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Abstract

:

HIV-1 infection in the era of combined antiretroviral therapy has been associated with premature aging. Among the various features of HIV-1 associated neurocognitive disorders, astrocyte senescence has been surmised as a potential cause contributing to HIV-1-induced brain aging and neurocognitive impairments. Recently, lncRNAs have also been implicated to play essential roles in the onset of cellular senescence. Herein, using human primary astrocytes (HPAs), we investigated the role of lncRNA TUG1 in HIV-1 Tat-mediated onset of astrocyte senescence. We found that HPAs exposed to HIV-1 Tat resulted in significant upregulation of lncRNA TUG1 expression that was accompanied by elevated expression of p16 and p21, respectively. Additionally, HIV-1 Tat-exposed HPAs demonstrated increased expression of senescence-associated (SA) markers—SA-β-galactosidase (SA-β-gal) activity and SA-heterochromatin foci—cell-cycle arrest, and increased production of reactive oxygen species and proinflammatory cytokines. Intriguingly, gene silencing of lncRNA TUG1 in HPAs also reversed HIV-1 Tat-induced upregulation of p21, p16, SA-β gal activity, cellular activation, and proinflammatory cytokines. Furthermore, increased expression of astrocytic p16 and p21, lncRNA TUG1, and proinflammatory cytokines were observed in the prefrontal cortices of HIV-1 transgenic rats, thereby suggesting the occurrence of senescence activation in vivo. Overall, our data indicate that HIV-1 Tat-induced astrocyte senescence involves the lncRNA TUG1 and could serve as a potential therapeutic target for dampening accelerated aging associated with HIV-1/HIV-1 proteins.
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1. Introduction


Although the advent of combination antiretroviral therapy (cART) has normalized the life expectancy of people living with HIV-1 (PLWH) to that of uninfected individuals, there is also an increased prevalence of HIV-1-associated neurocognitive disorders (HAND) and related comorbidities as these individuals live longer lifespans [1,2,3]. Adding further complexity to this is the preponderance of age-related mental health comorbidities of the elderly afflicting PLWH, ultimately manifesting as premature aging [4,5,6,7]. Studies have demonstrated the accumulation of senescent cells in the aging brain [8]. The contribution of HIV-1-associated mediators to the induction of cellular senescence has been demonstrated in mesenchymal stem cells [9], corneal endothelial cells [10], CD8+ T-cells [11], CD4+ T-cells [12], microglia [4,13], and astrocytes [14]. Additionally, life-long dependence on cART as well as dependence on illicit drugs such as methamphetamine have also been implicated in inducing astrocyte senescence [14,15].



Owing to the fact that despite cART, HIV-1 proteins such as transactivator of transcription (Tat) and gp120 continue to persist in tissues such as the brain and lymph nodes [16,17,18], we sought to understand the role of HIV-1 Tat in mediating astrocyte senescence. HIV-1 Tat is an early viral protein released by HIV-1-infected cells such as microglia, macrophages, and astrocytes and crosses the blood–brain barrier (BBB) from the periphery into the central nervous system (CNS), where it exerts is cytotoxicity directly by acting on glial and neuronal cells [19,20,21,22,23,24]. HIV-1 Tat-mediated cytotoxicity further leads to the release of soluble factors underlying neuroinflammation, oxidative stress, and excitotoxicity, ultimately resulting in neuronal damage [16,25].



Astrocytes, one of the most abundant glial cell populations in the CNS, perform key roles involving synapse formation and function, the release and uptake of neurotransmitters, the production of neurotrophic factors, the control of neuronal survival, which regulate BBB integrity and contribute to immunity within the CNS [14,26,27]. An impairment of astrocytes thus plays a significant role in the onset and progression of neurodegenerative diseases [28,29]. Even though HIV-1-infected astrocytes make up a small fraction of the infected cells within the CNS, these glial cells still represent a critical population that exhibits increased sensitivity to inflammatory triggers [30,31], ultimately resulting in neuronal impairment associated with HAND. In addition to active HIV-1 infection, viral proteins such as HIV-1 Tat and gp120 can also modulate astrocyte dysfunction and trigger inflammatory responses [32]. The accumulation of senescent astrocytes has also been demonstrated in Alzheimer’s disease [33] and is associated with exposure of the host to environmental factors leading to the development of Parkinson’s disease [34]. HIV-1 infection has been reported to induce macrophage and microglia senescence involving alterations in senescence-associated β-galactosidase (SA-β-gal) activity, p21 levels, and the production of cytokines such as IL6 and IL8, all of which contribute to HAND [4,13]. There is, however, a paucity of knowledge on the role of HIV-1 infection or HIV-1 proteins in driving astrocyte senescence leading to accelerated aging.



Recently, various epigenetic modifications, including DNA methylation, histone modifications, and dysregulated expression of noncoding RNAs that accumulate across the lifespan, have been implicated in predicting several age-related complications such as cellular senescence [35,36,37,38,39]. While there is evidence of accelerated aging based on epigenetic data in PLWH [38,40], the role of noncoding RNAs in the context of HIV-1 protein(s)-mediated cellular senescence remains elusive.



Long noncoding RNAs (lncRNAs) that are poorly conserved but abundant heterogeneous regulatory noncoding RNAs regulate gene expression at multiple levels, including transcription, RNA processing, translation, and post-translation. It has also been demonstrated that numerous lncRNAs mediate cellular senescence in various stages of the cell cycle by modulating senescence-associated pathways, such as p53/p21, pRB/p16, and p14 [41,42,43,44,45]. LncRNA Taurine Upregulated Gene 1 (TUG1) is one of the novel lncRNAs that is primarily expressed in retinal and brain tissues [46,47,48]. LncRNA TUG1, along with other lncRNAs, have been shown to regulate the cell cycle, which is specifically increased during aging [49]. LncRNA TUG1 has also been shown to disrupt the expression of the Homeobox (HOX) gene family, such as HOXB7, thereby leading to an aging phenotype [50]. LncRNA TUG1 is highly expressed in the human subependymal zone of the brain and is involved in age-related neurodegenerative diseases such as ischemic stroke and Huntington’s disease [49,51,52,53]. LncRNA TUG1 has an impact on tissue-specific aging such as intervertebral disk and age-related cataract involving the Wnt/β-catenin/caspase pathways [54,55]. The expression of upregulated lncRNA TUG1 has been shown to promote the proliferation of esophageal squamous cells and plays a role in promoting the proliferation of non-small-cell lung carcinoma [56]. Despite these diverse effects, the potential role of lncRNA TUG1 in astrocyte proliferation/senescence has not been examined to date.



In this study, we determined the role of the lncRNA TUG1 in the onset of HIV-1 Tat-induced astrocyte senescence. Our findings implicate the role of lncRNA TUG1 as a novel regulator of astrocyte senescence that could be targeted as a therapeutic option for ameliorating HIV-1 Tat-mediated accelerated aging in the context of HAND.




2. Results


2.1. HIV-1 Tat-Mediated Upregulation of Senescence-Associated Markers in Human Primary Astrocytes (HPAs)


To determine whether exposure to HIV-1 Tat induces astrocyte senescence, HPAs were exposed to varying doses of HIV-1 Tat (25, 50, and 100 ng/mL) for 24 h, following which the expression levels of cellular senescence markers such as p21Waf1 and p16Ink4a were determined using western blotting. As shown in Figure 1, exposure of HPAs to HIV-1 Tat significantly (p < 0.05) increased the expression levels of p21 (Figure 1A) and p16 (Figure 1B) in a dose-dependent manner. Chronic exposure of HPAs to HIV-1 Tat (50 ng/mL) for seven days (HIV-1 Tat was added to the cells daily at the same time) also significantly (p < 0.05) increased the expression levels of p16 (Figure 1C) and p21 (Figure 1D). The concentration of 50 ng/mL of HIV-1 Tat was thus chosen for the subsequent experiments. Previous reports have demonstrated the circulating levels of HIV-1 Tat in the cerebrospinal fluid of HIV-1-infected patients to range from 1 to 40 ng/mL [16,25,57], and this is speculated to be even higher, especially in the proximity of HIV-1-positive perivascular cells. We next performed the senescence-associated-β-galactosidase (SA-β-gal) staining in HPAs exposed to HIV-1 Tat (50 ng/mL; 7 days), and as shown in Figure 1E,F, the SA-β-gal staining intensity was notably elevated in HIV-1 Tat-exposed HPAs compared with control cells. The exposure of HPAs to HIV-1 Tat (50 ng/mL) also mediated cell cycle arrest at the G0/G1 phase as determined by flow cytometry. As shown in Figure 1G, exposure of HPAs to HIV-1 Tat increased the accumulation of cells in the G1 phase (from 60.76% to 72.83%) with a concomitant decrease in the S phase of cells (from 16.87% to 9.70%), thereby suggesting cell cycle arrest at the G0/G1 phase during astrocyte senescence induced by HIV-1 Tat. In these studies, exposure of cells to hydrogen peroxide (H2O2) served as a positive control. In addition, we also demonstrated that exposure of HPAs to HIV-1 Tat (50 ng/mL; 7 days) failed to induce cell death in our experimental paradigm (Figure 1H). HIV-1 Tat-mediated astrocyte senescence was further characterized by increased formation of senescence-associated heterochromatin foci (SAHF) as shown by punctated DAPI staining (Figure 1I). Moreover, the percentage of cells containing SAHF-positive foci was significantly increased from day 2 to day 7 in HIV-1 Tat-exposed HPAs compared with the control group (Figure 1J). Next, we sought to examine whether exposure of HPAs to HIV-1 Tat induced the generation of ROS production using a 2′,7′-dichlorodihydrofluorescein diacetate (H2DCF DA) fluorescence assay. As shown in Figure 1K, exposure of HPAs to HIV-1 Tat for 7 days increased ROS production compared with control cells. H2O2 was used as a positive control (Figure 1K).



Next, we determined the senescence-associated secretory phenotypes (SASPs) in HPAs exposed to HIV-1 Tat (50 ng/mL; for 7 days) by determining the expression levels of proinflammatory cytokines such as TNF and IL6 mRNAs using both qPCR and ELISA. As shown in Figure 1L,M, HPAs exposed to HIV-1 Tat demonstrated a significant (p < 0.05) increase in the mRNA and protein expression of proinflammatory cytokines, such as IL1β, IL6, and TNF-α compared with control cells. To further confirm whether exposure of HPAs to HIV-1 Tat could impact cellular activation, HPAs were exposed to HIV-1 Tat (50 ng/mL; 7 days) and assessed for the expression of glial fibrillary acidic protein (GFAP) using western blotting. As shown in Figure 1N, HPAs exposed to HIV-1 Tat demonstrated significantly (p < 0.05) increased expression of GFAP compared with control cells.




2.2. HIV-1 Tat Upregulates the Expression of lncRNA TUG1 in HPAs


To understand the mechanisms underlying HIV-1 Tat-induced astrocyte senescence in vitro, we next sought to assess the involvement of lncRNAs in cellular senescence and aging.



Herein, we monitored the expression levels of known senescence-associated lncRNAs, such as MIAT, MEG3, MALAT1, ANRIL, PLUTO, HOTAIR, H19, lncRNA p21, XIST, GAS5, and TUG1 in HIV-1 Tat-induced astrocyte senescence. As shown in Figure 2A, HPAs exposed to HIV-1 Tat (50 ng/mL) significantly (p < 0.05) downregulated the expression of all the lncRNAs except for lncRNA TUG1, which was significantly upregulated compared with control cells. Since lncRNA TUG1 has been shown to play a role in age-related neurodegenerative diseases and cellular senescence, we further sought to determine the expression levels of lncRNA TUG1 in HIV-1 Tat- (50 ng/mL for 2, 5, and 7 days) exposed HPAs in vitro. As shown in Figure 2B, we found a significant upregulation of lncRNA TUG1 in HPAs exposed to HIV-1 Tat. In addition, the expression of lncRNA TUG1 was significantly (p < 0.05) upregulated in HPAs exposed to H2O2 with no significant changes in HPAs exposed to heat-inactivated HIV-1 Tat (Figure 2C). We also wanted to determine the contribution of upregulated lncRNA TUG1 in HIV-1 Tat-induced astrocyte activation. For this, we used the gene silencing approach by knocking down lncRNA TUG1 in HPAs, followed by exposing cells to HIV-1 Tat (50 ng/mL; 2 days). Figure 2D demonstrates the gene silencing efficiency. We next sought to determine the astrocyte activation in this experimental setup, and as shown in Figure 2E,F, in HPAs silenced for the lncRNA TUG1 expression, there was a significant (p < 0.05) abrogation of HIV-1 Tat-mediated upregulation of GFAP mRNA (Figure 2E) and protein expression (Figure 2F) within 2 days.




2.3. Gene Silencing of lncRNA TUG1 Prevents HIV-1 Tat-Induced Cellular Senescence in HPAs


Next, we sought to determine the contribution of lncRNA TUG1 in HIV-1 Tat-induced astrocyte senescence and increased expression of proinflammatory cytokines in lncRNA TUG1 silenced in HPAs exposed to HIV-1 Tat (50 ng/mL; 2 days). As shown in Figure 3A,B, transfection of HPAs with lncRNA TUG1 siRNA, but not the scrambled siRNA, significantly (p < 0.05) downregulated HIV-1 Tat-induced expression of the senescence markers such as p21 (Figure 3A) and p16 (Figure 3B). As expected, in HPAs transfected with scrambled siRNA, HIV-1 Tat exposure resulted in increased production of ROS and increased numbers of SA-β-gal activity compared with the control cells, whereas, silencing of lncRNA TUG1 in HPAs resulted in a significant (p < 0.05) reduction in both ROS levels (Figure 3C) and the number of SA-β-gal-positive cells (Figure 3D,E). Furthermore, gene silencing of lncRNA TUG1 in HPAs also significantly (p < 0.05) abrogated the expression levels of proinflammatory cytokines, such as IL1β (Figure 3F), IL6 (Figure 3G) and TNFα (Figure 3H) mRNAs compared with control cells. Similarly, and as expected, the protein expression levels of the proinflammatory cytokines (Figure 3I–K) were also normalized in lncRNA TUG1-silenced, HIV-1 Tat-exposed HPAs.




2.4. Validation of Senescence-Associated Markers in HIV-1 Transgenic (Tg) Rats


Having shown HIV-1 Tat-mediated astrocyte senescence in vitro, we next sought to validate our findings in vivo using HIV-1 Tg rats. For this, 15-month-old HIV-1 Tg rats and age-matched wild-type rats were assessed for the expression of p21 and p16 in the prefrontal cortex. As shown in Figure 4A,B, we performed immunostaining for the expression of p21 and p16 that colocalize with GFAP in these groups of rats and found significant colocalization of p21 (Figure 4A,B) and p16 with GFAP (Figure 4C,D) in the prefrontal cortices of HIV-1 Tg rats compared to that of wild-type rats. Additionally, the expression of lncRNA TUG1 as well as the proinflammatory cytokines, such as IL1β, IL6 and TNFα (both mRNA and protein levels) were monitored in the prefrontal cortices of HIV-1 Tg and wild-type rats using qPCR and ELISA. As expected, the expression of lncRNA TUG1 (Figure 4E) and the mRNA and protein expression levels of proinflammatory cytokines (Figure 4F,G) were significantly (p < 0.05) increased in the prefrontal cortices of HIV-1 Tg rats compared with the wild-type rats.





3. Discussion


With the availability of effective cART, HIV-1 has transformed from a death sentence to a manageable chronic disease, with many individuals living longer and healthier lives. In fact, with the right treatment regimen and care, the life expectancy of those infected with HIV-1 can be comparable to uninfected healthy individuals. However, there is ample evidence implicating that PLWH have a higher risk of developing certain age-related illnesses [2,58]. As stated above, chronic infection with HIV-1, coupled with early initiation and dependence on cART and drug abuse, results in a slow-smoldering inflammatory milieu in the brain that accumulates over time, culminating into premature aging and neurodegeneration. In the HIV-1-infected, cART-treated, drug-abusing population, these neurodegenerative, cognitive impairments are seen at a much younger age compared with normal healthy (uninfected and drug-naïve) counterparts [59,60]. Some of the likely mediators contributing to HIV-1-associated premature aging include residual viral proteins such as HIV Tat and gp120 and long-term toxicity of the antiretrovirals, among others [61,62,63].



In the current study, we demonstrate that exposure of HPAs to HIV-1 Tat upregulated the expression of lncRNA TUG1, which, in turn, correlated with increased SA-β-gal activity, p16, and p21 levels, the formation of SAHF, and the acquisition of a SASP in astrocytes. Interestingly, our findings also demonstrated that gene silencing of lncRNA TUG1 was able to reverse HIV-1 Tat-induced astrocyte senescence, thereby suggesting a possible involvement of the lncRNA TUG1/p16/p21 axis in HIV-1 Tat-mediated astrocyte senescence. Our previously published reports using HIV-1 Tg rats and HPAs underpinned the role of the HIV-1 Tat protein in inducing a set of microRNAs that played a critical role in astrogliosis with implications in aging [64]. Our findings are comparable to earlier studies implicating the role of HIV-1 infection or the HIV-1 Tat protein and other inducers, such as drugs of abuse (methamphetamine) or antiviral drugs, as contributors of astrocyte senescence [14,15] with the acquisition of classical senescence markers along with the increased expression of proinflammatory cytokines and oxidative stress.



It is well recognized that only cells with stable cell cycle arrest are considered senescent and that the pathways underlying this process are driven by cyclin-dependent kinase inhibitors such as p21 and p16 [65]. Our study also demonstrated that increased expression of p21 and p16 proteins in HPAs exposed to HIV-1 Tat plays a critical role in the induction of stable cell cycle arrest in these cells. Additionally, we also demonstrate that in the brains of the HIV-1 Tg rats, there is an increased proportion of astrocytes expressing p21 and p16 in the prefrontal cortices compared with the wild-type rats, thus suggesting increased activation of senescence and cell cycle dysregulation. These observations are consistent with current reports showing that there is an increased expression of p21 and p16 in post-mortem brain tissues of Amyotrophic Lateral Sclerosis/Motor Neurone Disease [66]. Similar observations were also reported in the brains of individuals with Alzheimer’s disease [33]. We also showed an increased number of astrocytes in the G0/G1 phase of the cell cycle following HIV-1 Tat exposure. These observations further confirm impaired cell-cycle regulation in the HIV-1 Tat-exposed HPAs.



Senescent cells are morphologically characterized by an enlarged size and flattened shape compared with the non-senescent control cells. The senescent cells also exhibit elevated levels of ROS, increased lysosomal contents, and compromised lysosomal activity, ultimately resulting in increased levels of β-galactosidase [67,68]. Data from the current in vitro astrocyte senescence model confirm these metabolic and morphological changes. A characteristic feature of senescent cells is extensive chromatin reorganization resulting in the formation of SAHF [69,70]; nuclei of senescent cells typically contain 30–50 bright, punctate, DNA-stained, dense foci that can be readily distinguished from chromatin in normal cells. The SAHFs play a role in sequestering proliferation-promoting genes that are required for the progression through the S-phase of the cell cycle [71]. As shown in our study, there is increased DAPI puncta representing SAHFs in senescent astrocytes by day 5 in vitro, which reached more than 50% by day 7 in vitro. Many senescent cells acquire a SASP that comprises a highly complex mixture of secreted cytokines, chemokines, growth factors, and proteases. The chronic inflammation induced by the sustained presence of senescent astrocytes leads to tissue damage and degeneration in the aged brain. Here, we show increased mRNA expression of proinflammatory cytokines following HIV-1 Tat exposure. IL6 is one of the prominent cytokines of the SASP, and our data also indicate a significant increase in the gene expression levels of IL6. This increased proinflammatory cytokine gene expression confirms the involvement of immune activation in astrocyte senescence. Our data are in line with the earlier reports wherein astrocytes were demonstrated to be an important source of the generation of proinflammatory mediators in response to HIV-1/HIV-1 proteins [19,30,72,73]. The astrocytes are not only the producers of neuroinflammation but are also known to be highly susceptible to both the viral proteins and cellular toxins released from HIV-1-infected macrophages/microglia. Upon activation, the astrocytes undergo astrogliosis that is characterized by cellular proliferation and further release of toxic mediators. There are also reports suggesting age-related upregulation of GFAP expression as well as astrogliosis in different brain regions [74,75,76,77]. Here, we show increased gene expression of GFAP mRNA in astrocytes following continuous exposure to HIV-1 Tat, suggesting the involvement of glial activation—one of the key phenotypic features of the senescing astrocytes.



Recent advances in high-throughput sequencing and RNA profiling technologies have facilitated the identification of an enormous number of lncRNAs and their critical roles in diverse biological processes including cellular senescence and aging [78,79]. In addition, emerging evidence indicates that aberrant expression of lncRNAs is associated with neuronal aging, cellular senescence, and tumors, suggesting their involvement in regulating cell cycle events [80,81]. lncRNA TUG1 has been linked with promoting cell proliferation [82,83,84,85], suggesting tissue- and cell-type-specific lncRNA functions. In particular, a study conducted by Zhang et al. (2014) showed that lncRNA TUG1 is a direct target of the tumor suppressor p53 and has a role in repressing specific genes involved in cell-cycle regulation [56]. In the present study, we have determined the expression levels of lncRNAs that are known to be associated with cellular senescence, including lncRNA TUG1 in HPAs exposed to HIV-1 Tat. Our results demonstrate that out of several lncRNAs that were dysregulated, lncRNA TUG1 expression was significantly upregulated in HPAs exposed to HIV-1 Tat. Similar to findings in the present study, others have also reported downregulated lncRNA TUG1 expression in glioma and non-small-cell lung cancer [54,56].



In summary, HIV-1 Tat increases SA-β-gal activity, p21 and p16 expression, cell cycle arrest, ROS, the formation of SAHFs, and the expression of proinflammatory cytokines and lncRNA TUG1 in HPAs. Intriguingly, silencing of lncRNA TUG1 retards most of these detrimental effects of HIV-1 Tat, such as the appearance of the proinflammatory phenotype as well as the increase in p21 and p16 expression (Figure 5).



Our findings linking lncRNA TUG1 to astrocyte senescence mediated by HIV-1 Tat is unique and previously not reported. Overall, our findings enrich the understanding of how lncRNA TUG1 may potentially drive cellular senescence in HPAs and initiate the accelerated aging process. These observations altogether suggest that lncRNA TUG1 could be considered as a therapeutic target to control accelerated or premature aging in PLWH.




4. Materials and Methods


4.1. Reagents


Endotoxin-free recombinant HIV-1 Tat-101 (1032–10) was purchased from ImmunoDX, LLC (Woburn, MA, USA). P16-INK4A (Cat No. 10883-1-AP) antibody was purchased from Proteintech Group, Inc. (Rosemont, IL, USA). P21 antibody (Cat No. ab109199) and GFAP (Cat No. ab18258) were purchased from Abcam, Boston, MA, USA. β-Actin (Cat No. sc-47778 HRP) antibody was purchased from Santa Cruz Biotechnology, Inc., Dallas, TX, USA. Senescence β-galactosidase staining kit (Cat No. 9860S) was purchased from Cell Signaling Technology, Inc. (Danvers, MA, USA). Hydrogen Peroxide (Cat No. H325-500) was purchased from Thermo Fisher Scientific, Inc. (Pittsburgh, PA, USA). Peroxidase-AffiniPure Goat Anti-Rabbit IgG (H + L) (Cat No. 111–035-003) and Peroxidase-conjugated AffiniPure Goat Anti-Mouse IgG (H + L) (Cat No. 115–035-003) was purchased from Jackson ImmunoResearch Inc. (West Grove, PA, USA). Image-IT™ LIVE Green Reactive Oxygen Species Detection Kit (Cat No. I36007), Lipofectamine™ RNAiMAX transfection reagent (Cat No. 13778150), Opti-MEM® I Reduced Serum Media (Cat No. 31985070), goat anti-rabbit IgG (H + L) cross-adsorbed secondary antibody, Alexa Fluor 488 (Cat No. A-11008), goat anti-mouse IgG (H + L) cross-adsorbed secondary antibody, Alexa Fluor 594 (Cat No. A-11005), and ProLong® Gold Antifade Mountant with DAPI (Cat No. P36935) were purchased from ThermoFisher Scientific, Inc. (Pittsburgh, PA, USA).




4.2. Animals


HIV-1 Tg rats (Harlon, Inc., Indianapolis, IN, USA; 15-month-old male rats) and age- and background-matched controls (F344) were used in this study (N = 3/group). All animal procedures were performed according to the protocols approved by the Institutional Animal Care and Use Committee (IACUC) of the University of Nebraska Medical Center (20-057-07-FC; Approved on 17 August 2020). Animals were euthanized and the prefrontal cortex was dissected and immediately snap-frozen and stored at −80 °C until used for various assays.




4.3. HPA Culture


HPAs were derived from the single-cell isolation process of fetal brain tissues. Briefly, human fetal brain tissues were collected from electively aborted specimens (gestational age 12–16 weeks) after the abortion procedure was completed in collaboration with the Birth Defects Research laboratory at the University of Washington. The protocol complies with all applicable state and federal requirements. All individuals provided informed consent using an Institutional Review Board-approved consent form at the University of Washington. For experiments, HPAs were cultured and appropriately treated in 6-well plates.




4.4. siRNA Transfection


HPAs with 60–80% confluent (0.8–1.0 × 106 cells/well) in a 6-well plate for about 24 h after seeding, were treated with both lncRNA TUG1 siRNA (Sense: 5′-GGCCAACUUUGACAAAUCUUU-3′; Antisense: 5′-AGAUUUGUCAAAGUUGGCCUU-3′) and scrambled control siRNA (Sense: 5′-UUCUCCGAACGUGUCACGUUU-3′; Antisense: 5′-ACGUGACACGUUCGGAGAAUU-3′), as per standard protocols and reported previously [86]. Briefly, HPAs were transfected with targeted siRNA (20 pM) mixed with 2 μL of Lipofectamine™ RNAiMAX transfection reagent diluted in 100 μL of Opti-MEM® I Reduced Serum Media. The resulting siRNA–lipid complexes were added to the HPAs and incubated for 6 h. Next, the medium was changed to 10% FBS-containing DMEM for 20 h incubation. The transfected HPAs were then ready for further experiments.




4.5. Flow Cytometric Analysis


Cell-cycle status in the HPAs was determined by measuring nuclear DNA content. The cells were collected on days 2, 5, and 7 after treatment with HIV-1 Tat, centrifuged, and washed twice with ice-cold PBS. The cells were then fixed in 70% ethanol at 4 °C for 24 h followed staining by propidium iodide (50 µg/mL) and RNAse A (100 μg/mL). The samples were analyzed using a FAC Calibur flow cytometer (BD Bioscience, San Diego, CA, USA), and the flow cytometry data were analyzed using FlowJo™ v10.6 software (TreeStar Inc., Ashland, OR, USA).




4.6. SA-β-Gal Staining


SA-β-gal staining was performed in HPAs treated with HIV-1 Tat for 7 days using the Senescence-β-galactosidase staining kit (Cell Signaling Technology, Inc., Danvers, MA, USA, Cat No. 9860S) as per the manufacturer’s instructions.




4.7. ROS Detection


ROS were detected in live cells using the Image-iT™ LIVE Green ROS Detection Kit according to the manufacturer’s instructions. Briefly, cells were seeded in 24-well plates followed by exposure to HIV-1 Tat, H2O2, or left untreated for up to 7 days. The cells were subsequently labeled with carboxy-H2DCFDA working solution (25 µM, 30 min at 37 °C), washed, mounted in the warm buffer, and imaged immediately on a Zeiss Observer using a Z1 inverted microscope (Carl Zeiss Microscopy, LLC. White Plains, NY, USA).




4.8. Assay for Senescence-Associated Heterochromatin Foci (SAHF)


HPAs treated with HIV-1 Tat or indicated chemicals for up to 7 days were subjected to SAHF quantification. SAHFs were measured by counting DAPI puncta following DAPI staining [69]. Briefly, control and treated HPAs were washed 3 times with ice-cold PBS and fixed with 4% PFA for 30 min. The fixed cells were then washed thrice with PBS and stained with DAPI (1 μg/mL; 10 min). After washing with PBS, the heterochromatin foci were imaged using a Z1 inverted microscope, and SAHF-positive cells were counted manually by independent blinded assessors.




4.9. MTT Cell Viability Assay


Cell viability was assessed using the MTT assay as per standard protocols and reported previously [87,88]. Briefly, HPAs were cultured in a 96-well plate (1 × 104 cells per well) for 24 h followed by exposure either to HIV-1 Tat, heat-inactivated HIV-1 Tat, or H2O2 for an additional 24 h and incubated with 20 μL MTT tetrazolium salt (5 mg/mL) dissolved in Hank’s balanced salt solution added to each well and incubated in a CO2 incubator for 4 h. Finally, the medium was suctioned from each well, and 200 μL of dimethyl sulfoxide was added to disperse the formazan crystals. The absorbance of each well was obtained using a plate counter at the test and reference wavelengths of 570 and 630 nm, respectively.




4.10. Immunohistochemistry


Formalin-fixed, paraffin-embedded brain tissue sections of wild-type and HIV-1 Tg rats were baked at 60 °C overnight, followed by deparaffinization, rehydration, and antigen retrieval using the standard protocol. Then the slides were incubated with a blocking buffer containing 10% normal goat serum for 1 h at room temperature followed by the addition of primary antibodies, such as p21 (1:400), p16 (1:100), and GFAP (1:500), and incubated overnight at 4 °C. The next day, the sections were washed, followed by incubation with Alexa Fluor 488 goat anti-rabbit (1:500) and Alexa Fluor 555 goat anti-mouse (1:500), respectively, at room temperature for 2 h. The slides were then mounted, and fluorescent images were obtained using a Z1 inverted microscope (Carl Zeiss Microscopy, LLC, White Plains, NY, USA) for the colocalization analysis.




4.11. Western Blotting


Treated cells were lysed using the RIPA buffer (Cell Signaling Technology, Inc., Danvers, MA, USA, Cat No. 9806) and quantified using Pierce™ BCA Protein Assay Kit (ThermoFisher Scientific, Inc., Pittsburgh, PA, USA, Cat No. 23227). Equal amounts of proteins were electrophoresed and transferred on a polyvinylidene fluoride membrane (Millipore, Danvers, MA, USA, Cat No. IPVH00010). The membranes were blocked with 5% non-fat dry milk (in 1X TTBS buffer) and then probed overnight at 4 °C with primary antibodies, including p21 (1:2000), p16 (1:2000), GFAP (1:500), and β-actin (1:4000). After washing, appropriate secondary antibodies were added (1:5000) for 1 h at room temperature. Next, the blots were imaged and the data analyzed using ImageJ software [89].




4.12. Real-Time PCR


Real-Time PCR experiments were performed as per the standard protocol as described elsewhere. In brief, total RNA was isolated using Quick-RNA™ MiniPrep Plus (Zymo Research, Orange, CA, USA, Cat No. R1058) and reverse-transcribed using Verso cDNA synthesis kit (ThermoFisher Scientific, Inc., Pittsburgh, PA, USA, Cat No. AB1453B), as per the manufacturer’s protocols. Comparative real-time PCR was performed using RT2 SYBR Green ROX qPCR Mastermix (Qiagen, Germantown, MD, USA, Cat No. 330523) in an Applied Biosystems® QuantStudio™ 3 Real-Time PCR System. The primers used in this study are shown in Table 1. Each PCR reaction was carried out in triplicate, and three independent experiments were run. GAPDH was used as a housekeeping control for the normalization, and the fold change in expression was obtained by the 2−ΔΔCT method.




4.13. Statistical Analysis


Data are presented as mean  ±  SEM. For comparison between each group, Student’s t-test or one-way analysis of variance (ANOVA) with Dunn’s post hoc test was used. GraphPad Prism version 6.01 (San Diego, CA, USA) was used for statistical analysis and the preparation of bar graphs. A probability less than 0.05 was considered statistically significant.








Author Contributions


S.B., P.P.P. and G.H., conceptualized the project; P.P.P., A.T. (Annadurai Thangaraj), P.P., E.T.C., R.S.D., S.S. (Susmita Sil), M.K., S.S. (Seema Singh) and A.T. (Ashutosh Tripathi), performed experiments; S.B., P.P.P., P.P., G.H., S.S. (Susmita Sil), M.K., R.S.D. and E.T.C., analyzed data; S.B., P.P.P. and P.P. wrote the manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


The work was partly supported by the NIH grant: P30MH062261 (Pilot Project). The content is solely the responsibility of the authors and does not necessarily represent the official views of the National Institutes of Health.




Institutional Review Board Statement


All animal procedures were performed according to the protocols approved by the Institutional Animal Care and Use Committee (IACUC) of the University of Nebraska Medical Center (20-057-07-FC; Approved on 17 August 2020). The Scientific Research Oversight Committee at the University of Nebraska Medical Center approved (0668-16-ES; Approved on 17 October 2016) all human primary astrocytes isolation experiments.




Data Availability Statement


The data that support the findings of this study are available from the corresponding author upon reasonable request.




Acknowledgments


The support by the Nebraska Center for Substance Abuse Research (NCSAR) is highly acknowledged. We are grateful to Minglei Guo and Shannon Callen for their useful discussions. We are also thankful to Ke Liao, Fang Niu, Qiaoling Liu, and Dan Feng for their technical assistance.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Hou, Y.; Dan, X.; Babbar, M.; Wei, Y.; Hasselbalch, S.G.; Croteau, D.L.; Bohr, V.A. Ageing as a risk factor for neurodegenerative disease. Nat. Rev. Neurol. 2019, 15, 565–581. [Google Scholar] [CrossRef]

	



Niccoli, T.; Partridge, L. Ageing as a risk factor for disease. Curr. Biol. 2012, 22, R741–R752. [Google Scholar] [CrossRef] [PubMed]

	



Watkins, C.C.; Treisman, G.J. Cognitive impairment in patients with AIDS—Prevalence and severity. HIV AIDS 2015, 7, 35–47. [Google Scholar] [CrossRef]

	



Chen, N.C.; Partridge, A.T.; Tuzer, F.; Cohen, J.; Nacarelli, T.; Navas-Martin, S.; Sell, C.; Torres, C.; Martin-Garcia, J. Induction of a Senescence-Like Phenotype in Cultured Human Fetal Microglia During HIV-1 Infection. J. Gerontol. A Biol. Sci. Med. Sci. 2018, 73, 1187–1196. [Google Scholar] [CrossRef] [PubMed]

	



Guaraldi, G.; Orlando, G.; Zona, S.; Menozzi, M.; Carli, F.; Garlassi, E.; Berti, A.; Rossi, E.; Roverato, A.; Palella, F. Premature age-related comorbidities among HIV-infected persons compared with the general population. Clin. Infect. Dis. 2011, 53, 1120–1126. [Google Scholar] [CrossRef] [PubMed]

	



Jenny, N.S. Inflammation in aging: Cause, effect, or both? Discov. Med. 2012, 13, 451–460. [Google Scholar]

	



Letendre, S. Central nervous system complications in HIV disease: HIV-associated neurocognitive disorder. Top. Antivir. Med. 2011, 19, 137–142. [Google Scholar]

	



Bussian, T.J.; Aziz, A.; Meyer, C.F.; Swenson, B.L.; van Deursen, J.M.; Baker, D.J. Clearance of senescent glial cells prevents tau-dependent pathology and cognitive decline. Nature 2018, 562, 578–582. [Google Scholar] [CrossRef] [PubMed]

	



Beaupere, C.; Garcia, M.; Larghero, J.; Feve, B.; Capeau, J.; Lagathu, C. The HIV proteins Tat and Nef promote human bone marrow mesenchymal stem cell senescence and alter osteoblastic differentiation. Aging Cell 2015, 14, 534–546. [Google Scholar] [CrossRef]

	



Pathai, S.; Lawn, S.D.; Gilbert, C.E.; McGuinness, D.; McGlynn, L.; Weiss, H.A.; Port, J.; Christ, T.; Barclay, K.; Wood, R.; et al. Accelerated biological ageing in HIV-infected individuals in South Africa: A case-control study. AIDS 2013, 27, 2375–2384. [Google Scholar] [CrossRef]

	



Chou, J.P.; Ramirez, C.M.; Wu, J.E.; Effros, R.B. Accelerated aging in HIV/AIDS: Novel biomarkers of senescent human CD8+ T cells. PLoS ONE 2013, 8, e64702. [Google Scholar] [CrossRef]

	



Fitzpatrick, M.E.; Singh, V.; Bertolet, M.; Lucht, L.; Kessinger, C.; Michel, J.; Logar, A.; Weinman, R.; McMahon, D.; Norris, K.A.; et al. Relationships of pulmonary function, inflammation, and T-cell activation and senescence in an HIV-infected cohort. AIDS 2014, 28, 2505–2515. [Google Scholar] [CrossRef]

	



Chen, N.C.; Partridge, A.T.; Sell, C.; Torres, C.; Martin-Garcia, J. Fate of microglia during HIV-1 infection: From activation to senescence? Glia 2017, 65, 431–446. [Google Scholar] [CrossRef]

	



Yu, C.; Narasipura, S.D.; Richards, M.H.; Hu, X.T.; Yamamoto, B.; Al-Harthi, L. HIV and drug abuse mediate astrocyte senescence in a beta-catenin-dependent manner leading to neuronal toxicity. Aging Cell 2017, 16, 956–965. [Google Scholar] [CrossRef]

	



Cohen, J.; D’Agostino, L.; Wilson, J.; Tuzer, F.; Torres, C. Astrocyte Senescence and Metabolic Changes in Response to HIV Antiretroviral Therapy Drugs. Front. Aging Neurosci. 2017, 9, 281. [Google Scholar] [CrossRef]

	



Johnson, T.P.; Patel, K.; Johnson, K.R.; Maric, D.; Calabresi, P.A.; Hasbun, R.; Nath, A. Induction of IL-17 and nonclassical T-cell activation by HIV-Tat protein. Proc. Natl. Acad. Sci. USA 2013, 110, 13588–13593. [Google Scholar] [CrossRef]

	



Fan, Y.; Gao, X.; Chen, J.; Liu, Y.; He, J.J. HIV Tat Impairs Neurogenesis through Functioning As a Notch Ligand and Activation of Notch Signaling Pathway. J. Neurosci. 2016, 36, 11362–11373. [Google Scholar] [CrossRef]

	



Cowley, D.; Gray, L.R.; Wesselingh, S.L.; Gorry, P.R.; Churchill, M.J. Genetic and functional heterogeneity of CNS-derived tat alleles from patients with HIV-associated dementia. J. Neurovirol. 2011, 17, 70–81. [Google Scholar] [CrossRef]

	



Fitting, S.; Xu, R.; Bull, C.; Buch, S.K.; El-Hage, N.; Nath, A.; Knapp, P.E.; Hauser, K.F. Interactive comorbidity between opioid drug abuse and HIV-1 Tat: Chronic exposure augments spine loss and sublethal dendritic pathology in striatal neurons. Am. J. Pathol. 2010, 177, 1397–1410. [Google Scholar] [CrossRef]

	



Kim, H.J.; Martemyanov, K.A.; Thayer, S.A. Human immunodeficiency virus protein Tat induces synapse loss via a reversible process that is distinct from cell death. J. Neurosci. 2008, 28, 12604–12613. [Google Scholar] [CrossRef]

	



Mocchetti, I.; Bachis, A.; Avdoshina, V. Neurotoxicity of human immunodeficiency virus-1: Viral proteins and axonal transport. Neurotox. Res. 2012, 21, 79–89. [Google Scholar] [CrossRef]

	



Hargus, N.J.; Thayer, S.A. Human immunodeficiency virus-1 Tat protein increases the number of inhibitory synapses between hippocampal neurons in culture. J. Neurosci. 2013, 33, 17908–17920. [Google Scholar] [CrossRef]

	



Shin, A.H.; Thayer, S.A. Human immunodeficiency virus-1 protein Tat induces excitotoxic loss of presynaptic terminals in hippocampal cultures. Mol. Cell. Neurosci. 2013, 54, 22–29. [Google Scholar] [CrossRef]

	



Gabuzda, D.H.; Ho, D.D.; de la Monte, S.M.; Hirsch, M.S.; Rota, T.R.; Sobel, R.A. Immunohistochemical identification of HTLV-III antigen in brains of patients with AIDS. Ann. Neurol. 1986, 20, 289–295. [Google Scholar] [CrossRef]

	



Mediouni, S.; Marcondes, M.C.; Miller, C.; McLaughlin, J.P.; Valente, S.T. The cross-talk of HIV-1 Tat and methamphetamine in HIV-associated neurocognitive disorders. Front. Microbiol. 2015, 6, 1164. [Google Scholar] [CrossRef]

	



Clarke, L.E.; Liddelow, S.A.; Chakraborty, C.; Munch, A.E.; Heiman, M.; Barres, B.A. Normal aging induces A1-like astrocyte reactivity. Proc. Natl. Acad. Sci. USA 2018, 115, E1896–E1905. [Google Scholar] [CrossRef]

	



Palmer, A.L.; Ousman, S.S. Astrocytes and Aging. Front. Aging Neurosci. 2018, 10, 337. [Google Scholar] [CrossRef]

	



Cohen, J.; Torres, C. Astrocyte senescence: Evidence and significance. Aging Cell 2019, 18, e12937. [Google Scholar] [CrossRef]

	



Matias, I.; Morgado, J.; Gomes, F.C.A. Astrocyte Heterogeneity: Impact to Brain Aging and Disease. Front. Aging Neurosci. 2019, 11, 59. [Google Scholar] [CrossRef]

	



Serramia, M.J.; Munoz-Fernandez, M.A.; Alvarez, S. HIV-1 increases TLR responses in human primary astrocytes. Sci. Rep. 2015, 5, 17887. [Google Scholar] [CrossRef]

	



Lutgen, V.; Narasipura, S.D.; Barbian, H.J.; Richards, M.; Wallace, J.; Razmpour, R.; Buzhdygan, T.; Ramirez, S.H.; Prevedel, L.; Eugenin, E.A.; et al. HIV infects astrocytes in vivo and egresses from the brain to the periphery. PLoS Pathog. 2020, 16, e1008381. [Google Scholar] [CrossRef]

	



Zhou, B.Y.; Liu, Y.; Kim, B.; Xiao, Y.; He, J.J. Astrocyte activation and dysfunction and neuron death by HIV-1 Tat expression in astrocytes. Mol. Cell. Neurosci. 2004, 27, 296–305. [Google Scholar] [CrossRef] [PubMed]

	



Bhat, R.; Crowe, E.P.; Bitto, A.; Moh, M.; Katsetos, C.D.; Garcia, F.U.; Johnson, F.B.; Trojanowski, J.Q.; Sell, C.; Torres, C. Astrocyte senescence as a component of Alzheimer’s disease. PLoS ONE 2012, 7, e45069. [Google Scholar] [CrossRef] [PubMed]

	



Chinta, S.J.; Woods, G.; Demaria, M.; Rane, A.; Zou, Y.; McQuade, A.; Rajagopalan, S.; Limbad, C.; Madden, D.T.; Campisi, J.; et al. Cellular Senescence Is Induced by the Environmental Neurotoxin Paraquat and Contributes to Neuropathology Linked to Parkinson’s Disease. Cell Rep. 2018, 22, 930–940. [Google Scholar] [CrossRef] [PubMed]

	



Pal, S.; Tyler, J.K. Epigenetics and aging. Sci. Adv. 2016, 2, e1600584. [Google Scholar] [CrossRef]

	



Lardenoije, R.; Iatrou, A.; Kenis, G.; Kompotis, K.; Steinbusch, H.W.; Mastroeni, D.; Coleman, P.; Lemere, C.A.; Hof, P.R.; van den Hove, D.L.; et al. The epigenetics of aging and neurodegeneration. Prog. Neurobiol. 2015, 131, 21–64. [Google Scholar] [CrossRef]

	



Ren, J.; Zhang, Y. Genetics and Epigenetics in Aging and Longevity: Myths and Truths. Biochim. Biophys. Acta. Mol. Basis Dis. 2019, 1865, 1715–1717. [Google Scholar] [CrossRef]

	



Gross, A.M.; Jaeger, P.A.; Kreisberg, J.F.; Licon, K.; Jepsen, K.L.; Khosroheidari, M.; Morsey, B.M.; Swindells, S.; Shen, H.; Ng, C.T.; et al. Methylome-wide Analysis of Chronic HIV Infection Reveals Five-Year Increase in Biological Age and Epigenetic Targeting of HLA. Mol. Cell 2016, 62, 157–168. [Google Scholar] [CrossRef]

	



Sen, P.; Shah, P.P.; Nativio, R.; Berger, S.L. Epigenetic Mechanisms of Longevity and Aging. Cell 2016, 166, 822–839. [Google Scholar] [CrossRef]

	



Horvath, S.; Levine, A.J. HIV-1 Infection Accelerates Age According to the Epigenetic Clock. J. Infect. Dis. 2015, 212, 1563–1573. [Google Scholar] [CrossRef]

	



Puvvula, P.K. LncRNAs Regulatory Networks in Cellular Senescence. Int. J. Mol. Sci. 2019, 20, 2615. [Google Scholar] [CrossRef] [PubMed]

	



He, J.; Tu, C.; Liu, Y. Role of lncRNAs in aging and age-related diseases. Aging Med. 2018, 1, 158–175. [Google Scholar] [CrossRef] [PubMed]

	



Degirmenci, U.; Lei, S. Role of lncRNAs in Cellular Aging. Front. Endocrinol. 2016, 7, 151. [Google Scholar] [CrossRef] [PubMed]

	



Abdelmohsen, K.; Gorospe, M. Noncoding RNA control of cellular senescence. Wiley Interdiscip Rev. RNA 2015, 6, 615–629. [Google Scholar] [CrossRef]

	



Ghanam, A.R.; Xu, Q.; Ke, S.; Azhar, M.; Cheng, Q.; Song, X. Shining the Light on Senescence Associated LncRNAs. Aging Dis. 2017, 8, 149–161. [Google Scholar] [CrossRef]

	



Gao, Y.; Di, W.; Li, H.; Chen, C.; Li, Z. lncRNA TUG1 promotes cell growth and epithelial-mesenchymal transition in human cervical cancer. Int. J. Clin. Exp. Pathol. 2016, 9, 10327–10333. [Google Scholar]

	



Liang, S.; Zhang, S.; Wang, P.; Yang, C.; Shang, C.; Yang, J.; Wang, J. LncRNA, TUG1 regulates the oral squamous cell carcinoma progression possibly via interacting with Wnt/beta-catenin signaling. Gene 2017, 608, 49–57. [Google Scholar] [CrossRef]

	



Zhao, X.B.; Ren, G.S. LncRNA Taurine-Upregulated Gene 1 Promotes Cell Proliferation by Inhibiting MicroRNA-9 in MCF-7 Cells. J. Breast Cancer 2016, 19, 349–357. [Google Scholar] [CrossRef]

	



Barry, G.; Guennewig, B.; Fung, S.; Kaczorowski, D.; Weickert, C.S. Long Non-Coding RNA Expression during Aging in the Human Subependymal Zone. Front. Neurol. 2015, 6, 45. [Google Scholar] [CrossRef]

	



Khalil, A.M.; Guttman, M.; Huarte, M.; Garber, M.; Raj, A.; Rivea Morales, D.; Thomas, K.; Presser, A.; Bernstein, B.E.; van Oudenaarden, A.; et al. Many human large intergenic noncoding RNAs associate with chromatin-modifying complexes and affect gene expression. Proc. Natl. Acad. Sci. USA 2009, 106, 11667–11672. [Google Scholar] [CrossRef]

	



Bao, M.H.; Szeto, V.; Yang, B.B.; Zhu, S.Z.; Sun, H.S.; Feng, Z.P. Long non-coding RNAs in ischemic stroke. Cell Death Dis. 2018, 9, 281. [Google Scholar] [CrossRef]

	



Wu, P.; Zuo, X.; Deng, H.; Liu, X.; Liu, L.; Ji, A. Roles of long noncoding RNAs in brain development, functional diversification and neurodegenerative diseases. Brain Res. Bull. 2013, 97, 69–80. [Google Scholar] [CrossRef]

	



Wu, Z.; Zhao, S.; Li, C.; Liu, C. LncRNA TUG1 serves an important role in hypoxia-induced myocardial cell injury by regulating the miR1455pBinp3 axis. Mol. Med. Rep. 2018, 17, 2422–2430. [Google Scholar] [CrossRef]

	



Li, J.; An, G.; Zhang, M.; Ma, Q. Long non-coding RNA TUG1 acts as a miR-26a sponge in human glioma cells. Biochem. Biophys. Res. Commun. 2016, 477, 743–748. [Google Scholar] [CrossRef]

	



Chen, S.; Wang, M.; Yang, H.; Mao, L.; He, Q.; Jin, H.; Ye, Z.M.; Luo, X.Y.; Xia, Y.P.; Hu, B. LncRNA TUG1 sponges microRNA-9 to promote neurons apoptosis by up-regulated Bcl2l11 under ischemia. Biochem. Biophys. Res. Commun. 2017, 485, 167–173. [Google Scholar] [CrossRef]

	



Zhang, E.B.; Yin, D.D.; Sun, M.; Kong, R.; Liu, X.H.; You, L.H.; Han, L.; Xia, R.; Wang, K.M.; Yang, J.S.; et al. P53-regulated long non-coding RNA TUG1 affects cell proliferation in human non-small cell lung cancer, partly through epigenetically regulating HOXB7 expression. Cell Death Dis. 2014, 5, e1243. [Google Scholar] [CrossRef]

	



Johnson, T.; Nath, A. Neurological complications of immune reconstitution in HIV-infected populations. Ann. N. Y. Acad. Sci. 2010, 1184, 106–120. [Google Scholar] [CrossRef] [PubMed]

	



Desquilbet, L.; Jacobson, L.P.; Fried, L.P.; Phair, J.P.; Jamieson, B.D.; Holloway, M.; Margolick, J.B.; Multicenter, A.C.S. HIV-1 infection is associated with an earlier occurrence of a phenotype related to frailty. J. Gerontol. A Biol. Sci. Med. Sci. 2007, 62, 1279–1286. [Google Scholar] [CrossRef] [PubMed]

	



Negredo, E.; Back, D.; Blanco, J.R.; Blanco, J.; Erlandson, K.M.; Garolera, M.; Guaraldi, G.; Mallon, P.; Molto, J.; Serra, J.A.; et al. Aging in HIV-Infected Subjects: A New Scenario and a New View. BioMed Res. Int. 2017, 2017, 5897298. [Google Scholar] [CrossRef] [PubMed]

	



Effros, R.B.; Fletcher, C.V.; Gebo, K.; Halter, J.B.; Hazzard, W.R.; Horne, F.M.; Huebner, R.E.; Janoff, E.N.; Justice, A.C.; Kuritzkes, D.; et al. Aging and infectious diseases: Workshop on HIV infection and aging: What is known and future research directions. Clin. Infect. Dis. 2008, 47, 542–553. [Google Scholar] [CrossRef] [PubMed]

	



Ajasin, D.; Eugenin, E.A. HIV-1 Tat: Role in Bystander Toxicity. Front. Cell. Infect. Microbiol. 2020, 10, 61. [Google Scholar] [CrossRef] [PubMed]

	



Saylor, D.; Dickens, A.M.; Sacktor, N.; Haughey, N.; Slusher, B.; Pletnikov, M.; Mankowski, J.L.; Brown, A.; Volsky, D.J.; McArthur, J.C. HIV-associated neurocognitive disorder--pathogenesis and prospects for treatment. Nat. Rev. Neurol. 2016, 12, 234–248. [Google Scholar] [CrossRef] [PubMed]

	



Sokoya, T.; Steel, H.C.; Nieuwoudt, M.; Rossouw, T.M. HIV as a Cause of Immune Activation and Immunosenescence. Mediat. Inflamm. 2017, 2017, 6825493. [Google Scholar] [CrossRef]

	



Hu, G.; Liao, K.; Yang, L.; Pendyala, G.; Kook, Y.; Fox, H.S.; Buch, S. Tat-Mediated Induction of miRs-34a & -138 Promotes Astrocytic Activation via Downregulation of SIRT1: Implications for Aging in HAND. J. Neuroimmune Pharmacol. 2017, 12, 420–432. [Google Scholar] [CrossRef] [PubMed]

	



Stein, G.H.; Drullinger, L.F.; Soulard, A.; Dulic, V. Differential roles for cyclin-dependent kinase inhibitors p21 and p16 in the mechanisms of senescence and differentiation in human fibroblasts. Mol. Cell. Biol. 1999, 19, 2109–2117. [Google Scholar] [CrossRef]

	



Vazquez-Villasenor, I.; Garwood, C.J.; Heath, P.R.; Simpson, J.E.; Ince, P.G.; Wharton, S.B. Expression of p16 and p21 in the frontal association cortex of ALS/MND brains suggests neuronal cell cycle dysregulation and astrocyte senescence in early stages of the disease. Neuropathol. Appl. Neurobiol. 2020, 46, 171–185. [Google Scholar] [CrossRef]

	



Noren Hooten, N.; Evans, M.K. Techniques to Induce and Quantify Cellular Senescence. J. Vis. Exp. 2017, 123, e55533. [Google Scholar] [CrossRef]

	



Tominaga, T.; Shimada, R.; Okada, Y.; Kawamata, T.; Kibayashi, K. Senescence-associated-beta-galactosidase staining following traumatic brain injury in the mouse cerebrum. PLoS ONE 2019, 14, e0213673. [Google Scholar] [CrossRef]

	



Aird, K.M.; Zhang, R. Detection of senescence-associated heterochromatin foci (SAHF). Methods Mol. Biol. 2013, 965, 185–196. [Google Scholar] [CrossRef]

	



Narita, M.; Nunez, S.; Heard, E.; Narita, M.; Lin, A.W.; Hearn, S.A.; Spector, D.L.; Hannon, G.J.; Lowe, S.W. Rb-mediated heterochromatin formation and silencing of E2F target genes during cellular senescence. Cell 2003, 113, 703–716. [Google Scholar] [CrossRef]

	



Pagano, M.; Pepperkok, R.; Verde, F.; Ansorge, W.; Draetta, G. Cyclin A is required at two points in the human cell cycle. EMBO J. 1992, 11, 961–971. [Google Scholar] [CrossRef] [PubMed]

	



Borgmann, K.; Ghorpade, A. HIV-1, methamphetamine and astrocytes at neuroinflammatory Crossroads. Front. Microbiol. 2015, 6, 1143. [Google Scholar] [CrossRef] [PubMed]

	



Sofroniew, M.V. Astrocyte barriers to neurotoxic inflammation. Nat. Rev. Neurosci. 2015, 16, 249–263. [Google Scholar] [CrossRef] [PubMed]

	



Cotrina, M.L.; Nedergaard, M. Astrocytes in the aging brain. J. Neurosci. Res. 2002, 67, 1–10. [Google Scholar] [CrossRef] [PubMed]

	



Hayakawa, N.; Kato, H.; Araki, T. Age-related changes of astorocytes, oligodendrocytes and microglia in the mouse hippocampal CA1 sector. Mech. Ageing Dev. 2007, 128, 311–316. [Google Scholar] [CrossRef] [PubMed]

	



Kohama, S.G.; Goss, J.R.; Finch, C.E.; McNeill, T.H. Increases of glial fibrillary acidic protein in the aging female mouse brain. Neurobiol. Aging 1995, 16, 59–67. [Google Scholar] [CrossRef]

	



Goss, J.R.; Finch, C.E.; Morgan, D.G. Age-related changes in glial fibrillary acidic protein mRNA in the mouse brain. Neurobiol. Aging 1991, 12, 165–170. [Google Scholar] [CrossRef]

	



Bonasio, R.; Shiekhattar, R. Regulation of transcription by long noncoding RNAs. Annu. Rev. Genet. 2014, 48, 433–455. [Google Scholar] [CrossRef]

	



Kaikkonen, M.U.; Lam, M.T.; Glass, C.K. Non-coding RNAs as regulators of gene expression and epigenetics. Cardiovasc. Res. 2011, 90, 430–440. [Google Scholar] [CrossRef]

	



He, C.; Ding, J.W.; Li, S.; Wu, H.; Jiang, Y.R.; Yang, W.; Teng, L.; Yang, J.; Yang, J. The Role of Long Intergenic Noncoding RNA p21 in Vascular Endothelial Cells. DNA Cell Biol. 2015, 34, 677–683. [Google Scholar] [CrossRef]

	



Sousa-Franco, A.; Rebelo, K.; da Rocha, S.T.; Bernardes de Jesus, B. LncRNAs regulating stemness in aging. Aging Cell 2019, 18, e12870. [Google Scholar] [CrossRef]

	



Lin, P.C.; Huang, H.D.; Chang, C.C.; Chang, Y.S.; Yen, J.C.; Lee, C.C.; Chang, W.H.; Liu, T.C.; Chang, J.G. Long noncoding RNA TUG1 is downregulated in non-small cell lung cancer and can regulate CELF1 on binding to PRC2. BMC Cancer 2016, 16, 583. [Google Scholar] [CrossRef]

	



Liu, S.; Liu, Y.; Lu, Q.; Zhou, X.; Chen, L.; Liang, W. The lncRNA TUG1 promotes epithelial ovarian cancer cell proliferation and invasion via the WNT/beta-catenin pathway. Onco Targets Ther. 2018, 11, 6845–6851. [Google Scholar] [CrossRef] [PubMed]

	



Niu, Y.; Ma, F.; Huang, W.; Fang, S.; Li, M.; Wei, T.; Guo, L. Long non-coding RNA TUG1 is involved in cell growth and chemoresistance of small cell lung cancer by regulating LIMK2b via EZH2. Mol. Cancer 2017, 16, 5. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, L.; Cheng, H.; Yue, Y.; Li, S.; Zhang, D.; He, R. TUG1 knockdown ameliorates atherosclerosis via up-regulating the expression of miR-133a target gene FGF1. Cardiovasc. Pathol. 2018, 33, 6–15. [Google Scholar] [CrossRef] [PubMed]

	



Hu, G.; Gong, A.Y.; Wang, Y.; Ma, S.; Chen, X.; Chen, J.; Su, C.J.; Shibata, A.; Strauss-Soukup, J.K.; Drescher, K.M.; et al. LincRNA-Cox2 Promotes Late Inflammatory Gene Transcription in Macrophages through Modulating SWI/SNF-Mediated Chromatin Remodeling. J. Immunol. 2016, 196, 2799–2808. [Google Scholar] [CrossRef]

	



Ma, R.; Yang, L.; Niu, F.; Buch, S. HIV Tat-Mediated Induction of Human Brain Microvascular Endothelial Cell Apoptosis Involves Endoplasmic Reticulum Stress and Mitochondrial Dysfunction. Mol. Neurobiol. 2016, 53, 132–142. [Google Scholar] [CrossRef]

	



Hu, G.; Yao, H.; Chaudhuri, A.D.; Duan, M.; Yelamanchili, S.V.; Wen, H.; Cheney, P.D.; Fox, H.S.; Buch, S. Exosome-mediated shuttling of microRNA-29 regulates HIV Tat and morphine-mediated neuronal dysfunction. Cell Death Dis. 2012, 3, e381. [Google Scholar] [CrossRef]

	



Schneider, C.A.; Rasband, W.S.; Eliceiri, K.W. NIH Image to ImageJ: 25 years of image analysis. Nat. Methods 2012, 9, 671–675. [Google Scholar] [CrossRef]








[image: Ijms 24 04330 g001 550] 





Figure 1. HIV-1 Tat increased the senescence-associated markers, ROS production, and proinflammatory cytokines and cellular activation in human primary astrocytes (HPAs). (A,B) Representative western blotting analysis showing the dose-dependent upregulation of p21 (A) and p16 (B) expression in HIV-1 Tat-exposed HPAs for 24 h. (C,D) Representative western blotting analysis showing the upregulation of p21 (C) and p16 (D) expression in HIV-1 Tat- (50 ng/mL) exposed HPAs for 7 days. β-actin was probed as a protein loading control for all experiments. (E,F) Representative images showing the cellular morphology and SA-β-gal (blue cells) staining (E) and quantification of SA-β-gal positive cells (F) on HIV-1 Tat-exposed HPAs for 7 days. Scale bar: 100 μm. (G) Flow cytometry analysis using PI staining showing the cell cycle analysis in HIV-1 Tat-exposed HPAs for 7 days. (H) Bar graph showing cell viability of control and HIV-1 Tat-exposed HPAs for 1, 2, 5, and 7 days. (I,J) Representative images showing the SAHFs in DAPI staining of HIV-1 Tat-exposed HPAs for 2, 5, and 7 days. Scale bar: 2 μm. (K) Representative DCFDA/H2DCFDA assay showing the quantification of the production of ROS in HIV-1 Tat-exposed HPAs for 7 days. (L,M) qPCR and ELISA data showing the mRNA and protein expression levels of proinflammatory cytokines, such as IL1β, IL6, and TNF-α in HIV-1 Tat-exposed HPAs for 7 days. GAPDH was used as a housekeeping control for qPCR (N) Representative western blotting analysis showing the upregulation of GFAP expression in HIV-1 Tat- (50 ng/mL) exposed HPAs for 7 days. β-actin was used as an internal control for all experiments. Data are mean ± SEM from 3 independent experiments. One-way ANOVA followed by Dunn’s post hoc test was used to determine the statistical significance of multiple groups. * p < 0.05 versus control. Con, Control. HT, Heat-inactivated HIV-1 Tat, served as a negative control. H2O2 (150 μM for 2 h) served as a positive control. 






Figure 1. HIV-1 Tat increased the senescence-associated markers, ROS production, and proinflammatory cytokines and cellular activation in human primary astrocytes (HPAs). (A,B) Representative western blotting analysis showing the dose-dependent upregulation of p21 (A) and p16 (B) expression in HIV-1 Tat-exposed HPAs for 24 h. (C,D) Representative western blotting analysis showing the upregulation of p21 (C) and p16 (D) expression in HIV-1 Tat- (50 ng/mL) exposed HPAs for 7 days. β-actin was probed as a protein loading control for all experiments. (E,F) Representative images showing the cellular morphology and SA-β-gal (blue cells) staining (E) and quantification of SA-β-gal positive cells (F) on HIV-1 Tat-exposed HPAs for 7 days. Scale bar: 100 μm. (G) Flow cytometry analysis using PI staining showing the cell cycle analysis in HIV-1 Tat-exposed HPAs for 7 days. (H) Bar graph showing cell viability of control and HIV-1 Tat-exposed HPAs for 1, 2, 5, and 7 days. (I,J) Representative images showing the SAHFs in DAPI staining of HIV-1 Tat-exposed HPAs for 2, 5, and 7 days. Scale bar: 2 μm. (K) Representative DCFDA/H2DCFDA assay showing the quantification of the production of ROS in HIV-1 Tat-exposed HPAs for 7 days. (L,M) qPCR and ELISA data showing the mRNA and protein expression levels of proinflammatory cytokines, such as IL1β, IL6, and TNF-α in HIV-1 Tat-exposed HPAs for 7 days. GAPDH was used as a housekeeping control for qPCR (N) Representative western blotting analysis showing the upregulation of GFAP expression in HIV-1 Tat- (50 ng/mL) exposed HPAs for 7 days. β-actin was used as an internal control for all experiments. Data are mean ± SEM from 3 independent experiments. One-way ANOVA followed by Dunn’s post hoc test was used to determine the statistical significance of multiple groups. * p < 0.05 versus control. Con, Control. HT, Heat-inactivated HIV-1 Tat, served as a negative control. H2O2 (150 μM for 2 h) served as a positive control.
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Figure 2. HIV-1 Tat increased lncRNA TUG1 expression and cellular activation in HPAs. (A) Heatmap of custom lncRNA qPCR showing the differential expression of various senescence-associated lncRNAs in HIV-1 Tat-exposed HPAs. (B) qPCR showing the expression of time-dependent upregulation of lncRNA TUG1 in HIV-1 Tat-exposed HPAs for 2, 5, and 7 days. GAPDH was used as a housekeeping control. (C) qPCR showing the expression of lncRNA TUG1 in heat-inactivated HIV-1 Tat or H2O2 (150 μM for 2 h) exposed HPAs. GAPDH was used as a housekeeping control. (D) qPCR showing the silencing efficiency of lncRNA TUG1 in HPAs transfected with siRNAs of scrambled and lncRNA TUG1 followed by HIV-1 Tat exposure. GAPDH was used as a housekeeping control. Representative qPCR (E) and western blotting (F) showing the expression levels of GFAP in HPAs transfected with siRNAs of scrambled and lncRNA TUG1 followed by HIV-1 Tat exposure. β-actin was used as an internal control for western blotting. GAPDH was used as a housekeeping control for qPCR. Data are mean ± SEM from 3 independent experiments. One-way ANOV followed by Dunn’s post hoc test was used to determine the statistical significance of multiple groups. * p < 0.05 versus control; # p < 0.05 versus HIV-1 Tat. 
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Figure 3. Gene silencing of lncRNA TUG1 prevented HIV-1 Tat-induced cellular senescence in HPAs. Representative western blotting showing the expression levels of p21 (A) and p16 (B) in HPAs transfected with siRNAs of scrambled and lncRNA TUG1 followed by HIV-1 Tat exposure. β-actin was used as an internal control for all experiments. (C) Bar graph showing the ROS production levels in HPAs transfected with siRNAs of scrambled and lncRNA TUG1 followed by HIV-1 Tat exposure. Representative SA-β-gal staining (D) and quantification (E) in HPAs transfected with siRNAs of scrambled and lncRNA TUG1 followed by HIV-1 Tat exposure. Scale bar: 100 μm. qPCR showing the mRNA expression of proinflammatory cytokines, such as IL1β (F), IL6 (G), and TNF (H) in HPAs transfected with siRNAs of scrambled and lncRNA TUG1 followed by HIV-1 Tat exposure. GAPDH was used as a housekeeping control. ELISA quantification showing the protein levels of proinflammatory cytokines, such as IL1β (I), IL6 (J), and TNF (K) in HPAs transfected with siRNAs of scrambled and lncRNA TUG1 followed by HIV-1 Tat exposure. Data are mean ± SEM from 6 independent experiments. One-way ANOVA followed by Dunn’s post hoc test was used to determine the statistical significance of multiple groups. * p < 0.05 versus control; # p < 0.05 versus HIV-1 Tat. 
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Figure 4. HIV-1 Tg rats showed increased astrocytic senescence-associated markers. Representative immunofluorescence images showing the colocalization of p21 (A,B) and p16 (C,D) with GFAP in the prefrontal cortices of wild-type and HIV-1 Tg rats. Scale bar: 10 μm. qPCR showing the expression of lncRNA TUG1 (E) in the prefrontal cortices of wild-type and HIV-1 Tg rats. qPCR (F) and ELISA (G) showing the mRNA and protein expression of proinflammatory cytokines, such as IL1β, IL6, and TNFα in the prefrontal cortices of wild-type and HIV-1 Tg rats. GAPDH was used as a housekeeping control for qPCR. Data are mean ± SEM. N = 3/group. A Student’s t-test was used to determine statistical significance. * p < 0.05 versus control. 
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Figure 5. Schematic diagram depicting lncRNA TUG1-mediated astrocyte senescence in the context of HIV-1 Tat. 
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Table 1. List of primers used in this study.
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Species

	
Gene

	
Forward

	
Reverse






	
Human

	
GFAP

	
5′-ATGGAGCTCAATGACCGCTTT-3′

	
5′-CGCCTTGTTTTGCTGTTCCA-3′




	
TNF

	
5′-CAGCCTCTTCTCCTTCCTGAT-3′

	
5′-GCCAGAGGGCTGATTAGAGA-3′




	
IL1β

	
5′-TACCTGTCCTGCGTGTTGAA-3′

	
5′-TCTTTGGGTAATTTTTGGGATCT-3′




	
IL6

	
5′-CTGCAGCCACTGGTTCTGT-3′

	
5′-GGCACCCAGCACAATGAA-3′




	
GAPDH

	
5′-TGCACCACCAACTGCTTAGC-3′

	
5′-ATGCCAGTGAGCTTCCCGTT-3′




	
TUG1

	
5′-TGTCTCCATGCCTCAGATCTC-3′

	
5′-CAGCAGAGCCAGATTTGTCA-3′




	
GAS5

	
5′-TATGGTGCTGGGTGCAGATG-3′

	
5′-ACGTTACCAGGAGCAGAACCAT-3′




	
XIST

	
5′-CCCATTGAAGATACCACGCTG-3′

	
5′-ATCTCCACCTAGGGATCGTCAA-3′




	
MIAT

	
5′-GGGAAATCTCTGGGACGTGA-3′

	
5′-GGAAAGACCCGCTTCATTGA-3′




	
MEG3

	
5′-TGCCCATCTACACCTCACGA-3′

	
5′-GCATAGCAAAGGTCAGGGCTTA-3′




	
MALAT1

	
5′-TGTGAGCACTTTCAGGAGAGC-3′

	
5′-TGCTTGGGAAATCTTAGAAACG-3′




	
ANRIL

	
5′-TGCTTACCTAGTGCCAGATGCT-3′

	
5′-AATCCCAGCCAATTACCAGC-3′




	
HOTAIR

	
5′-CTGTTACACGCCTCTCCAAGA-3′

	
5′-CAGGGTCCCACTGCATAATC-3′




	
PLUTO

	
5′-GCTGGTGGCTGGAGAAACAT-3′

	
5′-AAAGAGTGGGCGTGAGCAA-3′




	
LincRNA p21

	
5′-AGAAGCCTCCTTTCATCGGTTT-3′

	
5′-TCCTCCTTCAGCTCGGGTTA-3′




	
H19

	
5′-TGGAGTCTGGCAGGAGTGAT-3′

	
5′-TGCCACGTCCTGTAACCAA-3′




	
Rat

	
TUG1

	
5′-AGAGGCAACAACTCACCCAG-3′

	
5′-GCACGGGACGTAGTTCACTT-3′




	
TNF

	
5′-AAATGGGCTCCCTCTCATCAGTTC-3′

	
5′-TCCGCTTGGTGGTTTGCTACGAC-3′




	
IL1β

	
5′-CACCTCTCAAGCAGAGCACAG-3′

	
5′-GGGTTCCATGGTGAAGTCAAC-3′




	
IL6

	
5′-TCCTACCCCAACTTCCAATGCTC-3′

	
5′-TTGGATGGTCTTGGTCCTTAGCC-3′




	
GAPDH

	
5′-GTATCGGACGCCTGGTTACC-3′

	
5′-CGCTCCTGGAAGATGGTGATGG-3′
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