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The failure of highly active antiretroviral therapy (HAART) has been largely responsible for the existence of latent human immunodeficiency virus type 1 (HIV-1) reservoirs. The “shock and kill” strategy was confirmed to reactivate HIV-1 latent reservoirs by latency-reversing agents (LRAs) for accelerated HIV-1 clearance. However, a single LRA might be insufficient to induce HIV-1 reactivation from latency due to the complexity of the multiple signaling regulatory pathways that establish the HIV-1 latent reservoir. Therefore, combinations of LRAs or dual-mechanism LRAs are urgently needed to purge the latent reservoirs. We demonstrate here for the first time that a dual-target inhibitor with a specific suppressive effect on both BRD4 and TIP60, CPI-637, could reactivate latent HIV-1 in vitro by permitting Tat to bind positive transcription elongation factor b (P-TEFb) and assembling Tat-super-elongation complex (SEC) formation. In addition, CPI-637-mediated TIP60 downregulation further stimulated BRD4 dissociation from the HIV-1 long terminal repeat (LTR) promoter, allowing Tat to more effectively bind P-TEFb compared to BRD4 inhibition alone. Much more importantly, CPI-637 exerted a potent synergistic effect but alleviated global T cell activation and blocked viral spread to uninfected bystander CD4+ T cells with minimal cytotoxicity. Our results indicate that CPI-637 opens up the prospect of novel dual-target inhibitors for antagonizing HIV-1 latency and deserves further investigation for development as a promising LRA with a “shock and kill” strategy.
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Introduction

Although highly active antiretroviral therapy (HAART) has dramatically decreased morbidity and mortality in patients infected with human immunodeficiency virus type 1 (HIV-1), a rapid rebound in plasma viremia to pretreatment levels is observed after the interruption of HAART treatment (Van Lint et al., 2013). Latent HIV-1 cellular reservoirs may contribute to the persistence of HIV-1 and promote the emergence of resistant mutants (Wallet et al., 2019; Ventura, 2020). Due to the lack of viral transcription, latently infected cells are usually difficult to identify and eliminate by both the innate and adaptive immune responses and antiviral drugs (Chun et al., 1997; Dufour et al., 2020). One strategy, termed “shock and kill”, aims to reactivate dormant viruses from the HIV-1 latent reservoir by regulating host-dependent pathways and then eradicate the reservoir through HIV-1-related cytopathic effects or immune system-based clearance of infected cells (Abner and Jordan, 2019).

To expose the latent reservoirs for accelerated clearance, numerous latency-reversing agents (LRAs) targeting specific steps of HIV-1 transcription have been identified (Spivak and Planelles, 2018). However, commonly employed LRAs have been suggested to be toxic, mutagenic or ineffective in clinical trials involving large sample sizes and prolonged treatment. Moreover, some LRAs might not reactivate the total HIV-1 reservoir due to the broad integrational landscape of the provirus, condensed chromatin state of resting T cells, sequestration of necessary transcription factors and physiological heterogeneity of the host cells (Spivak and Planelles, 2018; Zhao et al., 2019). Therefore, a combinatory regimen including a set of LRAs targeting multiple steps of HIV-1 latency is expected to reactivate all integrated proviruses and effectively purge latent reservoirs.

There are many viral and cellular proteins involved in HIV-1 transcription that may represent potential targets of LRAs. One of the best studied proteins is BRD4, a member of the bromodomain (BRD) and extraterminal domain (BET) protein family (Banerjee et al., 2012; Zhu et al., 2012; Li et al., 2013; Lu et al., 2016). The binding of BRD4 to chromatin may regulate HIV-1 gene expression, especially transcription elongation from HIV-1 promoter long terminal repeats (LTRs). Positive transcription elongation factor b (P-TEFb), an activation-dependent transcription factor and essential cofactor for HIV-1 Tat, is composed of cyclin-dependent kinase 9 (CDK9) and cyclin T1. BRD4 competes with Tat for P-TEFb binding and inhibits the activation of transcription elongation. Therefore, BRD4 is a key regulator of the establishment of HIV-1 latency, and BET inhibitors provide an effective way to reactivate latent HIV-1 by favoring the recruitment of P-TEFb by Tat to the HIV-1 promoter LTR (Itzen et al., 2014).

Histone acetyltransferases (HATs) and histone deacetylases (HDACs) are enzymes responsible for the modification of specific lysine residues in core histones and thought to be key modifiers of chromatin structures. HIV-1-Tat interactive protein (TIP60), also termed KAT5, is one of the major HATs known to modify H4 and plays an essential role in transcriptional regulation (Kimura and Horikoshi, 1998). Acetyl-histone H3 (AcH3) and acetyl-histone H4 (AcH4) interact with BRD4 and regulate its recruitment to the HIV-1 LTR. A recent study showed that downregulating the expression or activity of TIP60 removed the acetyl group from AcH4 and BRD4 from the HIV-1 LTR, resulting in enhanced super-elongation complex (SEC) loading, Tat transactivation and HIV-1 reactivation. The combination of MG-149 (a TIP60 inhibitor) and JQ1 (a BRD4 inhibitor) promoted HIV-1 reactivation in activated cell lines and quiescent primary T cells from HIV-1-infected patients treated with HAART (Li et al., 2018). Therefore, the TIP60-AcH4-BRD4 axis might be an effective new target for reactivating the HIV-1 latent reservoir.

A highly homologous pair of BRD-containing transcriptional coactivators, HATs cyclic-AMP response element binding protein (CBP) and adenoviral E1A-binding protein of 300 kDa (EP300), were reported to be associated with multiple disease pathways (Dutta et al., 2016). The small-molecule compound CPI-637 is a novel and selective inhibitor that targets CBP/EP300 and BRD4 (Taylor et al., 2016). In the present study, we were delighted to find that CPI-637 effectively reactivated latent HIV-1 in vitro by dissociating BDR4 from the HIV-1 promoter, recruiting Tat to stimulate HIV-1 elongation. Moreover, CPI-637-mediated TIP60 downregulation further stimulate BRD4 dissociation from the HIV-1 LTR promoter via AcH3 upregulation and AcH4 downregulation, allowing Tat to more effectively bind P-TEFb and facilitating Tat-SEC formation compared to BRD4 inhibition alone. CPI-637 might be an ideal and bifunctional candidate LRA that targets both BRD4 and TIP60 with a shock-and-kill strategy for a HIV-1 functional cure.



Materials and Methods


Cell Culture

J-Lat A2 cells (Jurkat T cells containing an HIV-1 5′-LTR-Tat-Flag-iRES(internal ribosome entry site)-EGFP-3′-LTR construct), J-Lat 10.6 cells (Jurkat T cells harboring a full-length integrated HIV-1 genome and expressing green fluorescent protein (GFP) upon activation) and ACH2 cells (A3.01 T cells chronically infected with HIV-1 with transactivation response (TAR) mutation) were kindly provided by Dr. Shibo Jiang and Dr. Lu Lu of Fudan University (Shanghai, China). Those latently infected cell lines were grown at 37°C with 5% CO2 in RPMI 1640 medium (Gibco, Grand Island, NY, USA) with 10% fetal bovine serum (FBS, Gibco, USA) and 1% penicillin/streptomycin (Invitrogen, Carlsbad, CA, USA). TZM-bl cells were purchased from ATCC (Manassas, VA) and cultured at 37°C with 5% CO2 in Dulbecco’s modified Eagle’s medium (DMEM) with 10% FBS and 1% penicillin/streptomycin.



Materials

An antibody specific for HIV-1 p24 (183-H12-5C, mouse, 1:2000) was obtained from the National Institutes of Health AIDS Research and Reference Reagent Program. Antibodies specific for BRD4 (13440, rabbit, 1:1000), CDK9 (2316, rabbit, 1:1000), cyclin T1 (81464, rabbit, 1:1000), the Rpb1 C-terminal domain (CTD, 2629, rabbit, 1:1000), p-Rpb1 CTD (Ser2, 13499, rabbit, 1:1000), AcH3K9 (9649, rabbit, 1:1000), AcH4K8 (2594, rabbit, 1:1000), AcH3K14 (7627, rabbit, 1:1000) and β-actin (3700, mouse, 1:1000) were purchased from Cell Signaling Technology (CST, USA). Antibody specific for Tat (ab6539, rabbit, 1:3000) was purchased from Abcam (UK). Antibodies specific for p-CDK9 (Thr186, sc-139604, rabbit, 1:1000), TIP60(sc-166323, rabbit, 1:1000) and AcH2AK5 (GT1262, mouse, 1:500) were purchased from Santa Cruz Biotechnology (USA) and GeneTex (USA), respectively. Human anti-CD25-FITC (555431, mouse, 1:100), anti-CD69-FITC (557049, mouse, 1:100), anti-HLA-DR-FITC (556643, mouse, 1:100), and anti-CD38-FITC (555459, mouse, 1:100) antibodies and anti-CD4-FITC (561842, mouse, 1:100), anti-CCR5-APC (550856, mouse, 1:100) and anti-CXCR4-APC (560936, mouse, 1:100) antibodies were obtained from BD Biosciences (USA). CPI-637, JQ1, SAHA and MG-149 were purchased from MedChemExpress (MCE, Finland), and prostratin was purchased from Sigma (USA). All reagents were diluted in dimethyl sulfoxide (DMSO, Sigma, USA).



Flow Cytometry

GFP fluorescence was measured in a BD FACSCanto II flow cytometer (USA). The data were analyzed via FlowJo software (TreeStar, USA). J-Lat A2 and J-Lat 10.6 cells (5×105 cells/well) were incubated with CPI-637, MG-149, JQ1, SAHA or prostratin at the indicated concentrations for 48 h or the indicated durations in 48-well plates, and the percentage of GFP+ cells was used as a standard to indicate HIV-1 reactivation.



Enzyme-Linked Immunosorbent Assay (ELISA)

ACH2 cells (5×105 cells/well) were seeded into 96-well plates and incubated with CPI-637, MG-149 or JQ1 at different concentrations. Then, the HIV-1 p24 antigen levels in the ACH2 cell supernatants were analyzed by ELISA.



RNA Extraction, Reverse Transcription, and Real-Time Quantitative PCR (RT-qPCR)

Total RNA was extracted using TRIzol (Invitrogen, USA), and cDNA was amplified from 50 to 100 ng of RNA using the Prime Script RT Reagent Kit (TaKaRa, Japan). Gene products were analyzed by qPCR using SYBR Select Master Mix (TaKaRa) in a LightCycler 480 machine (Roche, Switzerland) in 96-well plates. The effects of CPI-637, MG-149, SAHA, prostratin and JQ1 treatment for 48 h on HIV-1 gene expression in ACH2 cells were assayed by RT-qPCR. The primers used for qPCR amplification are listed in Table 1.


Table 1 | RT-PCR primer sequences.





Cytotoxicity Assay

Peripheral blood mononuclear cells (PBMCs) from healthy individuals, J-Lat cells, TZM-bl and ACH2 cells were placed in 96-well plates (5×105 cells/well) and treated with CPI-637 for the cytotoxicity assay. After incubation for 48 h at 37°C, cell viability was measured using an MTT (3–2,5 diphenyl tetrazolium bromide, Sigma, USA) assay. The colored formazan products were solubilized with DMSO and photometrically measured at 570 nm in a multiwell plate reader (Bio-Rad Laboratories, USA). The 50% cytotoxic concentration (CC50) was calculated with CalcuSyn software.



Detection of T Cell Activation Markers and HIV-1 Receptors/Coreceptors

PBMCs (1×106 cells/well) isolated from the blood of healthy donors at Nanfang Hospital by standard density gradient centrifugation with Histopaque 1077 (Sigma, USA) were seeded in 6-well plates. After incubation with CPI-637 for 24 h, 48 h or 72 h, the PBMCs were stained with anti-CD25-FITC, anti-CD69-FITC, anti-HLA-DR-FITC, anti-CD38-FITC, anti-CD4/anti-CCR5 or anti-CD4/anti-CXCR4 antibodies (BD Bioscience, USA) at 4°C for 30 min in the dark. Then, the effects of CPI-637 on T cell activation were analyzed with a BD FACSCanto II flow cytometer.



Western Blot (WB) Analysis

ACH2 cells (1×106 cells/well) were treated with CPI-637 and JQ1 at different concentrations or for various durations. Approximately 50–150 mg of thermally denatured cellular lysates was used for SDS-polyacrylamide gel electrophoresis (SDS-PAGE) immunoblot analysis. The PVDF membrane (Roche, USA) was incubated with antibody. Subsequently, the immunoblot bands with enhanced chemiluminescence (ECL) substrates (CST, USA) were exposed to film for image development.



Anti-Inflammatory Effects of CPI-637

THP-1 cells (5 × 105 cells/well) were treated with 10 ng·ml−1 phorbol 12-myristate 13-acetate (PMA, Sigma, USA) for 24 h in 6-well plates. After incubation with CPI-637 for 24 h, the THP-1 cells were collected for RNA extraction and the measurement of proinflammatory cytokine expression by RT-qPCR as described above.



Coimmunoprecipitation (co-IP)

ACH2 cells (1×106 cells/well) were treated with CPI-637 or JQ1 for 48 h. Then, precleared protein extracts of ACH2 cells were added to protein A/G agarose with anti-BRD4 antibody (CST) and incubated on a rotator at 4°C overnight. The beads were washed with cold IP lysis buffer containing 0.1% phenylmethylsulfonyl fluoride (PMSF), eluted with 0.1 M glycine and analyzed by WB analysis with the indicated antibodies.



Chromatin Immunoprecipitation (ChIP)

ChIP assays were performed with kits (CST, USA) according to the manufacturer’s protocol and previously described procedures (Liang et al., 2019). Briefly, ACH2 cells (1 × 106 cells/well) were fixed in 1% formaldehyde. Chromatin was sonicated into fragments 200–500 nucleotides in length and subjected to immunoprecipitation. DNA fragments were incubated with antibodies specific for IgG, CDK9, BRD4, TIP60, Tat, or Pol II CTD-Ser2P at 4°C overnight. After incubation with 50 µl of protein G agarose beads, the immunocomplexes were washed, the chromatin was eluted and reverse cross-linked at 65°C overnight. The DNA was extracted, and qPCR was performed using SYBR Green Mix on a LightCycler 480 machine (Roche, Switzerland). The upstream primer sequence was 5′-AGCTTGCTACAAGGGACTTTCC-3′, and the downstream primer sequence was 5′-GTGGGTTCCCTAGTTAGCCAGAG-3′. The amounts of the fragments after incubation with the antibodies above were normalized against the input DNA and are presented as % the input DNA.



Luciferase Assays

TZM-bl cells (5×105 cells/well) were seeded into a 48-well plate. PNL4-3-luc and pcDNA 3.1(+)-Tat were mixed with Lipofectamine 3000, followed by coincubation of this mixture with the cells for 48 h. The cells were lysed, and relative luciferase activity was detected using a Dual-Luciferase Reporter Assay System (Promega) according to the manufacturer’s instructions. Substrate luminescence was determined by scanning using a microplate reader with a white plate. Relative transcription activity was normalized against Renilla luciferase activity and then compared with relative transcription activity in the PNL4-3-luc group (Zhang et al., 2019).



Synergistic Reactivation of Latent HIV-1 Expression by CPI-637 and LRAs

We used the Bliss independence model as a metric to evaluate the latency-reversing activity of combinations of drugs (Goldoni and Johansson, 2007). Suppose for two drugs, x and y, that faxy, P is the predicted fraction affected by a combination of drugs x and y according to the experimentally observed fraction individually influenced by drug x (ƒax) and drug y (ƒay). This value is defined by the equation ƒaxy, P = ƒax + ƒay − (ƒax)(ƒay). Based on the Bliss model, ƒaxy, O, the observed combined fraction, was compared with ƒaxy, P with the equation (Δƒaxy = ƒaxy, O − ƒaxy, P). When Δfaxy > 0, the combination of LRAs displayed synergy. When Δfaxy < 0, then the combined effects of the two LRAs showed antagonism.



Statistical Analysis

All the experimental results are presented as the mean ± SD of at least three independent experiments, and all statistical analyses were calculated with software GraphPad Prism 6.0 (San Diego, CA, USA). Moreover, one-way analysis of variance (ANOVA) followed by Dennett’s multiple comparison post hoc test was used to assess differences between the groups. P-values below 0.05 were considered to demonstrate statistically significant differences. Statistical significance was defined as *p < 0.05 and highly statistical significance as **p < 0.01.




Results


CPI-637 Induces HIV-1 Expression in Latently Infected Cell Lines In Vitro

Two well-established latently infected Jurkat T cell lines (J-Lat A2 and J-Lat 10.6 cells) were chosen to investigate the potential effect of CPI-637 on the reactivation of latent HIV-1 expression; these cell lines contain a latent and transcriptionally competent HIV-1 provirus with a GFP reporter gene. The percentage of GFP-positive cells (GFP+ %) within the entire population represented latent HIV-1 activation and was determined by flow cytometry. As shown in Figures 1A–D, CPI-637 significantly increased GFP+ % in a dose- and time-dependent manner in both J-Lat A2 and J-Lat 10.6 cells. Furthermore, the reactivation by CPI-637 was confirmed in ACH2 cells chronically infected with HIV-1. The production of HIV-1 p24 antigen in the supernatants of ACH2 cells in the presence or absence of CPI-637 was detected by ELISA. Correspondingly, CPI-637 clearly promoted HIV-1 p24 expression with prolonged treatment time and increasing concentrations of CPI-637 (Figures 1E, F). In the experiment, JQ1 (a BRD4 inhibitor) and MG-149 (a TIP60 inhibitor) were used as controls. Consistent with reported studies, JQ1 at 1 μM reversed HIV-1 latency in all tested latent HIV-1-infected cells, but MG-149 had no effect on HIV-1 latency.




Figure 1 | CPI-637 induces HIV-1 expression in latently infected cell lines in vitro. J-Lat A2 and J-Lat 10.6 cells were treated with CPI-637 for 48 h at the indicated concentrations (A, B) or with CPI-637 (20 μM) at the indicated time points (C, D). And the percentage of GFP-positive cells within the entire population, representing the level of HIV-1 transcription (A–D), was measured by flow cytometry and the cell viability (A, B) was detected by MTT assay, respectively. ACH2 cells were treated with CPI-637 at the indicated concentrations (E) or the indicated time points (F). HIV-1 p24 antigen expression (E, F) was detected by ELISA and the cell viability (E) was detected by MTT assay, respectively. (*p < 0.05 vs DMSO control group, **p < 0.01 vs DMSO control group).



The effects of CPI-637 on the transcriptional expression of HIV-1 genes (Tat, Gag, Vif, Vpr and R and U5 regions at the HIV-1 5’ LTR) were also determined by RT-qPCR. Notably, CPI-637 efficiently increased the transcriptional expression of all tested HIV-1 genes in full-length HIV-1 transcripts in a dose-dependent manner (Figure 2A). We further investigated the expression of HIV-1 core nucleocapsid protein p24 and a key transactivator Tat protein on ACH-2 cells in the presence or absence of CPI-637 by WB assay. As shown in Figure 2B, the expression of HIV-1 p24 and Tat proteins were also increased by CPI-637 in a dose-dependent manner. These results further confirmed that CPI-637 reverses latent HIV-1 infection in latently infected cells.




Figure 2 | CPI-637 increases the HIV-1 transcriptional gene and core protein expression in vitro. ACH2 cells were treated with CPI-637 at the indicated concentrations for 48 h. HIV-1 RNA levels were analyzed by RT-qPCR (A). The relative expression levels were compared to those in DMSO control group. The expression levels of Tat and p24 proteins were analyzed by WB (B), and the quantifications of Tat and p24 were also performed in (B) (*p < 0.05 vs DMSO control group, **p < 0.01 vs DMSO control group).





CPI-637 Has Low Toxicity In Vitro

The failure of some LRAs in clinical trials indicates that low toxicity is necessary for an ideal candidate LRA. Here, we detected the cytotoxicity of CPI-637 in both latently infected HIV-1 cell lines (J-Lat A2, J-Lat 10.6 and ACH2) and HIV-1 target cells (TZM-bl and human PBMCs isolated from healthy donors) by MTT assay. As shown in Table 2, compared with JQ1 and MG-149, CPI-637 displayed decreased cytotoxicity in all tested cell lines, with CC50 values ranging from 195.12 to 303.60 μM. The CC50 values of CPI-637 were approximately 10 times greater than those of JQ1, suggesting that CPI-637 has strong development potential as an ideal candidate LRA.


Table 2 | In vitro cytotoxicity of CPI-637.



The propensity to nonspecifically activate bystander T cells has been suggested to obstruct the applied development of current LRAs in patients due to the potential induction of proinflammatory cytokine release (Bullen et al., 2014). Accordingly, we first examined the effects of CPI-637 on global T cell activation among human PBMCs by flow cytometry. As shown in Figures 3A, B, CPI-637 caused different T cell markers (CD69, CD38, CD25 and HLA-DR) to be expressed at levels similar to those observed in human PBMCs treated with DMSO control for both 24 h and 72 h. Furthermore, release of the proinflammatory cytokines IL-1β, IL-6, TNF-α and MCP-1 in the presence and absence of CPI-637 was determined by RT-qPCR. Our results showed that CPI-637 at 20 μM did not affect the relative expression of proinflammatory cytokines in THP-1 cells (Figures 3C, D). Consistent with the literature (Hashemi et al., 2018), a protein kinase C (PKC) agonist, prostratin, at 1 μM significantly increased the levels of T cell activation biomarkers and upregulated the release of proinflammatory cytokines following stimulation for 24 or 72 h, indicating that it may produce serious toxicity by affecting general T cell activation in clinical trials (Figures 3A–D). Notably, CPI-637 significantly decreased the release of inflammatory cytokines induced by prostratin in THP-1 cells, indicating that CPI-637 may reduce the side effects of PKC agonists when combined with LRAs (Figure 3C).




Figure 3 | CPI-637 does not up-regulate HIV-1 receptor/coreceptors and does not induce global T-cell activation. After treatment with CPI-637 (20 μM) for 24 (A) or 72 h (B), the expressions of CD69, CD38, CD25 and HLA-DR in PBMCs from healthy HIV-negative donors were analyzed by flow cytometry. (*p < 0.05 vs DMSO control group, **p < 0.01 vs DMSO control group) After treatment with CPI-637 (20 μM) for 48 h, the expression of pro-inflammatory cytokines, including IL-1β, IL-6, TNF-α and MCP-1, in THP-1 cells were analyzed by RT-qPCR (C, D). And fractions of CD4, CXCR4 (E) and CCR5 (F) positive cells in PBMCs were analyzed by flow cytometry. (*p < 0.05 vs prostratin group, **p < 0.01 vs prostratin group).





CPI-637 Downregulates HIV-1 Receptors/Coreceptors

Generally, HIV-1 virions enter to the host cells by binding to the cell-surface CD4 receptor and CCR5/CXCR4 co-receptors. These receptor/co-receptors are expressed at the cell surface of CD4+ T lymphocytes, which serve as the primary targets of HIV-1, but are also present on dendritic cells and macrophages. Some LRAs downregulate the expression of HIV-1 receptors/coreceptors, which may avoid the risk of increased susceptibility to HIV-1 infection during the reactivation of HIV-1 latency (Benamar et al., 2009; Grande et al., 2019). Human PBMCs, containing lymphocytes, monocytes and dendritic cells, were used for HIV-1 infected primary target cells. Our results also confirmed that CPI-637 downregulated the expression of a CD4 receptor/coreceptor (CCR5 and CXCR4) on the surface of PBMCs, similar to prostratin (Figures 3E, F). We further detected the infectious activities in isolated hPBMCs by reactivated latently HIV-1 on ACH-2 cells treated with CPI-637 for 48 h. CPI-637 could not obviously decrease the HIV-1 p24 expression in PBMCs, indicating that it might not clearly reduce the risk of reactivated HIV-1 infection in bystander cells even though it downregulated the expression of a CD4 receptor/coreceptor (CCR5 and CXCR4) on the surface of PBMCs (Data not shown).



CPI-637 Promotes Latent HIV-1 Expression via a Tat-Dependent P-TEFb Pathway

The BRD4 protein plays a role in silencing HIV-1 gene transcription by competing with the HIV-1 Tat protein for binding to P-TEFb. BRD4 inhibitors drive the release of sequestered P-TEFb by dissociating BDR4 from the HIV-1 promoter and recruiting Tat to stimulate HIV-1 elongation (Bartholomeeusen et al., 2012; Bunch et al., 2019). Therefore, we speculated that CPI-637 may promote viral transcription extension by inhibiting BRD4 protein binding and enhancing the binding of HIV-1 Tat and the P-TEFb complex. As shown in Figures 4C, D, CPI-637 clearly increased the phosphorylation of CDK9 on Thr186 and RNA Pol II CTD phosphorylation on Ser2 in a dose- and time-dependent manner. After treatment with CPI-637 for 48 h, recruitment of the P-TEFb subunits CDK9 and cyclin T1 by BRD4 was obviously decreased in ACH2 cells, as shown by co-IP assay (Figure 4E), indicating that CPI-637 promoted HIV-1 transcription by a P-TEFb pathway.




Figure 4 | CPI-637 promotes latent HIV-1 expression via a Tat-dependent P-TEFb pathway. TZM-bl cells containing an integrated HIV LTR-luciferase construct were nucleofected with a plasmid expressing Tat (+) or a negative control plasmid (−). And the expression of TIP60 in TZM-bl+Tat cells was detected by WB (A). TZM-bl+Tat Cells were treated with CPI-637 (20 μM) for 48 h and subjected to luciferase assay (B). ACH2 cells were treated with CPI-637 for 48 h at the indicated concentrations (C) or with CPI-637 (20 μM) at the indicated time points (D), and then the expressions of CTD, CTD-Ser 2P, cyclin T1, CDK9, p-CDK9 and p24 were analyzed by WB. ACH2 cells were incubated with CPI-637 (20 μM) for 48 h, recruitment of CDK9 and cyclin T1 by BRD4 was analyzed by co-IP (E) and the occupancy of HIV-1 Tat, P-TEFb, RNA Pol II CTD phosphorylation at the HIV-1 LTR promoter was determined by ChIP-qPCR assays (F). The quantifications of CDK9 phosphorylation on Thr186, CTD-Ser2 and p24 were performed in (C, D) The quantifications of CDK9 and cyclin T1 were performed in (E) (*p < 0.05 vs DMSO control group, **p < 0.01 vs DMSO control group).



The HIV-1 Tat protein is a key transactivator that activates HIV-1 LTR-directed transcription by recruiting P-TEFb to transactivation response (TAR) RNA (Spector et al., 2019). Here, we evaluated the regulatory effect of CPI-637 on expression of the Tat protein. TZM-bl cells stably transfected with a plasmid expressing Tat or an empty vector were tested by WB assay. The Tat-overexpressing efficiency of TZM-bl cells was shown in Figure 4A. Integrated luciferase reporter gene expression driven by the HIV-1 LTR in TZM-bl+Tat cells or normal TZM-bl cells was detected with a microplate reader. As shown in Figure 4B, LTR-driven activation after treatment with CPI-637 for 48 h was significantly increased up to 67.3-fold in the TZM-bl+Tat cells, whereas Tat increased luciferase activity by only 29.7-fold relative to that in the mock control. Here, CPI-637 increased luciferase activity in normal TZM-bl cells by approximately 3.7-fold compared to that in the mock control group.

Furthermore, the effects of CPI-637 on the HIV-1 Tat, P-TEFb, and phosphorylated RNA Pol II CTD occupancy at the HIV-1 promoter were quantitatively determined in ACH2 cells by ChIP-qPCR assays. As shown in Figure 4F, CPI-637 induced a significant decrease (by 1.9-fold compared to the DMSO control group) in the level of BRD4 bound to the HIV-1 promoter, while the levels of CDK9, Tat, and RNA Pol II CTD Ser2 phosphorylation were upregulated by 4.2-fold, 7.2-fold and 6.0-fold, respectively. These results indicate that CPI-637 reactivated HIV-1 expression by dissociating BRD4 from the HIV-1 LTR promoter, permitting Tat to bind P-TEFb and assembling Tat-SEC on the TAR stem-loop structure for RNA Pol II CTD Ser2 phosphorylation.



CPI-637 Activates HIV-1 Latency via a TIP60-Mediated Signaling Pathway

Notably, BRD4 is recruited to the HIV-1 LTR by interactions with AcH3 and AcH4. The HIV-1 LTR characteristically has low AcH3 but high AcH4 content, which attracts BRD4 to suppress the interaction of Tat and host SEC. TIP60 was found to promote HIV-1 latency by enhancing the AcH4 level, and the consequential antagonization of TIP60 activates Tat-dependent HIV-1 transcriptional elongation and removes AcH4 and BRD4 from the LTR (Creaven et al., 1999; Li et al., 2018). The reactivation effect of CPI-637, a TIP60 inhibitor, might be attributed to regulation of the expression of TIP60. Here, we first examined the effect of CPI-637 on TIP60 expression in ACH2 cells by RT-qPCR and WB analysis. As shown in Figure 5A, treatment with CPI-637 for 48 h significantly inhibited TIP60 mRNA expression but not affected TIP60 protein expression. However, we observed an obviously increase of the level of acetylated H2AK5 in the presence of CPI-637, which is an endogenous marker for TIP60 activity (Achour et al., 2009). This indicates that CPI-637 may reactivate latent HIV-1 by a TIP60-mediated signaling pathway. Our results further confirmed that CPI-637 decreased AcH4K8 level in a dose- and time-dependent manner but clearly increased AcH3K9 and AcH3K14 level (Figures 5B, C). Additionally, CPI-637 stimulation induced a significant decrease in TIP60 and BRD4 bound to the HIV-1 promoter, as shown by a ChIP assay (Figure 5D). A TIP60 inhibitor, MG-149, was chosen as a positive control. These results indicate that CPI-637-mediated TIP60 downregulation decreased the recruitment of BRD4 and TIP60 to the HIV-1 promoter and reactivated latent HIV-1 by inhibiting the TIP60-AcH4-BRD4 axis.




Figure 5 | CPI-637 activates HIV-1 latency via a TIP60-mediated signaling pathway. The effect of CPI-637 at the indicated concentrations on the expression of TIP60 mRNA and AcH2AK5 level were determined by RT-qPCR and WB respectively (A). ACH2 cells were treated with CPI-637 for 48 h at the indicated concentrations (B) or with CPI-637 (20 μM) at the indicated time points (C), and then the levels of AcH4K8, AcH3K9 and AcH3K14 were analyzed by WB. After treatment with CPI-637 (20 μM) for 48 h, the occupancy of BRD4 and TIP60 at the HIV-1 LTR promoter in ACH2 cells was detected by ChIP-qPCR assays (D). (*p < 0.05 vs DMSO control group, **p < 0.01 vs DMSO control group).





CPI-637 Synergistically Reactivates Latent HIV-1 With Conventional Candidate LRAs

Generally, multiple cell signaling pathways are crucial to the incubation and maintenance of HIV-1 latency. CPI-637, a potential bifunctional candidate LRA, may more efficiently reactivate HIV-1 latency by targeting both the BRD4 and TIP60 proteins. We further assessed the reactivation of latent HIV-1 upon treatment with CPI-637 in combination with some conventional candidate LRAs: the PKC agonist prostratin, HDAC inhibitor SAHA and BET inhibitor JQ1, in different latently infected cell lines. As shown in Figures 6A, B, the combination of CPI-637 and prostratin markedly reactivated HIV-1 latency. On the basis of the Bliss independence model described in the Materials and Methods section, the combination of CPI-637 with prostratin was more effective than either alone (Δfaxy > 0) (Figures 6C, D). It is worth mentioning that CPI-637 could not synergistically reactivate latent HIV-1 with SAHA or JQ1 in either J-Lat A2 or ACH2 cells. These results further confirm that CPI-637 might affect the TIP60-AcH4-BRD4 axis. The combination of CPI-637 with prostratin might be an effective way to reverse HIV-1 latency.




Figure 6 | CPI-637 synergistically reactivates latent HIV-1 with conventional candidate LRAs. J-Lat A2 cells (A) and ACH2 cells (B) were treated with CPI-637 (2 μM), SAHA (0.5 μM), JQ1 (0.5 μM), prostratin (0.5 μM) or their combinations for 48 h. The percentage of GFP-positive cells within the entire population was measured by flow cytometry and HIV p24 antigen expressions were analyzed by ELISA. The Bliss independence model was utilized as a way to calculate the synergy of LRA combinations. Δfaxy > 0 signifies synergy, whereas Δfaxy < 0 signifies antagonism. And Δfaxy = 0 signifies additive effect (C, D). (*p < 0.05 vs combination group, **p < 0.01 vs combination group).






Discussion

The HIV-1 latent reservoir is a major obstacle to the eradication of viral infection. The “shock and kill” strategy aims to reverse HIV-1 latency by regulating host cells and to “kill” reactivated cells through the immune system or anti-HIV-1 drugs (Kim et al., 2018; Abner and Jordan, 2019; Bandera et al., 2019). The first challenge with this strategy is to find ideal LRAs to efficiently reverse latent HIV-1. Unfortunately, none of the LRAs in clinical trials has demonstrated effectiveness in completely curing HIV-1/AIDS due to clinical inefficiency and/or high toxicity (Bashiri et al., 2018; Spivak and Planelles, 2018). There is an urgent need to identify an effective, safe and affordable candidate LRA as a functional HIV-1 cure.

BRD4 is a critical regulator of the establishment of HIV-1 latency (Itzen et al., 2014; Abner et al., 2018). TIP60 is one of the major HATs known to modify H4 and regulate transcription (Zhang et al., 2017; Ghobashi and Kamel, 2018). Recent research shows that downregulation of the nuclear HAT TIP60 expression removed AcH4 and BRD4 from the HIV-1 LTR, resulting in increased SEC loading, Tat transactivation and HIV-1 reactivation. The combination of a TIP60 inhibitor (MG-149) and a BET inhibitor (JQ1) was proven to be a more effective but relatively less toxic strategy to promote HIV-1 reactivation (Li et al., 2018). Therefore, the TIP60-AcH4-BRD4 axis may represent a potential therapeutic target for the development of an ideal LRA. The combined application of different kinds of LRAs or an LRA with dual/multiple mechanisms is a potentially effective strategy for purging latent reservoirs.

CPI-637 is a novel and selective inhibitor of the HATs CBP/EP300 and BRD4 that demonstrates >700-fold selectivity over BRD4 (Taylor et al., 2016). CBP and its close paralog EP300 are two closely related multifunctional transcriptional coactivators (Dutta et al., 2016; Polansky and Schwab, 2018; He et al., 2021). EP300 can maintain the structural stability and HAT activity of TIP60 by facilitating TIP60 autoacetylation, or vice versa (Xiao et al., 2014). Moreover, CBP and TIP60 have distinct and synergistic effects on histone acetylation at H3K9, H3K14, H3K18, H4K5 and H4K12 (Kimura and Horikoshi, 1998). Based on the above findings, we suspect that CPI-637 could be developed as an ideal LRA targeting the TIP60-AcH4-BRD4 axis.

Generally, J-Lat A2, J-Lat 10.6 and ACH2 cells are commonly used as well-established cell models of HIV-1 latently infection in vitro. In this study, we found that CPI-637 could potently reactivate latent HIV-1 expression in those three HIV-1 latent cell models with multiple mechanism to maintain HIV-1 latency (Figure 1). One of the main contributors to the failure of some LRAs, such as JQ1 and prostratin, in clinical trials may be attributed to their systemic release of proinflammatory cytokines or/and serious toxicity. Moreover, a broad-spectrum HDAC inhibitor, SAHA, induced an increase in the susceptibility of CD4+ T cells to HIV-1 (Lucera et al., 2014). Our data showed that CPI-637 exhibited approximately 10-fold lower CC50 values than JQ1 in all tested cell lines (Table 2) and did not induce either global T cell activation or the release of proinflammatory cytokines (Figure 3). It is well known that the expression of inflammatory cytokines in the peripheral blood is clearly increased in HIV-1-infected individuals (Homji et al., 2012; Ahir et al., 2015; Liang et al., 2019), which can cause tissue damage, multiple organ failure and death. We were delighted to find that CPI-637 significantly inhibited the release of both LPS- and prostratin-stimulated proinflammatory and inflammatory cytokines. Thus, CPI-637 might be beneficial for hyperinflammatory conditions in the HIV-1-induced “cytokine storm”. Generally, coreceptors, including CCR5 and CXCR4, help CD4 receptors bind the HIV-1 envelope glycoprotein gp120 and play a vital role in the migration, development and distribution of T cells. Our results showed that CPI-637 drastically downregulated the expression of CCR5 and CXCR4 (Figure 3), indicating that it might be advantageous to reduce the susceptibility of CD4+ T cells in vitro and block viral spread to uninfected bystander CD4+ T cells. More extensive animal studies to evaluate the effect of CPI-637 on the infection will be carried out in the future.

Because a single LRA might be insufficient to induce HIV-1 reactivation due to the complexity of the multiple signaling regulatory pathways that establish the HIV-1 latent reservoir (Sadowski and Hashemi, 2019), the use of combinations of LRAs has the potential to be an efficient strategy to activate latent HIV-1 reservoirs and reduce the side effects of using a single LRA. We found that, in agreement with previous studies, the combination of CPI-637 and prostratin was significantly more effective in stimulating HIV-1 expression from latency in J-Lat A2 cells and ACH2 cells than CPI-637 or prostratin alone, indicating that the combination of CPI-637 with other LRAs could effectively purge latent reservoirs with multiple mechanism of HIV-1 latency (Figure 6). Prostratin could induce HIV-1 reactivation via stimulating IKK-dependent phosphorylation and degradation of IκB, resulting in the rapid nuclear translocation of NF-κB and HIV-1 LTR activation in a NF-κB enhancer-dependent manner. Therefore, CPI-637 or its combination may be reverse latent HIV-1 infection by a NF-κB pathway. Based on these results, CPI-637 shows great potential as an ideal candidate for development as an HIV-1 LRA, and further investigation of the mechanism of CPI-637 as a potential candidate LRA is warranted.

The HIV-1 Tat protein is a key transactivator of viral replication and essential for transcriptional elongation by its binding to the TAR RNA stem loop in the HIV-1 LTR promoter (Asamitsu et al., 2018; Spector et al., 2019). Research has illustrated that JQ1-mediated activation of HIV-1 from latency is attributable to its regulation of the expression of Tat (Itzen et al., 2014). CPI-637, like JQ1, is a BET inhibitor and may reverse HIV-1 latency via a Tat-dependent signaling pathway. As expected, our results demonstrated that CPI-637 increased LTR-driven luciferase activity by only 3.7-fold in TZM-bl cells and that LTR-mediated expression by CPI-637 was significantly increased up to 67.3-fold in TZM-bl+Tat cells (Figure 4), indicating that Tat plays a critical role in CPI-637-mediated HIV-1 latent reactivation.

P-TEFb, a kinase composed of the catalytic subunit CDK9 and regulatory subunit cyclin T1, plays a critical role in HIV-1 transcriptional elongation by CDK9-mediated phosphorylation of the RNA Pol II CTD on Ser2 (Zaborowska et al., 2016; Fujinaga, 2020). As we described above, the HIV-1 Tat protein has been identified to induce direct interaction with HIV-1 TAR and compete with BRD4 for P-TEFb recruitment to stimulate HIV-1 transcription elongation (Bunch et al., 2019). Therefore, we further tested the effect of CPI-637 on HIV-1 transcription via the dissociation of BRD4 from P-TEFb. Compared with J-Lat A2 and 10.6 cell models, ACH2 cells are chronically infected with HIV-1 strain LAI with TAR and can be induced to make infectious virus by a variety of LRAs. Since ACH2 cells after the treatment of LRAs may better mimics the latent reactivation in vivo, it is more suitable for the evaluation of the mechanism of LRAs. The results revealed that CPI-637 upregulated the phosphorylation of CDK9 on Thr186 and RNA Pol II CTD on Ser2 in a dose- and time-dependent manner, thereby facilitating HIV-1 transcriptional elongation (Figures 4C, D). In addition, the co-IP assay showed that CPI-637 remarkably increased the dissociation of CDK9 and cyclin T1 from BRD4. Additionally, ChIP analysis demonstrated that CPI-637-mediated reactivation downregulated BRD4 but upregulated CDK9, Tat, and RNA Pol II CTD-Ser2P recruitment directly to the HIV-1 LTR (Figures 4E, F), indicating that CPI-637 reactivates HIV-1 expression by dissociating BRD4 from the HIV-1 LTR promoter, permitting Tat to bind P-TEFb and assembling Tat-SEC formation on the TAR stem-loop structure for RNA Pol II CTD phosphorylation at Ser2.

Chromatin, an instructive DNA scaffold, is subject to a variety of posttranslational modifications that have a significant impact on histone amino termini in the nuclei of all eukaryotic cells. The chromatin and epigenetic landscape also affects HIV transcription and an active landscape can be maintained by histone methyl transferases (HMT) and HAT. Among the histone modifications, histone acetylation, regulated by HATs and HDACs, play a key role in the organization of chromatin domains and gene expression. The HATs utilize acetyl CoA as cofactor to acetylate the ϵ-amino group of lysine side chains, allowing increased accessibility of transcription factors to DNA and gene transcription activation (Bannister and Kouzarides, 2011). A recent study revealed that HAT TIP60 is a host factor that enforces HIV-1 latency and suppresses HIV-1 reactivation by regulating AcH3 and AcH4 on the viral LTR. Moreover, TIP60-mediated AcH3 downregulation and AcH4 upregulation at the HIV-1 LTR induced BRD4 recruitment to the HIV-1 LTR promoter, where it competes with Tat for P-TEFb, thereby blocking Tat-SEC formation and ultimately inhibiting Tat transactivation (Li et al., 2018). As shown above, CPI-637 is a highly selective dual-target inhibitor of CBP/EP300 and BRD4. In light of the intimate connection between CBP/EP300 and TIP60, we suspected that CPI-637 could reverse HIV-1 latency via a second signaling pathway mediated by TIP60. In the present study, we found that CPI-637 is a potent TIP60 inhibitor that downregulated AcH4K8 but upregulated AcH3K9 and AcH3K14 in a dose- and time-dependent manner (Figures 5A, B). Importantly, in the ChIP assay, CPI-637-mediated HIV-1 reactivation inhibited BRD4 and TIP60 recruitment to the HIV-1 promoter in accord with the TIP60 inhibitor MG-149 (Figure 5D), suggesting that CPI-637 also promotes HIV-1 expression via the TIP60-AcH3 and AcH4-BRD4 pathways in the absence or presence of host transcription factors and transcription repressors.

Taken together, our results amply confirm that CPI-637 is an ideal potential bifunctional candidate LRA whose effects are mediated by both BRD4 and TIP60 with high reactivation efficacy and low toxicity. There is a positive synergistic effect between the two signaling pathway of CPI-637 on HIV-1 reactivation. CPI-637-mediated TIP60 downregulation might further stimulate BRD4 dissociation from the HIV-1 LTR promoter via AcH3 upregulation and AcH4 downregulation, allowing Tat to more effectively bind P-TEFb and facilitating Tat-SEC formation compared to BRD4 inhibition alone. In addition, the combination of CPI-637 and prostratin more efficiently promoted HIV-1 expression in HIV-1 latency cell models than CPI-637 or prostratin alone, which might be closely related to the complementarity between the PKC signaling pathway and dual mechanisms of CPI-637. CPI-637 opens up new prospects for novel dual-target inhibitors to antagonize HIV-1 latency and deserves further investigation for development as a promising LRA for HIV-1 eradication.



Data Availability Statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Author Contributions

LL, TZ, CZ, and JQ contributed to conception and design of thestudy. TZ, CZ, PC, ZW, and YH organized the database. PC, ZW, and YH performed the statistical analysis. TZ wrote the first draftof the manuscript. LL, TZ and JQ wrote sections of the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This study was supported by the Natural Science Foundation of China (82073896 and 81673481 to LL), Guangdong Basic and Applied Basic Research Foundation (2019A1515010061 and 2021A1515011096 to LL), Natural Science Foundation of Guangdong Province (2018B030312010 to LL), Guangzhou Science and Technology Basic and Applied Basic Research Foundation (202102080108 to LL), and Opening Project of Zhejiang Provincial Preponderant and Characteristic Subject of Key University (Traditional Chinese Pharmacology) at Zhejiang Chinese Medical University (ZYAOXZD2019001 to LL).



Acknowledgments

We thank Dr. Shibo Jiang and Dr. Lu Lu of Fudan University, China, for generously providing the latently infected cell lines.



References

 Abner, E., and Jordan, A. (2019). HIV “Shock and Kill” Therapy: In Need of Revision. Antiviral Res. 166, 19–34. doi: 10.1016/j.antiviral.2019.03.008

 Abner, E., Stoszko, M., Zeng, L., Chen, H. C., Izquierdo-Bouldstridge, A., Konuma, T., et al. (2018). A New Quinoline BRD4 Inhibitor Targets a Distinct Latent HIV-1 Reservoir for Reactivation From Other “Shock” Drugs. J. Virol. 92 (10), e02056–e02017. doi: 10.1128/JVI.02056-17

 Achour, M., Fuhrmann, G., Alhosin, M., Rondé, P., Chataigneau, T., Mousli, M., et al. (2009). UHRF1 Recruits the Histone Acetyltransferase Tip60 and Controls Its Expression and Activity. Biochem. Biophys. Res. Commun. 390 (3), 523–528. doi: 10.1016/j.bbrc.2009.09.131

 Ahir, S., Mania-Pramanik, J., Chavan, V., Kerkar, S., Samant-Mavani, P., Nanavati, R., et al. (2015). Genetic Variation in the Promoter Region of Pro-Inflammatory Cytokine TNF-Alpha in Perinatal HIV Transmission From Mumbai, India. Cytokine 72 (1), 25–30. doi: 10.1016/j.cyto.2014.11.022

 Asamitsu, K., Fujinaga, K., and Okamoto, T. (2018). HIV Tat/P-TEFb Interaction: A Potential Target for Novel Anti-HIV Therapies. Molecules (Basel Switzerland) 23 (4), 933. doi: 10.3390/molecules23040933

 Bandera, A., Gori, A., Clerici, M., and Sironi, M. (2019). Phylogenies in ART: HIV Reservoirs, HIV Latency and Drug Resistance. Curr. Opin. Pharmacol. 48, 24–32. doi: 10.1016/j.coph.2019.03.003

 Banerjee, C., Archin, N., Michaels, D., Belkina, A. C., Denis, G. V., Bradner, J., et al. (2012). BET Bromodomain Inhibition as a Novel Strategy for Reactivation of HIV-1. J. Leukocyte Biol. 92 (6), 1147–1154. doi: 10.1189/jlb.0312165

 Bannister, A. J., and Kouzarides, T. (2011). Regulation of Chromatin by Histone Modifications. Cell Res. 21 (3), 381–395. doi: 10.1038/cr.2011.22

 Bartholomeeusen, K., Xiang, Y., Fujinaga, K., and Peterlin, B. M. (2012). Bromodomain and Extra-Terminal (BET) Bromodomain Inhibition Activate Transcription via Transient Release of Positive Transcription Elongation Factor B (P-TEFb) From 7SK Small Nuclear Ribonucleoprotein. J. Biol. Chem. 287 (43), 36609–36616. doi: 10.1074/jbc.M112.410746

 Bashiri, K., Rezaei, N., Nasi, M., and Cossarizza, A. (2018). The Role of Latency Reversal Agents in the Cure of HIV: A Review of Current Data. Immunol. Lett. 196, 135–139. doi: 10.1016/j.imlet.2018.02.004

 Benamar, K., Yondorf, M., Geller, E. B., Eisenstein, T. K., and Adler, M. W. (2009). Physiological Evidence for Interaction Between the HIV-1 Co-Receptor CXCR4 and the Cannabinoid System in the Brain. Br. J. Pharmacol. 157 (7), 1225–1231. doi: 10.1111/j.1476-5381.2009.00285.x

 Bullen, C. K., Laird, G. M., Durand, C. M., Siliciano, J. D., and Siliciano, R. F. (2014). New Ex Vivo Approaches Distinguish Effective and Ineffective Single Agents for Reversing HIV-1 Latency In Vivo. Nat. Med. 20 (4), 425–429. doi: 10.1038/nm.3489

 Bunch, H., Choe, H., Kim, J., Jo, D. S., Jeon, S., Lee, S., et al. (2019). P-TEFb Regulates Transcriptional Activation in Non-Coding RNA Genes. Front. Genet. 10, 342. doi: 10.3389/fgene.2019.00342

 Chun, T. W., Stuyver, L., Mizell, S. B., Ehler, L. A., Mican, J. A., Baseler, M., et al. (1997). Presence of an Inducible HIV-1 Latent Reservoir During Highly Active Antiretroviral Therapy. Proc. Natl. Acad. Sci. U.S.A. 94 (24), 13193–13197. doi: 10.1073/pnas.94.24.13193

 Creaven, M., Hans, F., Mutskov, V., Col, E., Caron, C., Dimitrov, S., et al. (1999). Control of the Histone-Acetyltransferase Activity of Tip60 by the HIV-1 Transactivator Protein, Tat. Biochemistry 38 (27), 8826–8830. doi: 10.1021/bi9907274

 Dufour, C., Gantner, P., Fromentin, R., and Chomont, N. (2020). The Multifaceted Nature of HIV Latency. J. Clin. Invest. 130 (7), 3381–3390. doi: 10.1172/JCI136227

 Dutta, R., Tiu, B., and Sakamoto, K. M. (2016). CBP/p300 Acetyltransferase Activity in Hematologic Malignancies. Mol. Genet. Metab. 119 (1-2), 37–43. doi: 10.1016/j.ymgme.2016.06.013

 Fujinaga, K. (2020). P-TEFb as A Promising Therapeutic Target. Molecules (Basel Switzerland) 25 (4), 838. doi: 10.3390/molecules25040838

 Ghobashi, A. H., and Kamel, M. A. (2018). Tip60: Updates. J. Appl. Genet. 59 (2), 161–168. doi: 10.1007/s13353-018-0432-y

 Goldoni, M., and Johansson, C. (2007). : A Mathematical Approach to Study Combined Effects of Toxicants In Vitro: Evaluation of the Bliss Independence Criterion and the Loewe Additivity Model. Toxicol. vitro: an Int. J. Published Assoc. BIBRA 21 (5), 759–769. doi: 10.1016/j.tiv.2007.03.003

 Grande, F., Occhiuzzi, M. A., Rizzuti, B., Ioele, G., De Luca, M., Tucci, P., et al. (2019). CCR5/CXCR4 Dual Antagonism for the Improvement of HIV Infection Therapy. Molecules (Basel Switzerland) 24 (3), 550. doi: 10.3390/molecules24030550

 Hashemi, P., Barreto, K., Bernhard, W., Lomness, A., Honson, N., Pfeifer, T. A., et al. (2018). Compounds Producing an Effective Combinatorial Regimen for Disruption of HIV-1 Latency. EMBO Mol. Med. 10 (2), 160–174. doi: 10.15252/emmm.201708193

 He, Z. X., Wei, B. F., Zhang, X., Gong, Y. P., Ma, L. Y., and Zhao, W. (2021). Current Development of CBP/p300 Inhibitors in the Last Decade. Eur. J. Medicinal Chem. 209, 112861. doi: 10.1016/j.ejmech.2020.112861

 Homji, N. F., Mao, X., Langsdorf, E. F., and Chang, S. L. (2012). Endotoxin-Induced Cytokine and Chemokine Expression in the HIV-1 Transgenic Rat. J. Neuroinflamm. 9, 3. doi: 10.1186/1742-2094-9-3

 Itzen, F., Greifenberg, A. K., Bösken, C. A., and Geyer, M. (2014). Brd4 Activates P-TEFb for RNA Polymerase II CTD Phosphorylation. Nucleic Acids Res. 42 (12), 7577–7590. doi: 10.1093/nar/gku449

 Kim, Y., Anderson, J. L., and Lewin, S. R. (2018). Getting the “Kill” Into “Shock and Kill”: Strategies to Eliminate Latent HIV. Cell Host Microbe 23 (1), 14–26. doi: 10.1016/j.chom.2017.12.004

 Kimura, A., and Horikoshi, M. (1998). Tip60 Acetylates Six Lysines of a Specific Class in Core Histones In Vitro. Genes To Cells: Devoted To Mol. Cell. Mech. 3 (12), 789–800. doi: 10.1046/j.1365-2443.1998.00229.x

 Liang, T., Zhang, X., Lai, F., Lin, J., Zhou, C., Xu, X., et al. (2019). A Novel Bromodomain Inhibitor, CPI-203, Serves as an HIV-1 Latency-Reversing Agent by Activating Positive Transcription Elongation Factor B. Biochem. Pharmacol. 164, 237–251. doi: 10.1016/j.bcp.2019.04.005

 Li, Z., Guo, J., Wu, Y., and Zhou, Q. (2013). The BET Bromodomain Inhibitor JQ1 Activates HIV Latency Through Antagonizing Brd4 Inhibition of Tat-Transactivation. Nucleic Acids Res. 41 (1), 277–287. doi: 10.1093/nar/gks976

 Li, Z., Mbonye, U., Feng, Z., Wang, X., Gao, X., Karn, J., et al. (2018). The KAT5-Acetyl-Histone4-Brd4 Axis Silences HIV-1 Transcription and Promotes Viral Latency. PloS Pathog. 14 (4), e1007012. doi: 10.1371/journal.ppat.1007012

 Lucera, M. B., Tilton, C. A., Mao, H., Dobrowolski, C., Tabler, C. O., Haqqani, A. A., et al. (2014). The Histone Deacetylase Inhibitor Vorinostat (SAHA) Increases the Susceptibility of Uninfected CD4+ T Cells to HIV by Increasing the Kinetics and Efficiency of Postentry Viral Events. J. Virol. 88 (18), 10803–10812. doi: 10.1128/JVI.00320-14

 Lu, P., Qu, X., Shen, Y., Jiang, Z., Wang, P., Zeng, H., et al. (2016). The BET Inhibitor OTX015 Reactivates Latent HIV-1 Through P-TEFb. Sci. Rep. 6, 24100. doi: 10.1038/srep24100

 Polansky, H., and Schwab, H. (2018). Latent Viruses can Cause Disease by Disrupting the Competition for the Limiting Factor P300/CBP. Cell. Mol. Biol. Lett. 23, 56. doi: 10.1186/s11658-018-0121-1

 Sadowski, I., and Hashemi, F. B. (2019). Strategies to Eradicate HIV From Infected Patients: Elimination of Latent Provirus Reservoirs. Cell. Mol. Life Sci. CMLS 76 (18), 3583–3600. doi: 10.1007/S00018-019-03156-8

 Spector, C., Mele, A. R., Wigdahl, B., and Nonnemacher, M. R. (2019). Genetic Variation and Function of the HIV-1 Tat Protein. Med. Microbiol. Immunol. 208 (2), 131–169. doi: 10.1007/s00430-019-00583-z

 Spivak, A. M., and Planelles, V. (2018). Novel Latency Reversal Agents for HIV-1 Cure. Annu. Rev. Med. 69, 421–436. doi: 10.1146/annurev-med-052716-031710

 Taylor, A. M., Cote, A., Hewitt, M. C., Pastor, R., Leblanc, Y., Nasveschuk, C. G., et al. (2016). Fragment-Based Discovery of a Selective and Cell-Active Benzodiazepinone CBP/EP300 Bromodomain Inhibitor (CPI-637). ACS Medicinal Chem. Lett. 7 (5), 531–536. doi: 10.1021/acsmedchemlett.6b00075

 Van Lint, C., Bouchat, S., and Marcello, A. (2013). HIV-1 Transcription and Latency: An Update. Retrovirology 10, 67. doi: 10.1186/1742-4690-10-67

 Ventura, J. D. (2020). Human Immunodeficiency Virus 1 (HIV-1): Viral Latency, the Reservoir, and the Cure. Yale J. Biol. Med. 93 (4), 549–560.

 Wallet, C., De Rovere, M., Van Assche, J., Daouad, F., De Wit, S., Gautier, V., et al. (2019). Microglial Cells: The Main HIV-1 Reservoir in the Brain. Front. Cell. Infect. Microbiol. 9, 362. doi: 10.3389/fcimb.2019.00362

 Xiao, Y., Nagai, Y., Deng, G., Ohtani, T., Zhu, Z., Zhou, Z., et al. (2014). Dynamic Interactions Between TIP60 and P300 Regulate FOXP3 Function Through a Structural Switch Defined by a Single Lysine on TIP60. Cell Rep. 7 (5), 1471–1480. doi: 10.1016/j.celrep.2014.04.021

 Zaborowska, J., Isa, N. F., and Murphy, S. (2016). P-TEFb Goes Viral. BioEssays: News Rev. Molecular Cell. Dev. Biol. 38 Suppl 1, S75–S85. doi: 10.1002/bies.201670912

 Zhang, X. X., Lin, J., Liang, T. Z., Duan, H., Tan, X. H., Xi, B. M., et al. (2019). The BET Bromodomain Inhibitor Apabetalone Induces Apoptosis of Latent HIV-1 Reservoir Cells Following Viral Reactivation. Acta pharmacologica Sin. 40 (1), 98–110. doi: 10.1038/s41401-018-0027-5

 Zhang, X., Wu, J., and Luan, Y. (2017). Tip60: Main Functions and Its Inhibitors. Mini Rev. Medicinal Chem. 17 (8), 675–682. doi: 10.2174/1389557516666160923125031

 Zhao, M., De Crignis, E., Rokx, C., Verbon, A., van Gelder, T., Mahmoudi, T., et al. (2019). T Cell Toxicity of HIV Latency Reversing Agents. Pharmacol. Res. 139, 524–534. doi: 10.1016/j.phrs.2018.10.023

 Zhu, J., Gaiha, G. D., John, S. P., Pertel, T., Chin, C. R., Gao, G., et al. (2012). Reactivation of Latent HIV-1 by Inhibition of BRD4. Cell Rep. 2 (4), 807–816. doi: 10.1016/j.celrep.2012.09.008




Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


Copyright © 2021 Zheng, Chen, Huang, Qiu, Zhou, Wu and Li. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fcimb-11-686035-g004.jpg
; 8
i i
i
1,
pacin [ =—=—] Tz £ o
. o
cmsar .
o [ ——
onnon ok [—

.
v PO 4
PAE FAL LA






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        CPI-637 as a Potential Bifunctional Latency-Reversing Agent That Targets Both the BRD4 and TIP60 Proteins

      

        		

          Introduction

        



        		

          Materials and Methods

        

          		

            Cell Culture

          



          		

            Materials

          



          		

            Flow Cytometry

          



          		

            Enzyme-Linked Immunosorbent Assay (ELISA)

          



          		

            RNA Extraction, Reverse Transcription, and Real-Time Quantitative PCR (RT-qPCR)

          



          		

            Cytotoxicity Assay

          



          		

            Detection of T Cell Activation Markers and HIV-1 Receptors/Coreceptors

          



          		

            Western Blot (WB) Analysis

          



          		

            Anti-Inflammatory Effects of CPI-637

          



          		

            Coimmunoprecipitation (co-IP)

          



          		

            Chromatin Immunoprecipitation (ChIP)

          



          		

            Luciferase Assays

          



          		

            Synergistic Reactivation of Latent HIV-1 Expression by CPI-637 and LRAs

          



          		

            Statistical Analysis

          



        



        



        		

          Results

        

          		

            CPI-637 Induces HIV-1 Expression in Latently Infected Cell Lines In Vitro

          



          		

            CPI-637 Has Low Toxicity In Vitro

          



          		

            CPI-637 Downregulates HIV-1 Receptors/Coreceptors

          



          		

            CPI-637 Promotes Latent HIV-1 Expression via a Tat-Dependent P-TEFb Pathway

          



          		

            CPI-637 Activates HIV-1 Latency via a TIP60-Mediated Signaling Pathway

          



          		

            CPI-637 Synergistically Reactivates Latent HIV-1 With Conventional Candidate LRAs

          



        



        



        		

          Discussion

        



        		

          Data Availability Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          References

        



      



      



    



  



OEBPS/Images/fcimb-11-686035-g001.jpg
I Lat 106 Cel

c Jaa2cas o Jatiogca

=0

3 e

" B Acz can

=000

T

Timew






OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table2.jpg
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CPI-637 Jat MG-149
hPBMC 291.60 + 2.04 27.44 +1.65 204.57 + 3.61
J-Lat A2 19512 + 1.1 26.93 + 1.35 96.41 +4.13
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Data were presented in means + SD.
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Forward
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Forward
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CTCTGCTCCTCCTGTTCGAC
AGTTAAAAGCAGCCCTGGTGA
GTCCAGAATGCGAACCCAGA
GTTACGTGCTGGCTCATTGC
ATGGAGCCAGTAGATCCTAGACT
CGCTTCTTCCTGCCATAGGA
CCACAAAGGGAGCCATACAATG
TTATGGCTTCCACTCCTGCC
CACACAAGTAGACCCTGACCT
CCCTACCTTGTTATGTCCTGCT
GCCTCCTAGCATTTCGTCACAT
GCTGCTTATATGTAGCATCTGAGG
CAACAGGCTGCTCTGGGATT
GGGCCATCAGCTTCAAAGAAC
GTAGCCGCCCCACACAGA
CATGTCTCCTTTCTCAGGGCTG
CCCAGGGACCTCTCTCTAATCA
GCTTGAGGGTTTGCTACAACATG
CAGCCAGATGCAATCAATGCC
TGGAATCCTGAACCCACTTCT
AACCAGGACAACGAAGATGAG
GTCACCCATTCATCCAGACG






