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Background and methods: Host genomic alterations are closely related to dysfunction of CD4+ T lymphocytes in the HIV–host interplay. However, the roles of aberrant DNA methylation and gene expression in the response to HIV infection are not fully understood. We investigated the genome-wide DNA methylation and transcriptomic profiles in two HIV-infected T lymphocyte cell lines using high-throughput sequencing.

Results: Based on DNA methylation data, we identified 3,060 hypomethylated differentially methylated regions (DMRs) and 2,659 hypermethylated DMRs in HIV-infected cells. Transcription-factor-binding motifs were significantly associated with methylation alterations, suggesting that DNA methylation modulates gene expression by affecting the binding to transcription factors during HIV infection. In support of this hypothesis, genes with promoters overlapping with DMRs were enriched in the biological function related to transcription factor activities. Furthermore, the analysis of gene expression data identified 1,633 upregulated genes and 2,142 downregulated genes on average in HIV-infected cells. These differentially expressed genes (DEGs) were significantly enriched in apoptosis-related pathways. Our results suggest alternative splicing as an additional mechanism that may contribute to T-cell apoptosis during HIV infection. We also demonstrated a genome-scale correlation between DNA methylation and gene expression in HIV-infected cells. We identified 831 genes with alterations in both DNA methylation and gene expression, which were enriched in apoptosis. Our results were validated using various experimental methods. In addition, consistent with our in silico results, a luciferase assay showed that the activity of the PDX1 and SMAD3 promoters was significantly decreased in the presence of HIV proteins, indicating the potential of these genes as genetic markers of HIV infection.

Conclusions: Our results suggest important roles for DNA methylation and gene expression regulation in T-cell apoptosis during HIV infection. We propose a list of novel genes related to these processes for further investigation. This study also provides a comprehensive characterization of changes occurring at the transcriptional and epigenetic levels in T cells in response to HIV infection.
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INTRODUCTION

The human immunodeficiency virus (HIV) is a lentivirus belonging to the retrovirus family that infects human immune cells. HIV infection is the cause of the acquired immune deficiency syndrome (AIDS), which remains one of the major threats to human health worldwide. Around 37.9 million people were living with HIV/AIDS worldwide and 770,000 were killed by HIV-related illness in 2018 (1).

DNA methylation in the human genome can influence the transcription and replication of HIV-1 (2). HIV can also trigger changes in DNA methylation in the host genome, which are identified frequently in immune-related genes, thus explaining how the virus evades the host immune system. For example, Abdel-Hameed et al. demonstrated that DNA methylation of the FOXP3 gene was negatively correlated with the level of its protein product. Infection of T cells with HIV-1 led to aberrant DNA methylation in the promoter of FOXP3, which is a biomarker of regulatory T cell (Tregs) (3). Moreover, DNA methylation of IFN-γ (4), GNE (5), IGFBP6, and SATB2 (6) also reportedly regulated gene expression in HIV-1-infected T cell.

CD4+ T cells are the main and early target during HIV infection (3). Depletion of CD4+ T cells is one of the key features of HIV infection, which is mainly attributed to apoptosis (7). Many studies have reported the critical roles of DNA methylation in apoptosis (8–12). For example, Jin et al. reported that HIPK2 induced cell apoptosis by activating SMAD3 and the Wnt–Notch pathway in the kidneys of HIV-transgenic mice (8), whereas galectin-3 induced cell death in HIV-1-infected macrophages in a caspase-independent manner related to endonuclease G location in cells (10). In turn, SATB2, which is involved in the apoptosis of osteoblast-like MG63 cells, but not of T cells, exhibited promoter hypermethylation, and reduced expression in patients with HIV/AIDS (13). TRAF1 was associated with Vpu-induced apoptosis in HIV-infected T cells (14). Therefore, several researchers started to pay attention to the role of DNA methylation in T-cell apoptosis during HIV infection. In another study, HIV-induced T-cell depletion could be rescued by 5-azacytidine (5azaC), which is a demethylation agent (15). However, few studies have focused on the association between DNA methylation and T-cell apoptosis during HIV infection, especially from the genome-wide transcriptome perspective. Zhang et al. reported an epigenome-wide comparison between HIV-infected and uninfected individuals; however, those authors used total DNA from blood and did not extract CD4+ T cells (16).

To explore the interaction between DNA methylation and gene expression in the host genome during HIV infection at the whole-genome scale, especially in terms of T-cell apoptosis, we infected the MT-2 and Jurkat cell lines with HIV-1. We performed both RNA sequencing (RNA-seq) and methylated DNA immunoprecipitation sequencing (MeDIP-seq) to characterize the genome-wide alterations in the transcriptome and methylome between HIV-infected and uninfected T-cell lines. We found that the cross talk between DNA methylation and gene expression was closely related to cell apoptosis during HIV-1 infection. Functional assays were used to verify the effect of DNA methylation on promoters, and siRNA knockdown was further used to assess the effect of the discovered genes on apoptosis. Human primary peripheral blood mononuclear cells (PBMCs) were also investigated in this study. Our data improved the understanding of the molecular mechanism and genetic events underlying the infection of human T cells by HIV-1.



MATERIALS AND METHODS


HIV Infection and Extraction of Genomic DNA From Cells

HIV-1 pNL4-3 was generated by transfection of the pNL4-3 plasmid into HEK 293T cells (which are human embryonic kidney cells 293 containing the SV40 large T-antigen). We infected PBMCs from two normal individuals, as well as two T-cell lines, [i.e., the MT-2 (which is an HTVL-1 transformed human T-cell leukemia cell line) and the Jurkat (which is a T lymphoblastoid derived from acute T-cell leukemia) cell lines, with HIV-1 pNL4-3 at a multiplicity of infection (MOI) of 1 for 5 days]. On average, around 24% Jurkat cells, 39% MT-2 cells, and 23% CD4+ T cells in PBMC were infected. The HIV-1 pNL4-3 strain was chosen because it is a representative T-cell-tropic HIV strain that is commonly used in the laboratory. Moreover, pNL4-3 would elicit enhanced methylation compared with the R5-tropic virus. Because X4-tropic (NL4-3) HIV infection in human regulatory T cells (Tregs) could remarkedly increase the expression of DNMT3b, which is a DNA methyltransferase responsible for de-novo methylation. This phenomenon was not observed in R5-tropic HIV infected Tregs. Notably, the suppressive function of Tregs was defective when infected by X4-tropic HIV but not by R5-tropic HIV, which could be explained by an increase in Foxp3 methylation in the X4-tropic HIV-infected compared with non-infected Tregs (17, 18). Three independent infection experiments were performed in the P3 facility at the University of Hong Kong. Five days post-infection, the infected cells were harvested for further study. Viral replication was monitored using a p24 ELISA kit. The effect of HIV infection on methylation-related proteins, including DNMT-2s, was determined by western blot analysis. Genomic DNA was extracted from HIV-infected and non-infected cells using the Blood & Cell Culture DNA Mini Kit (Qiagen, Hilden, Germany) according to the manufacturer's protocol, and frozen at −80°C until the DNA methylation analysis.



Preparation of a Methylated DNA Immunoprecipitation Sequencing Library and Sequencing

MeDIP-seq was used to profile the methylome landscape of HIV-infected and non-infected cell lines. Genomic DNA was sheared into random fragments, and libraries were prepared using the Paired-End DNA Sample Kit (Illumina) according to the manufacturer's instructions. Adaptor-ligated DNA was immunoprecipitated using a specific anti-5-methylcytosine monoclonal antibody. The methylated fraction and the input DNA were purified with ZYMO DNA Clean & Concentrator-5 columns, and were amplified by adaptor-mediated PCR. Amplification quality and quantity were analyzed on an Agilent 2100 Bio-analyzer. Ultra-high-throughput 100 bp paired-end sequencing was performed using the Illumina HiSeq 2000 platform according to the manufacturer's protocols.



Analysis of Methylated DNA Immunoprecipitation Sequencing Data

The short reads were aligned to the Ensembl GRCh37.75 human reference genome using bowtie2 under default parameters, to obtain a bam file in paired-end alignment mode (19). Bowtie2 builds an index for the genome based on the Burrows–Wheeler Transform algorithm, and bam files were obtained after bowtie2 alignment. The alignment results were sorted based on the aligned positions on the reference genome using samtools sort.



Detection of Differentially Methylated Regions

The bam files obtained after sorting and removing PCR duplicates were further processed using the R package MEDIPS (20). MEDIPS was used to calculate methylation levels and call DMRs between HIV+ and control samples. DMRs were defined as the genomic regions with significantly different methylation levels between HIV-infected samples and uninfected control samples. To find DMRs, we applied a genome-wide sliding-window approach to identify methylation changes. FDR < 0.1 was selected as the threshold for DMR identification (enrichment above the background).



Annotation of DMRs

To annotate DMRs, the genomic location of transcription start sites (TSSs), exons, gene bodies, and CpG islands on Ensembl GRCh37.75 were used, which were retrieved from BioMart. A DMR was assigned to a functional genomic region (for example a promoter, gene body, or CpG island) if the DMR intersected with a functional genomic region by at least 1 bp. The promoter region was defined as the 1 kb region flanking each side of the TSS, and the intergenic region was defined as the region other than the gene body and promoter region.



Bisulfite Treatment, Methylation-Specific PCR (MSP), and Bisulfite-Sequencing PCR

Six DMGs (PDX1, LEF1, TBX3, CPT1A, GATA3, and NTRK2) were selected for bisulfite validation. Three/two bisulfite modified primers were designed to amplify these methylated regions. gDNA from HIV-infected and uninfected Jurkat cells was bisulfite treated using the EZ DNA methylation lightning kit (ZymoResearch), which converts non-CpG-bound cytosines to uracil. Methylation-specific PCR was performed to transcribe uracil to thymine and amplify the targeted region using bisulfite modified and unmodified primers. This was followed by gel electrophoresis to validate amplicon size and ensure the complete conversion of non-CpG-bound cytosines in the gDNA. After obtaining band with a correct size, gel purification was carried out accordingly using the GFX™ PCR DNA and Gel Band Purification kit (Illustra), and purified DNA concentration was measured on a NanoDrop instrument.

Reactions were set up to ligate the purified PCR products into the pCR2.1 vector using the TA Cloning kit (Thermo Fischer Scientific) and transformed into competent E. coli. Transformants were spread on an LB-agar plate containing ampicillin and treated with X-gal for clonal selection, in which white colonies represent successful transformation. Colonies were inoculated and grown in a shaking incubator, followed by PCR to validate band size, and sent to Beijing Genomics Institute (BGI) for automatic sequencing.



Extraction of RNA and Analysis of RNA-seq Data

Total RNA was extracted using a QIAamp RNA Blood Mini kit (Qiagen, Hilden, Germany) and frozen at −80°C until RNA-seq analysis. Ultra-high-throughput 100 bp paired-end sequencing was performed using the Illumina HiSeq 2000 platform according to the manufacturer's protocols. The expression levels of all genes were calculated and DEGs between HIV-infected and uninfected cells were identified using the tophat2-cufflinks pipeline (21). DEXSeq (22) was used to check for the presence of alternative splicing events in HIV+ samples. A strict threshold (dispersion < −0.1 and adjust_p-value < 0.1) was set for DEXSeq, to ensure the high confidence of the results.



Gene Function Annotation and Pathway Analyses

The list of DEGs (fold change > 5) was input into DAVID, IPA, and GSEA for function enrichment analysis (23–25). Benjamini < 0.01 was set as the threshold for selecting significantly enriched clusters (KEGG pathway, GO term, disease, and biological functions) for DAVID. The threshold for IPA and GSEA results was p < 0.05. The gene function annotation and enrichment analysis was performed using DAVID (24). In this study, analyses of Canonical pathways and Diseases and Biological Functions enrichment were also performed using IPA (25). Function clusters are referred to GO terms or KEGG pathways in this study.



Quantitative Reverse Transcription PCR

To measure the extent of gene expression, quantitative reverse transcription PCR (RT–qPCR) was carried out for selected genes in HIV-infected Jurkat cells. The procedure involved the use of the Power SYBR Green PCR master mix (ThermoFisher Scientific), primers, and the complementary DNA obtained from the reverse transcription of RNA. A total of eight genes were tested in triplicate for experimental work and analysis: SMAD3, PDX1, LGALS3, TRAF1, GATA3, RAN, HSP90AB1, and HSPA5. Fluorescence readings from samples were quantified using an Applied Biosystems Viia7 Real-Time PCR system. Data analysis was conducted in Microsoft Excel, and the housekeeping GAPDH gene was used for data normalization. Statistical significance of the differences in gene expression between HIV-infected and uninfected Jurkat cells was calculated using an unpaired t-test, and error bars were added based on the standard deviation. Significance was set at a P < 0.05. GraphPad Prism was used to create graphs and perform statistical calculations. RT–qPCR data were analyzed using the double delta Ct method to calculate the fold changes. The primers used in this experiment are listed in Data Sheet 2: Table S1.



PCR of the PDX1 and SMAD3 Promoters

Oligonucleotide primers were designed and synthesized to amplify a 1,000 bp fragment from the PDX1 and SMAD3 promoter regions. The forward primer for PDX1 was 5′-CGACGCGTGCGGAGAAGCATTTTTCA−3′ and contained the restriction site Mlul, while the reverse primer was 5′-GAAGATCTAGCGAGAGGGGCGGGGCG−3′ and contained the restriction site BglII. The forward primer for SMAD3 was 5′-CGACGCGTCCAAAGTCAAGATCAAGA−3′ and contained the restriction site Mlul, while the reverse primer was 5′-CCGCTCGAGGCTCACCTGTAAAATGGG−3′ and contained the restriction site Xhol. Genomic DNA was extracted from Jurkat cells using the DNA Mini purification kit (QIAamp) and was used as the PCR template. PCR was performed using Q5 High-Fidelity DNA Polymerase M0491 (NEB). The PCR reaction components (in 25 μl) consisted of 5 μl of 5 × Q5 Reaction buffer, 0.5 μl of 10 mM dNTPs, 2.5 μl of primer mix, 100 ng of template DNA, 0.25 μl of Q5 High-Fidelity DNA Polymerase, and a variable amount of nuclease-free water. The PCR products were analyzed on a 1% DNA agarose gel containing 1 × Gel red. The bands were examined under ultraviolet light and sliced for further DNA recycling. The DNA fragments from the PDX1 and SMAD3 promotor regions were then purified using a GFX PCR DNA and Gel Band Purification Kit (Illustra) and stored at −20°C.



Dual Luciferase Assay

A dual luciferase reporter assay system (Promega, USA) was used to investigate whether Tat and Rev proteins from HIV affect the expression of the putative target genes PDX1 and SMAD3. the promoters of PDX1 and SMAD3 were fused to the fLUC promoter by cloning into pGL3-basic as a reporter. The sequences of Tat and Rev were cloned into the pcDNA3.1+ vector, to express the respective proteins in cell lines. The luciferase activity of the samples with co-transfection of the pcDNA3.1+ empty vector and the promoter vector were used to assess the basal activity of the promoter in the cell lines. The comparison of the promoter activities with and without Tat or Rev was performed using Holm–Sidak's multiple comparisons test.



Culture of HEK293T Cells, MT-2, and Jurkat Cell Lines

HEK293T (human embryonic kidney fibroblast) cells were maintained in Dulbecco's Modified Essential Medium High Glucose (Gibco-BRL, Grand Island, NY) supplemented with 10% fetal bovine serum (FBS) and 100 mg/ml antibiotics (penicillin and streptomycin). All cells were cultured under 5% CO2 at 37°C. Jurkat and MT-2 cells were cultured in RPMI 1640 medium supplemented with 10% fetal bovine serum (FBS) and 1% penicillin / streptomycin and incubated in a humidified incubator at 37°C under an atmosphere of 5% CO2.



Transfection

Lipofection was carried out using Lipofectamine3000 (Invitrogen) according to the manufacturer's protocol. HEK293T cells were seeded at 8 × 104 cells per well in 24-well plates 24 h before transfection. Vectors containing the HIV protein sequence (pcDNA3.1+-Tat, pcDNA3.1+-Rev, or control pcDNA3.1+ empty vector) were co-transfected with the firefly luciferase constructs (pGL3-PDX1, pGL3-SMAD3, or the pGL3 empty vector control) at a 1:1 ratio (200 ng each). For each transfection reaction, the control plasmid (pRLSV40) containing Renilla luciferase was mixed with the firefly luciferase construct at a 1:200 molar ratio.



Luciferase Activity Assay

Firefly and Renilla luciferase activities were measured sequentially from a single-cell lysate on a GloMax® 20/20 Luminometer (Promega, USA) using the dual luciferase assay system according to the manufacturer's protocol. Promoter activities were expressed as a ratio of firefly luciferase (Fluc) activity to Renilla luciferase (Rluc) activity. Data were collected from six experiments and the standard deviation was calculated.




RESULTS


Differentially Methylated Regions (DMRs) Were Enriched in Specific Genomic Regions

We identified 1,428 hypermethylated and 1,227 hypomethylated DMRs in HIV+ samples of the MT-2 cell line compared with the uninfected controls. While for Jurkat cell line, 1,231 hypermethylated and 1,833 hypomethylated DMRs were detected. The DMRs were mainly located in gene body and promoter regions, rather than intergenic regions, despite the fact that nearly half of the human genome consists of intergenic regions (Data Sheet 1: Figure S1), suggesting the important roles of DNA methylation in HIV infection. Moreover, DMRs could distinguish well the HIV+ samples from the controls, as suggested by the unsupervised hierarchical clustering (Figure 1A).


[image: Figure 1]
FIGURE 1. Distribution of the DMRs. (A) Heatmap displaying the methylation levels of DMRs in control and HIV+ T cells. (A) An unsupervised hierarchical clustering analysis (Euclidean distance, complete linkage method) identified two main clusters: control (Jurkat_control and HIV_control) and HIV+ (Jurkat_HIV and MT-2_HIV). Log-transformed methylation levels were displayed as a range from low (blue) to high (red). (B) Comparison of the observed and expected distribution of DMRs in the MT-2 cell line. (C) Comparison of the observed and expected distribution of DMRs in the Jurkat cell line. “obs_ratio_HIV,” observed ratio of DMRs in HIV-infected samples; “obs_ratio_control,” observed ratio of DMRs in the control sample; “exp_ratio,” expected ratio in the genomic background. The asterisk indicates significant differences with P < 0.01 between the two bars connected by line segments. (D) Change of methylation in enhancers after HIV infection of the MT-2 cell line. Ratio of the overlap of enhancers with DMRs in the MT-2 cell line. The expected ratio was calculated based on a random distribution.


Next, we investigated whether the HIV-infection-associated DNA methylation reprograming preferentially occurred in specific genomic contexts. Compared with the random distribution, both hyper- and hypomethylated DMRs were enriched in promoters and exons (Figures 1B,C). Furthermore, the comparison of hyper- with hypomethylated DMRs revealed that hypermethylated DMRs were enriched to a greater extent in promoter regions (Fisher's exact test; P = 1.59E−08, MT-2 cell line; P = 1.02E−07, Jurkat cell line). This result suggests that, during HIV-1 infection, methylation changes are prone to occur in coding and cis-regulation regions.

Considering that aberrant methylation usually occurs in enhancers, we further explored whether the DMRs were enriched toward enhancers. We found that 0.74% of enhancers overlapped with a hypermethylated DMR, whereas only 0.38% overlapped with a hypomethylated DMR in the HIV+ MT-2 cell line. These two ratios were significantly higher than the random distribution (P < 0.05, chi-squared test), suggesting that methylation changes also tend to occur in enhancer regions. Moreover, similar to that observed for promoter regions, the ratio of enhancer overlapping with hypermethylated DMRs was significantly higher than that of hypomethylated DMRs, suggesting that enhancers tend to gain methylation after infection of T cells with HIV-1 (Figure 1D). In addition, long interspersed nuclear elements (LINEs), long terminal repeat regions (LTRs), and pseudo also showed a tendency toward enrichment of methylation alterations (Figures 1B,C; Data Sheet 3: Supplemental Text). The results presented above suggest that the methylation alterations that follow HIV-1 infection are not random events; rather, the DMRs showed preference for functional genome contexts.



DMRs Are Enriched for Functional Transcription-Factor-Binding Motifs

We have demonstrated that methylation changes seem to be enriched in both distal enhancers and promoters in T cells in response to HIV infection. Given that enhancers and promoters play an important role in transcriptional cis-regulation (26), these findings suggest that DMRs contain cis-elements that could be bound by transcription factors, thus playing important regulatory roles in the immune response to HIV-1 infection. To verify our hypothesis, we searched for transcription-factor-binding motifs that were significantly enriched in the hyper- and hypomethylated DMRs. We identified 83 transcription factor binding motifs enriched in hypermethylated DMRs in the MT-2 cell line. The top 10 enriched motifs and their corresponding transcription factors are listed in Data Sheet 1: Figure S2. As methylation changes have been reported to be related to T-cell apoptosis, we specifically focused on apoptosis-associated genes. Notably, nine of the 83 enriched transcription-factor-binding motifs were related to apoptotic processes. The corresponding transcription factors that bound to these motifs were WT1, HIF1A, AHR, EGR1, IRF1, MEF2A, MEF2C, MEF2D, and FOXP1, five of which (WT1, HIF1A, EGR1, IRF1, and MEF2C) have been reported to be associated with HIV-1-induced apoptosis (27–31). Interestingly, these apoptosis-related motifs in hypermethylated DMRs were also enriched in the hypomethylated DMRs. This result suggests that the apoptosis of T cells during HIV infection is the result of aberrant DNA methylation at the binding sites of related transcription factors.

In the Jurkat cell line, the enriched transcription-factor-binding motifs were like those detected in MT-2 samples. Briefly, we found 53 enriched transcription-factor-binding motifs for the hypermethylated DMRs in HIV+ samples. Interestingly, 47 out of these factors also appeared among the 83 motifs that were detected in the MT-2 cell line. Moreover, 147 transcription-factor-binding motifs were enriched for the hypomethylated DMRs in HIV+ samples, 94 of which were shared with the hypomethylated DMRs in the MT-2 cell line. The top 10 enriched motifs for both methylated and demethylated DMRs are listed in Data Sheet 1: Figure S2.



Genes With Promoters Overlapping DMRs Were Enriched in Function Categories Related to Transcription Factor Activity and Apoptosis

We considered a gene that overlapped with a DMR (either in the promoter or gene body) for at least 1 base pair (bp) as a differential methylated gene (DMG). We detected 336 and 300 DMGs with hypermethylated DMRs in their promoters in the MT-2 and Jurkat cell lines, respectively. Moreover, we found 219 and 245 DMGs with hypomethylated DMRs in the MT-2 and Jurkat cell lines, respectively. To check the homogeneity of the data obtained from the two cell lines, we verified the number of overlapped DMGs between them. The results showed that 160 DMGs with hypermethylated DMRs in their promoters were shared by both the Jurkat (160/336) and MT-2 (160/300) cell lines. In turn, 71 DMGs with hypomethylated DMRs in their promoters or gene bodies were shared between the two cell lines (71/219 in the MT-2 and 71/245 in the Jurkat cell line) (Data Sheet 1: Figure S3).

We used the Database for Annotation, Visualization, and Integrated Discovery (DAVID) to perform a function enrichment analysis (KEGG pathway analysis and GO term analysis) for DMGs with DMRs in their promoters. As a result, hyper-DMGs were enriched in transcription-factor-related GO terms for the MT-2 cell line (Data Sheet 2: Table S2), among which the top three enriched GO terms were “Protein binding” (P = 5.47E−04), “ATPase activity” (P = 0.001), and “DNA binding” (P = 0.001). For the Jurkat cell line, the top three enriched GO terms were “ATPase activity” (P = 6.29E−04), “Transcription factor activity sequence-specific DNA binding” (P = 9.17E-04), and “Protein binding” (P = 0.001) (Data Sheet 2: Table S3), suggesting that hypermethylation affects transcription factor binding during HIV infection, which is consistent with our previous results. Notably, we also found that a canonical pathway, [i.e., “Induction of Apoptosis by HIV-1,” was enriched for hyper-DMGs (P = 0.00054), including the CYCS, NFKB1, NFKBIA, and TNF, TRAF1 genes]. This result suggests that hypermethylation of the promoters of apoptosis-related genes might be a key regulator that leads to T-cell depletion during HIV infection. More specifically, taking TRAF1 as an example, Saxena et al. showed that TRAF1 degradation could lead to the release of an apoptosis-inducing factor (16). Furthermore, consistent with this finding, our RNA-seq data showed that TRAF1 was significantly downregulated after HIV-1 infection, suggesting a correlation between gene expression and promoter methylation. To our knowledge, this is the first report to show that DNA methylation plays a role in the TRAF1-related apoptosis in HIV-infected T cells. In addition, the “Cytokine production and biological process” GO term was enriched for the hyper-DMGs in the HIV+ Jurkat cell line (P = 0.0018). Conversely, for hypo-DMGs (Data Sheet 2: Tables S4, S5), the functional cluster “Transcription factor binding” was also among the top three enriched GO terms (P = 4.73E−05, including the CDKN2A, HEY1, DACT2, HTT, GATA3, HEY2, and LEF1 genes).



Validation of Methylation Alterations Using Bisulfite Sequencing

We performed bisulfite sequencing to validate the DMRs detected between HIV-infected and uninfected Jurkat cells. For this, we selected six DMRs (Table 1) that were located within 1,000 bp upstream of transcription start sites (TSSs). All six corresponding DMGs were functionally related to cell apoptosis and displayed a correlation between their gene expression level and promoter methylation. Primers were designed to capture the DNA sequences of the DMR regions (Data Sheet 2: Table S6). Encouragingly, all six selected DMRs were successfully validated by bisulfite sequencing. An example that illustrates the consistency between the MeDIP-seq and bisulfite sequencing results is given in Data Sheet 1: Figure S4.


Table 1. DMRs selected for bisulfite sequencing.
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Identification of Differentially Expressed Genes (DEGs) Between HIV-Infected and Uninfected Samples

Previous studies have found that the expression of genes related to the immune response and cell death undergo dramatic changes in T cells after infection with HIV-1 (32). To identify novel genes with altered expression levels, as well as to determine the effect of differential DNA methylation on gene expression after HIV-1 infection, in T cells, we profiled the transcriptome of the two cell lines using RNA-seq analysis of HIV+ samples and uninfected controls for the two cell lines. We identified an average of 1,633 upregulated and 2,142 downregulated genes using the two sample sets.

Next, we explored the functional gene clusters involved in HIV infection using DAVID. Regarding DEGs that were upregulated after HIV infection, “Primary immunodeficiency” was among the top three enriched functional clusters for both MT-2 and Jurkat samples (Benjamini FDR = 2.73E−10 in the MT-2; Benjamini FDR = 2.75E−04 in the Jurkat cell line) (Data Sheet 2: Tables S7, S8), suggesting that HIV effectively infected the T cells in our experiments and consequently caused immunodeficiency. Moreover, a GSEA analysis showed that the genes that were upregulated in HIV+ Jurkat cells in our study significantly overlapped with the downregulated genes when comparing naive T cells with central memory T cells in another study (P = 0.0096) (Data Sheet 2: Table S9), confirming that HIV infection affects the central memory T cells through transcriptional alterations (33). Regarding the downregulated genes, the GO term “Immune response” was among the top three enriched function clusters in both sample sets (Benjamini FDR = 3.51E−13 in MT-2 cells; Benjamini FDR = 3.98E−11 in Jurkat cells) (Data Sheet 2: Tables S10, S11), suggesting that the infected cells had initiated the immune defense against HIV, as expected, which also proved the credibility of our data. Notably, we found that the downregulated DEGs were significantly enriched in three apoptosis-related GO terms, including “Apoptotic process” (Benjamini FDR = 2.54E−06 in MT-2 cells; Benjamini FDR = 2.83E−06 in Jurkat cells), “Regulation of apoptotic process” (Benjamini FDR = 2.08E−07 in MT-2 cells; Benjamini FDR = 4.34E−05 in Jurkat cells), and “Positive regulation of apoptotic process” (Benjamini FDR = 2.75E−05 in Jurkat cells) (Data Sheet 2: Tables S10, S11). This suggests that HIV infection modulates the apoptosis of T cells by reducing the expression of several key regulators, which was consistent with the findings reported by previous studies (3, 34, 35). Many of the genes involved in this process were reported for the first time as participating in the apoptotic process in HIV-1 infection, which warrants further investigation.

Notably, when performing disease and biological function enrichment analyses using another tool [i.e., Ingenuity Pathway Analysis (IPA)], we found that the downregulated genes in both cell lines were enriched in the “apoptosis” biological function, and that 345 apoptosis-related genes overlapped between the MT-2 (449 genes) and Jurkat (409 genes) cell lines. The high consistency indicates the high confidence level of our data (Figure 2; Data Sheet 2: Table S12). Regarding the canonical pathway analysis, the top three enriched pathways for downregulated genes were “T helper cell1 (Th1) and T helper cell (Th2) Activation Pathway” (P = 4.16E−10 in Jurkat cells), “Th1 Pathway”(P = 2.78E−8 in Jurkat cells), and “Th2 Pathway” (P = 4.14E−8 in Jurkat cells), all of which are closely related to the function of CD4+ T cells (Data Sheet 1: Figure S5), thus supporting the credibility of our data. To assess the presence of transcriptional regulators of the DEGs after HIV-1 infection, we pooled the upregulated and downregulated DEGs together for upstream regulator prediction. In both cell lines, TNF (P = 3.25E−53 in MT-2 cells; P = 2.52E−46 in Jurkat cells) was predicted to be the upstream regulator responsible for the differential expression of the genes (Data Sheet 2: Tables S13, S14). It has been reported that TNF activation affects the replication of HIV-1 (36). Moreover, TNF was reported to be involved in apoptosis through the STING signaling pathway (37). Given that TNF was also downregulated and exhibited hypermethylation on its promoter region in our data, we assumed that TNF was inhibited by HIV-1 to facilitate its replication during the infection of T cells.
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FIGURE 2. Enrichment analysis of disease and biological functions among the DEGs using IPA. (A) DEGs upregulated in HIV+ samples from the MT-2 cell line; (B) DEGs downregulated in HIV+ samples from the MT-2 cell line; (C) DEGs upregulated in HIV+ samples from the Jurkat cell line; (D) DEGs downregulated in HIV+ samples from the Jurkat cell line. **P < 0.01; ***P < 0.001.


Subsequently, we investigated the process of alternative splicing during HIV infection. In the Jurkat cell line, we identified 282 genes that contained differentially expressed exons on their transcripts, among which only 110 genes were differentially expressed. Therefore, the remaining 172 genes were alternatively spliced without expression changes. To investigate further the cellular functions affected by these changes, we used these 282 genes to perform a functional enrichment analysis, and found that the term “apoptotic process” was enriched in this sample (P = 2.20E−03, Data Sheet 2: Table S15). These results suggest alternative splicing as an additional mechanism that may contribute to T-cell apoptosis during HIV infection. Additional details of the alternative splicing results are provided in Data Sheet 3: Supplemental Text and Data Sheet 1: Figure S6.



Experimental Validation of the RNA-seq Results

We selected eight DEGs to perform quantitative reverse transcription PCR (RT–qPCR) validation: SMAD3, PDX1, LGALS3, TRAF1, GATA3, RAN, HSP90AB1, and HSPA5. These genes were related to apoptosis and selected based on strong proapoptotic or antiapoptotic properties in both Jurkat and MT-2 cells, as assessed by the gene expression data. The RT–qPCR results yielded similar patterns to those obtained from our RNA-seq data for the selected genes (validation rate = 100%) (Data Sheet 1: Figure S7). These results increased the confidence of the DEG results presented above. Subsequently, we performed a western blot analysis to confirm the RT–qPCR results. We assessed the effect of HIV infection on the expression of the Smad3 and GATA3 proteins in Jurkat T cells and found that the two proteins were significantly downregulated after HIV infection (Figure 3).


[image: Figure 3]
FIGURE 3. Levels of the Smad3 and GATA3 proteins in Jurkat cells infected by HIV and in the mock control. (A) Western blot analysis of Smad3 and GATA3 on human Jurkat T cells infected by HIV and in the mock-infection control. The results of all three replicates are shown. GAPDH was used as the normalization control. (B) Relative expression levels of the Smad3 (ab28379) and GATA3 (ab199428) proteins against that of GAPDH, as determined by immunoblotting. Compared with the control sample, the HIV sample exhibited a significantly lower expression of Smad3 (P < 0.001) and GATA3 (P < 0.01) (data were presented as the mean ± standard error of the mean. Statistical significance was set at P < 0.05).




Correlation Between DNA Methylation and Gene Expression in HIV-Infected Cells

DNA methylation in the promoter of a gene is a repressive epigenetic modification that has been shown to affect transcription negatively (38–40). Such regulation mechanisms have also been observed in HIV-infected T cells (6, 41, 42). However, few studies have focused on the whole genome to investigate the global correlation between DNA methylation and gene expression in HIV-infected cells. To address this issue, we calculated the odds ratio, which was defined as the number of upregulated genes divided by the number of downregulated genes (number_of_upregulated_genes/number_of_downregulated_genes). DMGs were divided into two categories based on the location of DMRs: overlapped with promoters or gene bodies. The ratio was calculated, respectively for each category of genes. The results showed that the ratio was significantly lower in the category of genes with promoters that overlapped with hypermethylated DMRs vs. those that overlapped with hypomethylated DMRs (0.43 vs. 1.02, P = 1.99E−07, chi-squared test); (i.e., a higher proportion of genes were downregulated among the category of genes with promoters that were hypermethylated than among the category of genes with hypomethylated promoters, suggesting that hypermethylation in promoters is more likely to decrease the gene expression level). Conversely, genes that overlapped with hypermethylated DMRs in the gene body tended to be upregulated (0.68 vs. 0.49, P = 2.51E−04, chi-squared test), suggesting that DNA methylation in gene bodies is associated with the upregulation of gene expression (Figure 4A).


[image: Figure 4]
FIGURE 4. Correlation between changes in gene expression and DNA methylation in promoters and gene bodies. (A) The ratio of the number of upregulated genes divided by the number of downregulated genes in terms of the different annotation categories of DMRs. The chi-squared test was used in this analysis. The data obtained from the MT-2 and Jurkat cell lines were combined. (B) Gene-body DNA methylation was positively correlated with gene expression levels. Scatter plot showing the fold change in the methylation level of gene bodies against the fold change of gene expression levels for all DEGs between HIV+ and control T cells. Gene-body regions were defined as the genomic region starting from the transcription start site to the last base of the gene. Gene expression was correlated positively with gene-body methylation in the (a) MT-2 cell line (Spearman's rank correlation r = 0.30, P < 2.2e−16) and (b) Jurkat cell line (Spearman's rank correlation r = 0.28, P < 2.2e−16). Genes exhibiting increased gene expression and gene-body methylation are located in the upper-right quadrant, whereas other genes that became transcriptionally silenced by reduced methylation in HIV+ samples are located in the lower-left quadrant.


To investigate further the correlations between gene expression and DNA methylation for the DEGs in T cells during the process of HIV infection, we performed a statistical correlation test between the fold changes in DNA methylation and in gene expression. DNA methylation changes in gene bodies exhibited a weak but significantly positive correlation with gene expression changes in both the MT-2 (Spearman's rank correlation r = 0.3, P < 2.2e−16) and Jurkat (Spearman's rank correlation r = 0.28, P < 2.2e−16) cell lines (Figure 4B). This positive correlation between DNA methylation and gene expression supports previous reports of the role of gene-body methylation in various processes (43, 44). Our study demonstrated for the first time the whole-genome-scale correlation between DNA methylation and gene expression in HIV-infected cells.



Overlap Between DEGs and DMGs Was Enriched in Apoptosis Related Biological Functions

We further investigated the intersection of the expression and methylation data sets to examine the overlap between DEGs and DMGs. As a result, we identified 831 genes that were shared by DEGs and DMGs (406 genes in the MT-2 sample and 425 genes in the Jurkat sample).

To check the functional relevance of the DEGs controlled by DNA methylation, the overlap between DEGs and DMGs was input into IPA for disease and biological function enrichment analysis. “Cell Death and Survival,” “Cellular Movement,” “Cellular Growth and Proliferation,” “Immunological Diseases,” “Immune Cell Trafficking,” and “Cellular Development” were significantly enriched for both cell lines (Figure 5). Notably, the “apoptosis” clusters were significantly enriched in the “Cell Death and Survival” category. This suggests that HIV-1 affects T-cell movement, growth, and development and induces apoptosis by altering DNA methylation to regulate gene expression. Moreover, in both MT-2 (P = 2.11E−08) and Jurkat (P = 3.24E−08) cells, the TGFB1 growth factor is predicted to be one of the top 3 upstream regulators of the shared genes of DEGs and DMGs (Data Sheet 2: Tables S16, S17). It has been reported that long-term overproduction of the anti-inflammatory growth factor TGFB1 is a major cause of immunosuppression in HIV infection (45). The interactions between TGFB1 and DEGs/DMGs are provided in Data Sheet 1: Figures S8, S9. Here, we proposed that TGFB1 might play an important role in the regulation of DNA methylation and gene expression in HIV infection despite its absence among the DEGs and DMGs.
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FIGURE 5. Disease and biological function enrichment for overlap of DEG and DMG. (A) Disease and biological function enrichment for overlap of DEG and DMG in the MT-2 cell line. (B) Disease and biological function enrichment for overlap of DEG and DMG in the Jurkat cell line.


Based on the collective results presented above, we proposed a list of apoptosis-related genes with high confidence for future research. The expression of the genes included on this list was either negatively regulated by DNA methylation in promoter regions or positively regulated by DNA methylation in gene-body regions. Most of the genes on the list exhibited similar patterns of epigenetic and transcriptional alterations in the two HIV-infected samples (Table 2). To the best of our knowledge, all of the listed genes were reported for the first time to be involved in T-cell apoptosis during HIV infection via methylation and transcription regulatory mechanisms. A detailed description and discussion of these genes is provided in Data Sheet 3: Supplemental Text.


Table 2. Candidate genes related to apoptosis for future research.

[image: Table 2]



Demethylation Treatment to Confirm the Effect of Methylation on Gene Expression

To confirm the effect of DNA methylation on the expression of selected genes from Table 2, we treated the HIV-infected T cells with 5-azaC, which has a broad-spectrum genome-wide demethylation effect. We then assessed the gene expression and the methylation of the promoter regions of these genes. We found that many genes were upregulated by DNA demethylation. The promoter of LGALS3 was hypomethylated by 16.86-fold after 5-azaC treatment, while its expression level was upregulated by 211-fold. Similarly, the methylation level on the promoter of TRAF1 was decreased by 7.92-fold, while the expression of TRAF1 was increased by 19.58-fold. Similar effects could also be observed for NLRP3, APP, TBX3, and NTRK2 (Data Sheet 2: Table S18).



Effects of HIV Proteins on PDX1 and SMAD3

We then asked whether the methylation changes in the host genes were induced by the HIV-1 protein. We selected PDX1 and SMAD3 from Table 2 for the luciferase assay. The activity of the PDX1 promoter was significantly decreased in the presence of Tat or Rev, while the promoter activity of SMAD3 was significantly decreased in the presence of Tat (Figure 6). Based on these findings, we speculated that these two HIV proteins specifically regulated DNA methylation in the promoter and, therefore, affected the expression of these two host genes. Although SMAD3 can regulate the HIV LTR in human astrocytes (46), and MH2 domain of SMAD3 can decrease the levels of the Tat-induced activation of MCP-1 and several other cytokines and chemokines in astrocytic cells (47), the effect of these two HIV proteins on the transcriptional regulation of PDX1 and SMAD3 through promoter methylation has not been reported.


[image: Figure 6]
FIGURE 6. Analysis of the effect of Tat and Rev on PDX1 and SMAD3 promoter activity. Results of the promoter gene reporter assay. The luciferase activity was calculated based on the Fluc:Rluc ratio. The promoter vector (PDX1 or SMAD3) was transfected into HEK293T cells, together with the empty pCDNA3.1+ vector, a Tat-expressing vector (Tat), and a Rev-expressing vector (Rev). The experiments were repeated six times. Holm–Sidak's multiple comparisons test. ***P < 0.001, ****P < 0.0001. N.s., non-significant.




Effects of the Candidate Genes on T-cell Apoptosis

To determine the effect of methylation-regulated genes on T-cell apoptosis, CPT1A, LEF1, GATA3, RCOR2, and ADM were selected for siRNA knockdown. The treatment of Jurkat cells separately with a specific siRNA to these five genes and with a control siRNA, we found that GATA3 promoted cell viability and reduced the number of cells in the G2 phase, while CPT1A also had a modest effect on cell viability (Data Sheet 1: Figure S10A). Next, an annexin V assay was used to assess the effects of the candidate genes on apoptosis. We found that knockdown of CPT1A led to a significant reduction in early and late apoptotic cells, while RCOR2 only reduced the number of late apoptotic cells (Data Sheet 1: Figures S10B, S11). It is possible that the apoptotic process triggered by HIV in T cells is very complicated, thus implying that individual genes have a limited effect on apoptosis.



Further Investigations Using Primary Peripheral Blood Mononuclear Cells (PBMCs)

To investigate further the applicability of our results to human primary cells, PBMCs from normal individuals were infected with HIV. The detection of DEGs in uninfected and HIV-infected cells showed that CPT1A, TNF, and LEF1, which were among the promising genes on the candidate gene list, also showed differential expression with a similar trend (Data Sheet 2: Table S19). This suggests that these genes are important for HIV infection not only in cultured cell lines, but also in primary human cells.




DISCUSSION

Although impressive achievements have been obtained regarding the roles of epigenetic regulation in the T cell response after HIV-1 infection, few studies have focused on the genome-wide methylation profiles in T cells before and after HIV-1 infection. In this study, we investigated the differential methylation profiles, as well as the differential gene expression profiles, between HIV-infected and uninfected cells at the whole-genome scale. The results of our analysis were confirmed by experimental validation, including RT–qPCR, BS-seq, and western blotting. Treatment with a demethylation agent was also used to confirm the effect of methylation on gene expression. As a result, candidate genes implicated in the process of HIV infection were identified. Their interaction with HIV proteins was further proven by luciferase assay and their effects on apoptosis were assessed by siRNA knockdown.

Most of the DMRs identified here were located in gene-body regions. However, in a previous study, we performed whole-genome-scale methylation profiling in a pair of twins, one of whom was HIV+, and found that most of the DMRs were located in promoter regions (6), which might be attributed to the different nature of cell lines and clinical samples. The enrichment of DMRs in promoters and enhancers suggests that methylation alterations may affect transcription-factor binding, as many transcription-factor-binding sites (TFBSs) were enriched in the DMRs that overlapped with promoters and enhancers. In support of our results, epigenetic changes in enhancer regions of the human genome have been linked with HIV infection. Bachelerie et al. reported that NF-κB induction could render HIV enhancer activity sustainable in monocytes (48). This finding of DMR enrichment toward TFBSs was strongly supported by the function enrichment analysis of DMGs and DEGs, in which DMGs with both hyper- and hypomethylated DMRs were enriched in the transcription-factor-related function clusters, such as “protein binding,” “transcription factor activity,” and “transcription factor binding.” Consistent with our results, recent studies have shown that methylation of TFBS leads to the dysregulation of transcription by blocking the binding sites of transcription factors (49, 50). PU.1 motifs were over-represented in genes with significantly different methylation levels during the methylation that occurs in monocyte-to-osteoclast differentiation, indicating the role of methylation in the regulation of gene expression by affecting TFBS binding (51).

The DMGs were significantly enriched in several function clusters including KEGG pathways and GO terms for both the MT-2 and Jurkat cell lines, among which the most prominent function clusters for hypermethylated genes were “viral carcinogenesis” in the KEGG pathway analysis and “ATPase activity” in the GO term analysis. In many types of cancers related to viral protein induction, such as liver cancer and cervical cancer, lysine acetyltransferase and lysine methyltransferase interact with cellular DNMT-2s, leading to the dysregulation of methylation in the genome of tumor cells. This may explain why DMGs in our data were enriched in viral carcinogenesis in the KEGG pathway analysis. The “ATPase activity” GO term was enriched among DMGs in our study. Previous studies also reported the association between HIV infection and ATPase activity. Schachter et al. showed that increasing ATPase activity or decreasing extracellular concentrations of ATP contributed to HIV-1 infection (52). Zhang et al. performed a genome-wide comparison of DNA methylation between HIV-1-infected and uninfected patients (16). The differences of the results of Zhang et al. and our study could be explained by the fact that those authors measured the methylation levels in total blood cells, while here we measured the methylation levels in pure CD4+ T cells.

RNA-seq was performed to investigate the altered expression profiles on the whole-genome scale after infection of T cells with HIV-1. Function clusters including apoptosis-related pathways, primary immunodeficiency, and immune response were significantly regulated after HIV-1 infection. The DEGs involved in the “immune response” function cluster included SUSD2, TLR1, TNFSF14, TNFSF13, TNFSF12, HLA-DMB, TLR6, and HLA-DMA, which warrant future investigation. For example, the surface level of LIGHT and TNFSF could be enhanced by the expression of the Nef HIV-1 protein. The enhancement was dependent on the sequence of dileucine in the Nef protein (53, 54). HLA-DMB was reported as a candidate gene for Kaposi's sarcoma associated with AIDS complications through SNP screening (55). In the enrichment analysis of the disease and biological functions of DEGs, in addition to apoptosis, the “Cell movement” and “Migration of cells” functions were also identified, indicating that cell mobility (including immune cell trafficking) was significantly affected after the infection of T cells with HIV-1. We then used PBMCs to validate our results in primary cells and found that not all DEGs detected in cell lines were detected in PBMCs. This might be attributed to the fact that PBMCs are not pure T cells; rather, they consist of lymphocytes (T cells, B cells, and NK cells) and monocytes.

Regarding the cross talk between DNA methylation and gene expression, we found that, generally, gene expression was negatively correlated with DNA methylation in promoters and positively correlated with DNA methylation in gene bodies. Consistent with our result of activation of the “protein kinase A signaling pathway,” the HIV-1 Vpr protein was able to arrest the cell cycle and further cause the depletion of T cells after being phosphorylated by protein kinase A (56). However, the studies that focused on the role of methylation on protein kinase A signaling in HIV-1 induced T-cell death are limited. In addition, the “Induction of Apoptosis by HIV-1” canonical pathway was enriched in this analysis, thus supporting the key role of both DNA methylation and gene expression in HIV-1-induced cell death.

In our study, we investigate the NL4-3 HIV strain, a X4-tropic HIV-1 which is associated with faster disease progression. Nevertheless, in addition to this X4-tropic strain, there is also a R5-tropic strain for HIV-1. The prevalence of the two tropic strains are compatible (57). Therefore, our study cannot represent the entire HIV-1 isolates. Further investigation on the DNA methylation and transcriptome profiles in T cells infected with CCR5 tropic HIV-1 is desirable. Besides, we use cell lines to investigate the host transcriptional and epigenetic alterations during HIV Infection. However, cell lines may change in both genetic and phenotypic aspects after multiple passages and may not mimic the real situation of primary CD4+ T cells. Therefore, further study should be conducted on primary CD4+ T cells.

We analyzed the RNA-seq and MeDIP-seq data obtained from HIV-1-infected and uninfected T cells and identified functional genomic regions that are prone to differential methylation. The cellular processes and pathways affected by HIV-1 infection were also obtained at both the epigenetic and transcriptomic level. Importantly, we proposed a list of novel candidate genes that may be involved in the T-cell apoptosis induced by HIV infection and may provide insights regarding the changes that occur at both the transcriptomic and epigenetic level in T cells in response to HIV infection. Consistent with the sequencing results, the luciferase assay showed that the activity of the PDX1 and SMAD3 promoters was significantly decreased in the presence of Tat or Rev. This could be viewed as one of the major contributions of this study. Further investigation aimed at clarifying the functional significance of this correlation between DNA methylation and gene expression is desirable. These candidate genes may further contribute to the improvement of the diagnosis and treatment of AIDS in the future. In summary, this study provided a resource about the dynamic changes of gene expression and DNA methylation that occur during the infection of T lymphocytes with HIV, which will not only promote the understanding of this molecular process, but also aid in the discovery of new biomarkers that can be used for therapy and diagnosis.
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