 or MS4A1 genes in
HIV-1-AVpr and HIV-1-Vpr infections. (C) The IGV genome browser was utilized to observe WGBS tracks at the CD4 or CD8A genes in HIV-1-AVpr and HIV-
1-Vpr infections. (D) WGBS data at the TGFB1 or CD40 genes in HIV-1-AVpr and HIV-1-Vpr infections were visualized using the IGY genome browser tracks.
(E) The IGV genome browser was employed to examine WGBS tracks at the ZNF683 or JAK3 genes in HIV-1-AVpr and HIV-1-Vpr infections. (F) WGBS data
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used to track WGBS data at the RUNX1 or PAX5 genes in HIV-1-AVpr and HIV-1-Vpr infections. Black arrows indicate DMCs.

in the promoter region of DNMT3A, while DNMT1
remains unchanged (Fig. 5A, B). Our western blot analy-
sis demonstrated that Vpr enhances the expression of
DNMT3A without affecting DNMT1 levels (Fig. 5C),
corroborating our sequencing data. CTCE, a pivotal tran-
scription factor with conserved functions in cell type-
specific genome organization [43]. Our results showed
that Vpr induced hypermethylation in the promoter

region of CTCF (Fig. 5D), coupled with decreased CTCFE
expression (Fig. 5F). Furthermore, Vpr exerts a substan-
tial influence on the DNA methylation status of PAXS5,
with 30 hypomethylated promoter-DMCs and 858 hyper-
methylated gene-body-DMCs induced by Vpr (Fig. 5E).
Intriguingly, western blot data indicated an increase in
PAX5 expression upon Vpr exposure (Fig. 5F). Collec-
tively, these results suggested that HIV-1 Vpr alters DNA
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methylation of lymphocyte differentiation-related genes
by orchestrating the expression of DNMTs.

HIV-1 vpr alters differentially methylated regions (DMRs) in
primary CD4 +T cells

In order to further investigate the disparity in DNA
methylation between the HIV-1-Vpr group and the HIV-
1-AVpr group, we conducted a quantitative analysis of
differentially methylated regions (DMRs), which are dis-
tinct DNA segments exhibiting varying methylation pat-
terns, across the various groups. Our findings revealed
the presence of 33,967 hyper-DMRs and 16,992 hypo-
DMRs on day 3 post-infection, as well as 43,162 hyper-
DMRs and 14,035 hypo-DMRs on day 7 post-infection
in the HIV-1-Vpr group compared to the HIV-1-AVpr
group (Fig. 6A). Additionally, we conducted a compre-
hensive analysis of the genomic characteristics of these
DMRs and observed that the majority of DMRs were
located within intronic and intergenic regions. Further-
more, it was noted that the number of hyper-DMRs sig-
nificantly exceeded that of hypo-DMRs in each genomic
element (Fig. 6B, C). In each chromosome, there was
a significantly greater number of hyper-DMRs com-
pared to hypo-DMRs (Fig. 6D, E). To further explore the
functional role of DMR-modified genes, a GO analysis
was conducted. It was observed that promoter-hyper-
DMRs modified genes were predominantly enriched in

ribosome and ribosome-related pathways (Fig. 6F). Sur-
prisingly, promoter-hypo-DMRs modified genes were
found to be highly enriched in nucleosomes and nucleo-
some assembly related pathways (Fig. 6G). These find-
ings suggest that HIV-1 Vpr specifically induces a higher
number of hyper-DMRs in primary CD4+T cells.

HIV-1 vpr drives loss of histone DNA methylation

Although Vpr exhibits a specific ability to induce a
greater number of hyper-differentially methylated
regions (DMRs) in primary CD4+T cells, the genes that
are modified by Vpr-induced promoter hypo-DMRs are
predominantly associated with nucleosomes and nucleo-
some assembly pathways (Fig. 6G). In order to further
investigate the potential loss of histone DNA methylation
induced by Vpr, we conducted an analysis of methylation
levels in the promoter region of all histone genes (Table
S3). Our findings indicate that Vpr is capable of induc-
ing demethylation in the promoter region of all histone
genes (Fig. 7A, B). This conclusion is further supported
by the results obtained from IGV genome browser analy-
sis of histone DNA methylation profiles, which confirm
that Vpr can indeed reduce DNA methylation levels of
histone genes (Fig. 7C). Furthermore, we found that Vpr
can indeed promote the transcription of histone genes
through real-time quantitative RCR (Fig. 7D). Together,
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Fig. 6 Vpr alters differentially methylated regions (DMRs) in primary CD4 +T cells. (A) The quantity of differentially methylated regions (DMRs) induced
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the results suggested that HIV-1 Vpr plays an important
role in regulating histone gene expression.

Discussion

In this study, we conducted an assessment of the impact
of Vpr on DNA methylation in primary CD4+T cells dur-
ing HIV-1 infection, utilizing WGBS. Our findings reveal
that Vpr has a significant influence on DNA methylation,
particularly in CG type DNA methylation within primary
CD4+T cells. A total of 612,611 differentially methylated
cytosines (DMCs) were identified between the HIV-1-
Vpr group and the HIV-1-AVpr group, with Vpr inducing
a higher number of hyper-DMCs compared to hypo-
DMCs, particularly on day 7 post-infection. Moreover,

Vpr augmented the average methylation rate in gene bod-
ies and intergenic regions. The prevailing form of DNA
methylation observed is commonly referred to as “gene
body methylation”” It is noteworthy that the influence of
promoter methylation on gene expression differs from
that of gene body methylation [45-48]. Promoter meth-
ylation is commonly associated with transcriptional
repression, whereas gene body methylation is frequently
associated with active transcription in humans and other
animals [47, 48]. Consequently, it can be inferred that
Vpr enhances gene expression by augmenting gene body
DNA methylation.

Genes modified by DMCs in both the gene body and
promoter regions were significantly enriched in olfactory
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receptor activity and the detection of chemical stimuli
involved in the sensory perception of smell. Epigenetic
modification of olfactory receptor genes plays a signifi-
cant role in the development of neurons [49-51]. Olfac-
tory dysfunction is one of the deficiencies in people
living with HIV-1 [52, 53], impaired olfactory recogni-
tion may be a marker of early central nervous system
(CNS) damage in HIV-1 infection [51]. Vpr may lead to
decreased olfactory receptor activity and increased olfac-
tory threshold through methylation modification of host
olfactory receptor activity and chemically stimuli-related
gene regions involved in olfactory perception.
Furthermore, Vpr induces modifications in DMC genes
that are involved in immune-related pathways, such
as the B cell receptor signaling pathway, T cell receptor
complex, adaptive immune response, and antigen bind-
ing. Within these pathways, the methylation of certain
genes related to lymphocyte differentiation is regulated

differently, including lymphocyte differentiation tran-
scription factors (BATF, CTCF, RUNX1, and PAXS5) [41,
42, 44, 54, 55], T cell biomarkers (CD4 and CD8A), and B
cell biomarkers (CD19 and MS4A1). The differentiation
and maturation of T cells and B cells is a multifaceted
process influenced by intricate cellular decisions involv-
ing transcription factor expression and epigenetic regula-
tors that modify the epigenomic landscape [56, 57]. DNA
methylation is a key player in directing the differentiation
trajectory of T cell lineage during T cell development [58,
59]. Similarly, DNA methylation not only governs the
complex epigenetic characteristics of regulatory elements
in B cell differentiation and maturation, but is also preva-
lent in mature B cells [60, 61]. Our findings collectively
demonstrate that Vpr affects the development and differ-
entiation of T cells and B cells by altering the DNA meth-
ylation of genes related to lymphocyte differentiation.
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Eukaryotic chromatin is organized by nucleosomes,
nucleosomes are formed from an octameric core par-
ticle of two molecules each of the histones H2A, H2B, H3
and H4, which wraps 147 bp of DNA [62]. The associa-
tion of nucleosomes with most genomic DNA prevents
initiation from cryptic promoters. The nucleosome thus
serves not only as a general gene repressor, but also as
a repressor of all transcription (genic, intragenic, and
intergenic) [63]. Histone marks, including histone acety-
lation, methylation, ubiquitylation, and phosphoryla-
tion were very common and crucial for regulating gene
transcription, but there are few reports on DNA meth-
ylation modification of histone genes themselves. In our
investigation, we observed a strong association between
Vpr-induced promoter-hypo-DMRs-modified genes and
pathways related to nucleosomes and nucleosome assem-
bly. Additionally, we discovered that Vpr extensively
reduces the DNA methylation of histone genes. As we
all know that demethylation of the promoter region of a
gene will promote the expression of the gene, so HIV-1
Vpr can increase the expression of histone genes by DNA
demethylation, and may lead to transcriptional repres-
sion of host cell, as previously reported [35-36], which
may indirectly also contribute towards G2 arrest by Vpr
[64—66]. Together, these findings suggest that Vpr may
play a role in the transcriptomic remodeling of CD4+T
cells during HIV-1 infection by regulating the DNA
methylation of histones.

Conclusions

This study elucidated the influence of Vpr on the global
methylation patterns of primary CD4+T cells during
HIV-1 infection. Our findings provide evidence that Vpr
triggers substantial alterations in DNA methylation, par-
ticularly within the promoter and gene body regions,
which play a crucial role in regulating the expression of
immune-related pathway genes and olfactory receptor
activity. Additionally, Vpr exhibits a specific ability to
decrease methylation levels of histone genes. Collectively,
these results underscore the noteworthy role of Vpr in
modulating transcriptional control through the induc-
tion of DNA methylation variations. Further research is
warranted to gain a comprehensive understanding of the
specific mechanisms by which Vpr governs DNA meth-
ylation, with particular emphasis on its regulation of his-
tone gene methylation.
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MeCP2  Methyl CpG-binding protein-2

MF molecular function

STCM super T cell medium

TSS transcription start site

Vpr viral protein r

WGBS whole-genome bisulfite sequencing

Supplementary Information
The online version contains supplementary material available at https://doi.
0rg/10.1186/512985-024-02363-5.

Supplementary Material 1
Supplementary Material 2

Supplementary Material 3

Acknowledgements
We thank all the participants who donated blood samples for this study.

Author contributions

J.C.and PW. designed this study. J.C,, Z. G and K.D. supervised this study.
PW. and ZM. performed the experiments. PW. and ZM. performed the data
analysis. J.C. and PW. wrote the manuscript with inputs from other authors.

Funding

This work was supported by National Natural Science Foundation of China
(32070159, 82302514), National Key R&D Program of China (2021YFC2301903),
Science and Technology Projects of Guangdong Province of China
(2021B1212030012), and the Advanced Medical Technology Center Program
of The First Affiliated Hospital of Sun Yat-sen University.

Data availability

The original data files of WGBS are available in Genome Sequence Archive

at https://ngdc.cncb.ac.cn/gsa-human/, reference number HRA005936. The
data deposited and made public are compliant with the regulations of the
Ministry of Science and Technology of China. Other data are available from the
corresponding author upon reasonable request.

Declarations

Ethics approval and consent to participate

The use of healthy adult peripheral blood mononuclear cells was reviewed
and approved by the Research Ethics Committee of the Third Affiliated
Hospital of Sun Yat-sen university, the ethics committee approval number is
[2022]02-199-01.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 4 February 2024 / Accepted: 11 April 2024
Published online: 26 April 2024

References

1. Bekker L-G, Beyrer C, Mgodi N, Lewin SR, Delany-Moretlwe S, Taiwo B, et al.
HIV infection. Nat Rev Dis Primers. 2023;9(1):42.

2. Siliciano JD, Kajdas J, Finzi D, Quinn TC, Chadwick K, Margolick JB, et al. Long-
term follow-up studies confirm the stability of the latent reservoir for HIV-1 in
resting CD4+T cells. Nat Med. 2003;9(6):727-8.

3. Finzi D, Hermankova M, Pierson T, Carruth LM, Buck C, Chaisson RE, et al.
Identification of a reservoir for HIV-1 in patients on highly active antiretroviral
therapy. Science. 1997,278(5341):1295-300.

4. Fauci AS, Lane HC. Four decades of HIV/AIDS - much accomplished, much to
Do. N Engl J Med. 2020;383(1):1-4.


https://doi.org/10.1186/s12985-024-02363-5
https://doi.org/10.1186/s12985-024-02363-5

Wang et al. Virology Journal

20.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

(2024) 21:97

Moore LD, Le T, Fan G. DNA methylation and its basic function. Neuropsycho-
pharmacology. 2013;38(1):23-38.

Singal R, Ginder GD. DNA methylation. Blood. 1999;93(12):4059-70.

Smith ZD, Meissner A. DNA methylation: roles in mammalian development.
Nat Rev Genet. 2013;14(3):204-20.

Robertson KD. DNA methylation and human disease. Nat Rev Genet.
2005;6(8):597-610.

Conerly M, Grady WM. Insights into the role of DNA methylation in disease
through the use of mouse models. Dis Model Mech. 2010;3(5-6):290-7.
Richardson B. DNA methylation and autoimmune disease. Clin Immunol
(Orlando Fla). 2003;109(1):72-9.

Vukic M, Daxinger L. DNA methylation in disease: Immunodeficiency,
centromeric instability, facial anomalies syndrome. Essays Biochem.
2019,63(6):773-83.

Vivekanandan P, Daniel HD-J, Kannangai R, Martinez-Murillo F, Torbenson M.
Hepatitis B virus replication induces methylation of both host and viral DNA.
JVirol. 2010;84(9):4321-9.

Cicchini L, Blumhagen RZ, Westrich JA, Myers ME, Warren CJ, Siska C, et

al. High-risk human papillomavirus E7 alters host DNA methylome and
represses HLA-E expression in human keratinocytes. Sci Rep. 2017;7(1):3633.
Matsusaka K, Funata S, Fukayama M, Kaneda A. DNA methylation in gastric
cancer, related to Helicobacter pylori and Epstein-Barr virus. World J Gastro-
enterol. 2014;20(14):3916-26.

Shalginskikh N, Poleshko A, Skalka AM, Katz RA. Retroviral DNA methylation
and epigenetic repression are mediated by the antiviral host protein Daxx. J
Virol. 2013;87(4):2137-50.

Gillet NA, Malani N, Melamed A, Gormley N, Carter R, Bentley D, et al. The host
genomic environment of the provirus determines the abundance of HTLV-
1-infected T-cell clones. Blood. 2011;117(11):3113-22.

Esteban-Cantos A, Rodriguez-Centeno J, Silla JC, Barruz P, Sdénchez-Cabo

F, Saiz-Medrano G, et al. Effect of HIV infection and antiretroviral therapy
initiation on genome-wide DNA methylation patterns. EBioMedicine.
2023;88:104434.

Arumugam T, Ramphal U, Adimulam T, Chinniah R, Ramsuran V. Deciphering
DNA methylation in HIV infection. Front Immunol. 2021;12:795121.
Schermelleh L, Haemmer A, Spada F, Résing N, Meilinger D, Rothbauer U, et
al. Dynamics of Dnmt1 interaction with the replication machinery and its
role in postreplicative maintenance of DNA methylation. Nucleic Acids Res.
2007,35(13):4301-12.

Okano M, Bell DW, Haber DA, Li E. DNA methyltransferases Dnmt3a and
Dnmt3b are essential for de novo methylation and mammalian develop-
ment. Cell. 1999,99(3):247-57.

Youngblood B, Reich NO. The early expressed HIV-1 genes regulate DNMT1
expression. Epigenetics. 2008;3(3):149-56.

Luzzi A, Morettini F, Gazaneo S, Mundo L, Onnis A, Mannucci S, et al. HIV-1
Tat induces DNMT over-expression through microRNA dysregulation in HIV-
related non Hodgkin lymphomas. Infect Agent Cancer. 2014;,9:41.

Doke M, Jeganathan V, McLaughlin JP, Samikkannu T. HIV-1 Tat and cocaine
impact mitochondrial epigenetics: effects on DNA methylation. Epigenetics.
2021,16(9):980-99.

Stuss DP, Cheema M, Ng MK, Martinez de Paz A, Williamson B, Missiaen K, et
al. Impaired in vivo binding of MeCP2 to chromatin in the absence of its DNA
methyl-binding domain. Nucleic Acids Res. 2013;41(9):4888-900.

Gos M. Epigenetic mechanisms of gene expression regulation in neurological
diseases. Acta Neurobiol Exp. 2013;73(1):19-37.

Rahimian P, He JJ. HIV-1 Tat-shortened neurite outgrowth through regulation
of microRNA-132 and its target gene expression. J Neuroinflammation.
2016;13(1):247.

Re F, Braaten D, Franke EK, Luban J. Human immunodeficiency virus type 1
vpr arrests the cell cycle in G2 by inhibiting the activation of p34cdc2-cyclin
B. JVirol. 1995,69(11):6859-64.

Stewart SA, Poon B, Jowett JB, Chen IS. Human immunodeficiency virus type
1 vprinduces apoptosis following cell cycle arrest. J Virol. 1997;71(7):5579-92.
Forget J, Yao XJ, Mercier J, Cohen EA. Human immunodeficiency virus type

1 vpr protein transactivation function: mechanism and identification of
domains involved. J Mol Biol. 1998;284(4):915-23.

Ayyavoo V, Mahboubi A, Mahalingam S, Ramalingam R, Kudchodkar S,
Williams WV, et al. HIV-1 vpr suppresses immune activation and apoptosis
through regulation of nuclear factor kappa B. Nat Med. 1997;3(10):1117-23.
Dehart JL, Planelles V. Human immunodeficiency virus type 1 vpr links pro-
teasomal degradation and checkpoint activation. J Virol. 2008;82(3):1066-72.

32

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Page 13 of 14

Zhao L, Wang S, Xu M, He Y, Zhang X, Xiong Y, et al. Vpr counteracts the
restriction of LAPTMS5 to promote HIV-1 infection in macrophages. Nat Com-
mun. 2021;12(1):3691.

Le Rouzic E, Belaidouni N, Estrabaud E, Morel M, Rain J-C, Transy C, et al. HIV1
vpr arrests the cell cycle by recruiting DCAF1/VprBP, a receptor of the Cul4-
DDB1 ubiquitin ligase. Cell Cycle. 2007;6(2):182-8.

Lv L, Wang Q, XuY, Tsao L-C, Nakagawa T, Guo H et al. Vpr targets TET2 for
degradation by CRL4VprBP E3 ligase to sustain IL-6 expression and enhance
HIV-1 replication. Mol Cell. 2018;70(5).

Bauby H, Ward CC, Hugh-White R, Swanson CM, Schulz R, Goujon C, et al.
HIV-1 Vpr induces widespread transcriptomic changes in CD4 +T cells early
Postinfection. mBio. 2021;12(3):e0136921.

Greenwood EJD, Williamson JC, Sienkiewicz A, Naamati A, Matheson NJ,
Lehner PJ. Promiscuous targeting of Cellular proteins by Vpr drives systems-
Level Proteomic Remodeling in HIV-1 infection. Cell Rep. 2019;27(5).

Wang Q, Su L. Vpr enhances HIV-1 Env Processing and Virion Infectivity in
macrophages by modulating TET2-Dependent IFITM3 expression. mBio.
2019;10(4).

Xi'Y, Li W. BSMAP: whole genome bisulfite sequence MAPping program. BMC
Bioinformatics. 2009;10:232.

Du X, Fan G, Jiao Y, Zhang H, Guo X, Huang R et al. The pearl oyster Pinctada
Fucata martensii genome and multi-omic analyses provide insights into
biomineralization. Gigascience. 2017,6(8).

Baylin SB. DNA methylation and gene silencing in cancer. Nat Clin Pract
Oncol. 2005;2(Suppl 1):4-11.

Schraml BU, Hildner K, Ise W, Lee W-L, Smith WAE, Solomon B, et al. The

AP-1 transcription factor Batf controls T(H)17 differentiation. Nature.
2009;460(7253):405-9.

Nutt SL, Heavey B, Rolink AG, Busslinger M. Commitment to the

B-lymphoid lineage depends on the transcription factor Pax5. Nature.
1999;401(6753):556-62.

Arzate-Mejia RG, Recillas-Targa F, Corces VG. Developing in 3D: the role of
CTCF in cell differentiation. Development. 2018;145(6).

Woolf E, Xiao C, Fainaru O, Lotem J, Rosen D, Negreanu V, et al. Runx3 and
Runx1 are required for CD8 T cell development during thymopoiesis. Proc
Natl Acad Sci U S A. 2003;100(13):7731-6.

Maunakea AK, Nagarajan RP, Bilenky M, Ballinger TJ, D'Souza C, Fouse SD, et
al. Conserved role of intragenic DNA methylation in regulating alternative
promoters. Nature. 2010;466(7303):253-7.

Suzuki MM, Kerr ARW, De Sousa D, Bird A. CpG methylation is tar-

geted to transcription units in an invertebrate genome. Genome Res.
2007;17(5):625-31.

Hellman A, Chess A. Gene body-specific methylation on the active X chromo-
some. Science. 2007;315(5815):1141-3.

Ball MP, Li JB, Gao Y, Lee J-H, LeProust EM, Park I-H, et al. Targeted and
genome-scale strategies reveal gene-body methylation signatures in human
cells. Nat Biotechnol. 2009,27(4):361-8.

Magklara A, Yen A, Colquitt BM, Clowney EJ, Allen W, Markenscoff-Papad-
imitriou E, et al. An epigenetic signature for monoallelic olfactory receptor
expression. Cell. 2011;145(4):555-70.

Lyons DB, Allen WE, Goh T, Tsai L, Barnea G, Lomvardas S. An epigenetic trap
stabilizes singular olfactory receptor expression. Cell. 2013;154(2):325-36.
MacDonald JL, Gin CSY, Roskams AJ. Stage-specific induction of DNA
methyltransferases in olfactory receptor neuron development. Dev Biol.
2005;288(2):461-73.

Hornung DE, Kurtz DB, Bradshaw CB, Seipel DM, Kent PF, Blair DC, et al.

The olfactory loss that accompanies an HIV infection. Physiol Behav.
1998,64(4):549-56.

Mueller C, Temmel AFP, Quint C, Rieger A, Hummel T. Olfactory function in
HIV-positive subjects. Acta Otolaryngol. 2002;122(1):67-71.

Jabeen R, Goswami R, Awe O, Kulkarni A, Nguyen ET, Attenasio A, et al. Th9
cell development requires a BATF-regulated transcriptional network. J Clin
Invest. 2013;123(11):4641-53.

Pham D, Moseley CE, Gao M, Savic D, Winstead CJ, Sun M et al. Batf Pioneers
the Reorganization of Chromatin in developing effector T cells via Ets1-
Dependent recruitment of Ctcf. Cell Rep. 2019;29(5).

Busslinger M, Tarakhovsky A. Epigenetic control of immunity. Cold Spring
Harb Perspect Biol. 2014;6(6).

Fanucchi S, Dominguez-Andrés J, Joosten LAB, Netea MG, Mhlanga MM. The
intersection of epigenetics and metabolism in trained immunity. Immunity.
2021;54(1):32-43.



Wang et al. Virology Journal

58.

59.

60.

62.

63.

(2024) 21:97

Lee PP, Fitzpatrick DR, Beard C, Jessup HK, Lehar S, Makar KW, et al. A critical
role for Dnmt1 and DNA methylation in T cell development, function, and
survival. Immunity. 2001;15(5):763-74.

Correa LO, Jordan MS, Carty SA. DNA methylation in T-Cell development and
differentiation. Crit Rev Immunol. 2020;40(2):135-56.

Shaknovich R, Cerchietti L, Tsikitas L, Kormaksson M, De S, Figueroa ME, et
al. DNA methyltransferase 1 and DNA methylation patterning contribute to
germinal center B-cell differentiation. Blood. 2011;118(13):3559-69.
Barwick BG, Scharer CD, Martinez RJ, Price MJ, Wein AN, Haines RR, et al. B
cell activation and plasma cell differentiation are inhibited by de novo DNA
methylation. Nat Commun. 2018;9(1):1900.

Luger K, Mader AW, Richmond RK, Sargent DF, Richmond TJ. Crystal
structure of the nucleosome core particle at 2.8 a resolution. Nature.
1997;389(6648):251-60.

Kornberg RD, Lorch Y. Primary role of the nucleosome. Mol Cell.
2020,79(3):371-5.

Page 14 of 14

64. PlanellesV, Jowett JB, Li QX, Xie Y, Hahn B, Chen IS. Vpr-induced cell cycle
arrest is conserved among primate lentiviruses. J Virol. 1996;70(4):2516-24.

65. Andersen JL, Le Rouzic E, Planelles V. HIV-1 vpr: mechanisms of G2 arrest and
apoptosis. Exp Mol Pathol. 2008;85(1).

66. Laguette N, Brégnard C, Hue P, Basbous J, Yatim A, Larroque M, et al. Prema-
ture activation of the SLX4 complex by Vpr promotes G2/M arrest and escape
from innate immune sensing. Cell. 2014;156(1-2):134-45.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.



	﻿Vpr driving DNA methylation variation of CD4 + T cells in HIV-1 infection
	﻿Abstract
	﻿Background
	﻿Methods
	﻿Human participants
	﻿Virus stock production
	﻿HIV-1 infection and cell culture
	﻿Genomic DNA isolation and WGBS library construction
	﻿DNA-seq data analysis
	﻿Sequence alignment and detection of cytosine methylation levels
	﻿Differentially methylated region (DMRs) detection
	﻿Function enrichment of DMR-related genes
	﻿Quantitative PCR (qPCR)
	﻿Western blotting
	﻿Statistical analysis

	﻿Results
	﻿HIV-1 Vpr induces DNA methylation changes in primary CD4 + T cells
	﻿HIV-1 vpr alters differentially methylated regions (DMRs) in primary CD4 + T cells
	﻿HIV-1 vpr drives loss of histone DNA methylation

	﻿Discussion
	﻿Conclusions
	﻿References


