
HIV-1 Tat-mediated microglial inflammation involves a novel 
miRNA-34a-NLRC5-NFκB signaling axis

Palsamy Periyasamy, Annadurai Thangaraj, Venkata Sunil Bendi, Shilpa Buch*

Department of Pharmacology and Experimental Neuroscience, 985880 Nebraska Medical Center, 
University of Nebraska Medical Center, Omaha, NE 68198, USA

Abstract

While the advent of combination antiretroviral therapy (cART) has dramatically increased the 

lifespan of people living with HIV-1 paradoxically, the prevalence of NeuroHIV in people treated 

with cART is on the rise. It has been well documented that despite the effectiveness of cART in 

suppressing viremia, CNS continues to harbor viral reservoirs with persistent low-level virus 

replication. This, in turn, leads to the presence and accumulation of early viral protein - HIV-1 Tat, 

that is a well-established cytotoxic agent. In the current study, we demonstrated that exposure of 

mouse microglia to HIV-1 Tat resulted both in a dose- and time-dependent upregulation of 

miRNA-34a, with concomitant downregulation of NLRC5 (a negative regulator of NFκB 

signaling) expression. Using bioinformatics analyses and Argonaute immunoprecipitation assay 

NLRC5 was identified as a novel target of miRNA-34a. Transfection of mouse primary microglia 

with miRNA-34a mimic significantly downregulated NLRC5 expression, resulting in increased 

expression of NFκB p65. In contrast, transfection of cells with miRNA-34a inhibitor upregulated 

NLRC5 levels. Using pharmacological approaches, our findings showed that HIV-1 Tat-mediated 

microglial activation involved miRNA-34a-mediated downregulation of NLRC5 with concomitant 

activation of NFκB signaling. Reciprocally, inhibition of miRNA-34a blocked HIV-1 Tat-mediated 

microglial activation. In summary, our findings identify yet another novel mechanism of HIV-1 

Tat-mediated activation of microglia involving the miRNA-34a-NLRC5-NFκB axis. These in vitro 
findings were also validated in the medial prefrontal cortices of HIV-1 transgenic rats as well as in 

SIV-infected rhesus macaques. Overall, these findings reveal the involvement of miRNA-34a-

NLRC5-NFκB signaling axis in HIV-1 Tat-mediated microglial inflammation.
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1. INTRODUCTION

Currently, over 40 million HIV infected people are living worldwide, out of which nearly 

fifty percent of them receive combination antiretroviral therapy (cART). Despite the ability 

of cART to control viremia, HIV-infected individuals continue to experience central nervous 

system (CNS) complications, collectively termed as NeuroHIV. Though the exact molecular 

pathways underlying NeuroHIV are not clearly understood, the role of exacerbated cellular 

oxidative stress, dysregulated energy metabolism, immune activation, inflammation, and 

neuronal damage have been implicated in the process (Saylor et al., 2016). It has been 

proposed that impaired penetration of antiretrovirals in the CNS, neurotoxicity allied with 

antiretrovirals, persistent low-level viral replication, release of viral proteins and secretion of 

proinflammatory cytokines by infected or infiltered cells, collectively involve in the 

pathogenesis of HIV-1-mediated neurodegeneration (Carroll and Brew, 2017; Jayadev and 

Garden, 2009; Vassallo et al., 2013).

HIV-1 transactivator of transcription (Tat) is one among the nine HIV-1-encoded viral 

proteins that have received considerable attention owing to its toxicity on many CNS cells 

(Bagashev and Sawaya, 2013; Nath et al., 1999). There are many reports that confirmed the 

existence of both protein and mRNA expression of HIV-1 Tat in the brains of HIV-1-infected 

individuals (Hudson et al., 2000; Wiley et al., 1996). HIV-1 Tat also elicits 

neuroinflammation by activating glial cells and by escalating viral replication in latently 

infected cells (Ensoli et al., 1993; Frankel and Pabo, 1988). Extensive reports also suggest 

the mechanism(s) by which HIV-1 Tat impacts microglial functioning, via modulation of 

numerous signaling pathways (Bagashev and Sawaya, 2013; Chivero et al., 2017; Minghetti 

et al., 2004; Periyasamy et al., 2018b; Thangaraj et al., 2018). Additionally, HIV-1 Tat has 

also been shown to elicit other detrimental effects on the CNS, such as neurotoxicity, 

cellular activation, and endothelial dysfunction (Maubert et al., 2015).

MicroRNAs (miRs) are a class of small noncoding RNAs and function as critical regulators 

of several genes by modulating their post-transcriptional expression. Extensive studies also 

signify the impact of several brain-enriched microRNAs in regulating gene expression, 

microglial quiescence, and neuronal activities (Davis et al., 2015; Ponomarev et al., 2011; 

Yu et al., 2015). A growing body of evidence has shown that miRNA-34a is one of the brain-

enriched microRNAs that is upregulated in various neurological as well as aging-related 

diseases (Bavamian et al., 2015; Jauhari et al., 2018; Kou et al., 2016; Li et al., 2011; 

Reynolds et al., 2018). In mammalians, the miRNA-34 family includes three processed miRs 

that are encoded by two different genes: miRNA-34a is encoded by its transcript, while 

miRNA-34b and miRNA-34c share a common primary transcript (Agostini and Knight, 

2014; Rokavec et al., 2014). In mice, miRNA-34a is ubiquitously expressed with the highest 

expression in the brain, while miRNA-34b/c is mainly expressed in lung tissues (Bommer et 

al., 2007). The two miRNA-34 genes thus have tissue-specific functions. There are extensive 

studies documenting miRNA-34a mediated modulation of proteins that regulate synaptic 

targets and neuronal morphology and function (Agostini et al., 2011a; Agostini et al., 2011b; 

Bavamian et al., 2015; Morgado et al., 2015). Recently, it has also been reported that 

microRNA-34a along with microRNA-138 negatively regulates the expression of astrocytic 

SIRT1 in HIV-1 Tat exposed astrocytes, thereby resulting in astrogliosis – a hallmark feature 
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of aging in the CNS (Hu et al., 2017). Although HIV-1 proteins have been shown to 

dysregulate gene expression profiles of various CNS cells (thereby contributing to HIV-1 

neuropathology), there exists a gap in knowledge on the exact epigenetic mechanism(s) 

underlying HIV-1 Tat-mediated activation of microglia, specifically in the context of 

dysregulated microRNAs. In the current study, we found a novel molecular mechanism 

involved in HIV-1 Tat-mediated activation of microglia. Our findings suggest HIV-1 Tat-

mediated upregulation of microRNA-34a targets NLRC5, which ultimately activates the 

NFκB signaling resulting ultimately into activation of microglia.

2. MATERIALS AND METHODS

2.1 Reagents

Antibodies have been acquired from the following sources: NLRC5 (sc-515668; 1:1000 

dilution) from Santa Cruz Biotechnology, NFκB p65 (ab16502; 1:2000 dilution) from 

Abcam, P-NFκB p65 (3031; 1:500 dilution), IKKα (2682; 1:1000 dilution), and P-IKKα/β 
(2697; 1:500 dilution) from Cell Signaling Technology, IKKγ (559675; 1:1000 dilution), P-

IKKγ (562590; 1:500 dilution) from BD Biosciences, CD11b (NB110–89474; 1:200 

dilution) from Novus Biological Company, Iba-1 (019–19741; 1:200 dilution) from Wako 

Pure Chemical Industries, Ltd. Peroxidase-AffiniPure Goat Anti-Rabbit IgG (H+L) 

(111035-003; 1:10000 dilution) and Peroxidase-conjugated AffiniPure Goat Anti-Mouse 

IgG (H+L) (115-035-003; 1:1000 dilution) from Jackson ImmunoResearch Inc. Endotoxin-

free, HIV-1 recombinant Tat (1032–10) was bought from ImmunoDX. TaqMan® miRNA 

Reverse Transcription Kit (4366596), TaqMan® miRNA assays for miRNA-34a (000426), 

TaqMan™ miRNA Control Assay - U6 snRNA (4427975), and TaqMan® Universal PCR 

Master Mix, no AmpErase® UNG (4324018) were bought from Applied Biosystems. 

miRIDIAN miRNA-34–3p mimic (C-311258–00), miRIDIAN miRNA-34–3p hairpin 

inhibitor (IH-311258–01), miRIDIAN miRNA mimic negative control (CN-001000), and 

miRIDIAN miRNA hairpin negative control (IN-001005) were purchased from Dharmacon. 

Lipofectamine™ RNAiMAX transfection reagent (13778150), and Opti-MEM® I Reduced 

Serum Media (31985070) were purchased from Life Technologies. ProLong® Gold 

Antifade Mountant with DAPI (P36935) was obtained from Molecular Probes.

2.2 Animals

HIV-1 transgenic rats were generated using a noninfectious provirus expressing 7 of the 9 

HIV-1 viral proteins, such as Tat, Env, Rev, Nef, Vif, Vpr, and Vpu (Peng et al., 2010). Male 

Sprague Dawley (5-months old) HIV-1 transgenic rats (HIV-1, F344) with age, sex, and 

background-matched controls were used in this study. The animals were housed in clean 

polypropylene cages under conditions of constant temperature and humidity, with a 12–12 h 

day-night cycle, during which time they had free access to food and water ad libitum. 

Animal experiments were conducted according to the protocols approved by the University 

of Nebraska Medical Center and the National Institutes of Health (Thangaraj et al., 2018). 

HIV-1 transgenic rats were killed by isoflurane overdose followed by transcardial perfusion 

with ice-cold PBS for brain removal. Medial prefrontal cortical regions of the brain were 

separated and used for extraction of protein and total RNA.
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2.3 Rhesus macaques and Simian immunodeficiency virus (SIV) infection

Briefly, 2- to 3-year-old Indian rhesus macaques (Macaca mulatta) of both the sexes were 

randomly divided into two groups (saline and SIV group). The SIV group was chronically 

infected with the SIVR71/17E virus for ~52 weeks. The detailed methodology of SIV 

infection and information on viral load and other parameters related disease pathogenesis 

has been described in our previous publications (Bokhari et al., 2011; Chivero et al., 2017; 

Hu et al., 2012; Pendyala et al., 2015; Periyasamy et al., 2018b). Briefly, rhesus macaques 

were deeply anesthetized using an intramuscular injection of ketamine (3 mg/kg) and 

medetomidine (0.15 mg/kg) following which laparotomies were performed. The animals 

were then exsanguinated from the descending aorta and were perfused transcardially with 

saline. Brains were dissected and portions of the all the brain regions were collected and 

stored frozen at −80°C for later protein and RNA analyses. In this study, we used the 

archival frozen medial prefrontal cortices from saline and SIV groups of rhesus macaques.

2.4 Mouse primary microglial culture

Mouse primary microglial cells were prepared from 1–3 days-old newborn pups of either 

sex bred from C57B1/6 as specified, under standard conditions as described (Skaper et al., 

2012) with minor modifications (Periyasamy et al., 2018b; Thangaraj et al., 2018). For 

subsequent experiments, we used the microglia purity if >95% pure which was evaluated by 

immunocytochemistry using the antibody specific for Iba-1 (1:200 dilution).

2.5 BV-2 cells

BV-2-immortalized cell line was obtained from Dr. Sanjay Maggirwar (University of 

Rochester Medical Center, Rochester, NY, USA) and was routinely maintained in DMEM 

(Invitrogen, 11995–065) with 10% heat-inactivated fetal bovine serum (FBS, Invitrogen, 

16000–044) at 37 °C and 5% CO2 and used up to 20 passages.

2.6 TaqMan® miRNA assays for miRNA-34a

The expression of miRNA-34a was quantified using TaqMan® miRNA assays as described 

(Periyasamy et al., 2018b). Briefly, total RNA was extracted using Quick-RNA™ MiniPrep 

Plus (Zymo Research, R1058) as per the manufacturer’s protocol and quantified using 

Thermo Scientific NanoDrop™ 8000 spectrophotometer. Total RNA thus isolated was 

reverse transcribed to synthesize cDNA for individual miRNA using specific miRNA 

primers from the TaqMan® miRNA assays and the TaqMan® miRNA Reverse Transcription 

kit. The reverse transcription product was then diluted 1:10 for the following PCR reaction. 

Each PCR reaction was carried out in triplicate, and six independent experiments were run. 

TaqMan® miRNA assays were performed using an Applied Biosystems® QuantStudio™ 3 

Real-Time PCR System (Applied Biosystems, Grand Island, NY). The expression level of 

miRNA-34a was calculated by normalizing to U6 snRNA.

2.7 Transient transfection of miRNA-34a mimic and inhibitor

Mouse primary microglial cells were seeded into 6-well plates (3×105 cells per well) and 

were transiently transfected with 30 pmol of miRNA-34a mimic, miRNA-34a inhibitor, and 

miRNA control using Lipofectamine™ RNAiMAX as described (Periyasamy et al., 2018b). 
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Following transfection, cells were exposed to HIV-1 Tat (50 ng/mL) for another 24 h, and 

total RNA and proteins were extracted for further investigation as indicated.

2.8 Pharmacological inhibition of NFκB complex using BMS345541

Mouse primary microglial cells were seeded into 6-well (3×105 cells per well) for 24 h at 

37°C in a humidified, 5% CO2 incubator. Overnight serum-starved mouse primary 

microglial cells were pretreated with BMS345541 (10 μM; a selective allosteric inhibitor of 

IKK that blocks NFκB-dependent transcription) for 1 h followed by exposure of cells to 

HIV-1 Tat (50 ng/mL) for additional 24 h, followed by extraction of total RNA and protein 

for further investigations as indicated.

2.9 Quantitative polymerase chain reaction (qPCR)

qPCR experiments were performed according to the protocol described (Guo et al., 2016; 

Periyasamy et al., 2016; Periyasamy et al., 2018a). Briefly, total RNA was extracted using 

Quick-RNA™ MiniPrep Plus (Zymo Research, R1058) as per the manufacturer’s protocol 

and quantified using Thermo Scientific NanoDrop™ 8000 spectrophotometer. Reverse 

transcription reactions were performed using iScript™ Reverse Transcription Supermix for 

RT-qPCR (Bio-Rad, 1708841), as per manufacturer’s instructions. qPCRs were completed 

using TaqMan® Universal PCR Master Mix, no AmpErase® UNG in an Applied 

Biosystems® QuantStudio™ 3 Real-Time PCR System. Each reaction was carried out in 

triplicate, and six 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.

2.10 Western blotting

Western blotting was performed using standard procedures as described previously (Guo et 

al., 2016; Periyasamy et al., 2016; Periyasamy et al., 2018a). Briefly, the control and treated 

microglial cells were harvested and lysed using the 200 μL of RIPA buffer (Cell Signaling 

Technology, 9806). Lysates were centrifuged at 12000 g for 10 min at 4°C, and the protein 

content of the supernatant was determined by a BCA assay using Pierce™ BCA Protein 

Assay Kit (Thermo Fisher Scientific, 23227) as per the manufacturer’s instructions. 10 μg of 

soluble proteins were resolved in a 10% sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis, followed by blotting onto a polyvinylidene fluoride membrane (Millipore, 

IPVH00010). Then, the membranes were blocked with 5% nonfat dry milk (in 1X TTBS 

buffer) for 1 h at room temperature followed by overnight incubation with the indicated 

primary antibodies at 4°C. After 3 times washing, the membranes were incubated with a 

secondary antibody for 1 h at room temperature. Next, the protein signals were visualized 

using Super Signal West Pico Chemiluminescent Substrate (Thermo Fisher Scientific, 

34078). Each band intensity was normalized to the internal control, β-actin (Sigma-Aldrich; 

A5316; 1:5,000 dilution), and the data were presented as a relative fold change by using 

ImageJ analysis software (Schneider et al., 2012).
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2.11 Immunocytochemistry

Immunocytochemistry was performed using standard procedures as described previously 

(Guo et al., 2016; Periyasamy et al., 2016). Briefly, mouse primary microglial cells were 

seeded in a 24-well plate containing sterile glass coverslips (11 mm) at a density of 5×104 

cells per well at 37°C in a humidified, 5% CO2 incubator for 24 h. Overnight serum-starved 

mouse primary microglial cells were then treated with the respective agents for the indicated 

time. Cells were then rinsed 2 times with 1× PBS at room temperature and fixed with 4% 

paraformaldehyde in PBS for 20 min at room temperature, followed by permeabilization 

with 0.3% Triton X-100 (Fisher Scientific, BP151–500) in PBS. Then, the permeabilized 

cells were incubated in a blocking buffer for 1 h at room temperature followed by overnight 

incubation of NLRC5 and CD11b primary antibodies at 4°C. After that, goat anti-rabbit IgG 

(H+L) cross-adsorbed secondary antibody, Alexa Fluor 488 (ThermoFisher Scientific, 

A-11008; 1:500 dilution) and goat anti-mouse IgG (H+L) cross-adsorbed secondary 

antibody, Alexa Fluor 594 (ThermoFisher Scientific, A-11005; 1:500 dilution) were added 

for 2 h to detect the expression of indicated proteins. Coverslips were then mounted on glass 

slides with ProLong® Gold Antifade Reagent with DAPI (Molecular Probes, P36935). 

Fluorescence images were taken on a Zeiss Observer using a Z1 inverted microscope (Carl 

Zeiss, Thornwood, NY, USA) and the acquired images were analyzed using the AxioVs 40 

Version 4.8.0.0 software (Carl Zeiss MicroImaging GmbH).

2.12 miRNA-34a target validation

miRNA-34a target validation was performed using miRNA Target Immunoprecipitation (IP) 

Kit (Active Motif, 25500) as described in the manufacturer’s protocol. Briefly, mouse 

primary microglial cells were plated onto 150 mm plate and transfected with either miRNA 

control or miRNA-34a mimic for 24 h. An equal number of cells were used for the IP to 

minimize variability. Cells were then washed in the cold 1x PBS, scraped, and then lysed 

with a lysis buffer. IP uses G-coupled magnetic beads and a pan-Ago antibody to precipitate 

the miRNA/mRNA complex. An isotype antibody control was also performed in parallel. 

The precipitated complex was collected, and the RNA purified from the complex by 

phenol:chloroform:isoamyl alcohol (25:24:1) reagent. Purified RNA was then reverse 

transcribed into cDNA with iScript™ Reverse Transcription Supermix for RT-qPCR, and 

specific primers for NLRC5 were used for qPCR. Gapdh was used as a housekeeping 

control for the normalization. Data were analyzed by comparing the cells transfected with 

miRNA-34a mimic, or negative control and the fold enrichment of NLRC5 was determined 

as described by the manufacturer.

2.13 Statistical analysis

All the data were expressed as mean ± SEM, and statistical significance was determined 

using GraphPad Prism version 6.01 (San Diego, CA, USA). The detailed statistical analysis 

used is shown in each figure caption for all studies. For the in vivo experiments, an unpaired 

Student t test was used to comparing between the two groups. However, non-parametric 

Kruskal-Wallis One-way ANOVA followed by Dunn’s post hoc test was used to find the 

statistical significance between multiple groups. Values were statistically significant when p 

< 0.05.
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3. RESULTS

3.1 Upregulation of miRNA-34a in the medial prefrontal cortices of SIV-infected rhesus 
macaques and HIV-1 transgenic rats

Based on the fact that miRNA-34a is significantly elevated in the brain as well as in PBMCs 

of HIV-1 infected individuals (Chang et al., 2011; Duskova et al., 2013; Witwer et al., 2012), 

we first sought to assess the expression profile of miRNA-34a in the medial prefrontal 

cortices of saline and SIV-infected rhesus macaques using qPCR. As represented in Figure 

1A, expression of mature miRNA-34a was significantly increased in the medial prefrontal 

cortices of SIV-infected rhesus macaques compared with the saline group. Next, we wanted 

to confirm this observation in the medial prefrontal cortices of 5-month old male wild-type 

and age- and sex-matched HIV-1 transgenic rats. Interestingly, as shown in Figure 1B, the 

expression of mature miRNA-34a was also significantly increased in the medial prefrontal 

cortices of HIV-1 transgenic rats compared with that of the wild-type rats.

3.2 Upregulation of miRNA-34a in HIV-1 Tat exposed mouse microglial cells

Based on the findings that the medial prefrontal cortices of both SIV-infected rhesus 

macaques as well as HIV-1 transgenic rats exhibited significant upregulation of miRNA-34a, 

we next sought to validate these observations in the murine BV-2 cells as well as in the 

purified cultures of mouse primary microglial cells exposed to HIV-1 Tat protein (as a 

surrogate of HIV-1/SIV infection). Both BV-2 cells and mouse primary microglial cells were 

exposed to varying doses of HIV-1 Tat (25, 50, 100, and 200 ng/ml; for 24 h) and assessed 

for the expression of mature miRNA-34a. As shown in Figure 1C and 1D, the expression of 

mature miRNA-34a was dose-dependently upregulated in both BV-2 cells and mouse 

primary microglial cells exposed to HIV-1 Tat. As expected, heat-inactivated HIV-1 Tat did 

not have any effect on mature miRNA-34a expression (Figure 1C and 1D). Based on these 

findings, the concentration of 50 ng/ml of HIV-1 Tat was selected for all further experiments 

and is in keeping with the circulating levels of HIV-1 Tat found in the serum and 

cerebrospinal fluid of HIV-1-infected individuals (range, 1–40 ng/ml) (Westendorp et al., 

1995; Xiao et al., 2000). It has also been suggested that the local extracellular concentrations 

of HIV-1 Tat in the CNS could be even higher, especially in the vicinity of HIV-1-infected 

perivascular cells (Hayashi et al., 2006). Next, we performed time-course experiments to 

determine the optimal time of HIV-1 Tat-mediated upregulation of miRNA-34a in both the 

cell types. As shown in Figure 1E and 1F, exposure of both BV-2 cells and mouse primary 

microglial cells to HIV-1 Tat significantly upregulated the expression levels of mature 

miRNA-34a starting at 6 h post exposure.

3.3 Upregulation of miRNA-34a targets 3′-UTR of NLRC5 in microglial cells

Since miRs primarily function through inhibiting their target mRNA by binding to the 3′-

UTR region of the mRNA, we next sought to identify a novel miRNA-34a target that could 

be critical for microglial activation using online miRNA target prediction database such as 

TargetScan (http://www.targetscan.org). Using these analyses, we found the NOD-like 

receptor family CARD domain containing 5 (NLRC5), as a potential target of miRNA-34a. 

Next, we sought to investigate the expression levels of NLRC5 in HIV-1 Tat exposed mouse 

microglial cells. Mouse primary microglial cells were exposed to varying doses of HIV-1 Tat 
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(25, 50, 100, and 200 ng/ml; for 24 h) and assessed for the expression of the NLRC5 protein. 

As shown in Figure 2A, expression of the NLRC5 protein was dose-dependently 

downregulated in mouse primary microglial cells exposed to HIV-1 Tat for 24 h, and as 

expected, heat-inactivated HIV-1 Tat did not affect NLRC5 expression (Figure 2A). We then 

performed a time-course experiment to determine time-dependent downregulation of 

NLRC5 protein in HIV-1 Tat (50 ng/mL) exposed mouse primary microglial cells. As shown 

in Figure 2B, exposure of mouse primary microglial cells to HIV-1 Tat significantly 

downregulated NLRC5 expression levels starting at 12 h. Next, we wanted to validate these 

in vitro findings in the medial prefrontal cortices of saline and SIV-infected rhesus macaques 

as well as in the medial prefrontal cortices of both wild-type and HIV-1 transgenic rats. As 

shown in Figure 2C and 2D, the expression level of NLRC5 protein was significantly 

decreased in the medial prefrontal cortices of SIV-infected rhesus macaques as well as in 

HIV-1 transgenic rats compared to their respective controls. Figure 2E demonstrates a 

conserved miRNA-34a binding site within the NLRC5 3′-UTR of most species. Based on 

this, we next examined the binding of miRNA-34a with its target, NLRC5, using the miRNA 

Target IP Kit. Briefly, mouse primary microglial cells were transfected with either 

miRNA-34a mimic or miRNA control for 24 h, followed by pulldown of mRNAs using anti-

Ago antibody (Supplementary Figure 1A and 1B) and assessed for the enrichment of 

NLRC5 using qPCR. As shown in Figure 2F, miRNA Target IP confirmed NLRC5 as a 

direct target of miRNA-34a, based on significant enrichment of NLRC5 mRNA bound to 

Ago protein in cells overexpressing miRNA-34a.

Next, we wanted to demonstrate the effects of miRNA-34a on NLRC5 expression levels in 

mouse primary microglial cells transiently transfected with miRNA-34a mimic, miRNA-34a 

inhibitor or miRNA control followed by HIV-1 Tat exposure for 24 h. The transfection 

efficiency of miRNA-34a is shown in Figure 2G. Interestingly, mouse primary microglial 

cells transfected with miRNA-34a mimic demonstrated a further downregulation of NLRC5 

in the presence of HIV-1 Tat compared with cells transfected miRNA control (Figure 2H). 

As expected, and in contrast, cells transfected with miRNA-34a inhibitor failed to 

demonstrate any downregulation of NLRC5 in the presence of HIV-1 Tat. Further validation 

of these findings was done by double immunostaining of mouse primary microglial cells 

transfected with miRNA control, miRNA-34a mimic or miRNA-34a inhibitor that was 

exposed to HIV-1 Tat (Figure 3).

3.4 NLRC5 negatively regulates the IKK-mediated activation of NFκB in microglia

Recent studies have provided evidence of a negative association between NLRC5 and 

NFκB-mediated activation of proinflammatory cytokines in macrophages, with the 

involvement of inhibition of IKK complex (Cui et al., 2010a; Meng et al., 2015). NLRC5 is 

known to inhibit NFκB-dependent responses by interacting with IKKα and IKKβ and 

blocking their phosphorylation (Cui et al., 2010a). The next step then was to assess the role 

of miRNA-34a in downregulation of NLRC5 with subsequent activation of NFκB signaling. 

Mouse primary microglial cells were transfected with either miRNA-34a mimic or 

miRNA-34a inhibitor followed by exposure of cells to HIV-1 Tat for 24 h. As shown in 

Figure 4A, transfection of microglial cells with miRNA-34a mimic notably increased the 

expression of NFκB p65 compared with cells transfected with miRNA control. On the other 
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hand, miRNA-34a inhibitor transfected cells failed to demonstrate upregulation of NFκB 

p65 subunit phosphorylation in the presence of HIV-1 Tat (Figure 4A). Interestingly and as 

expected, phosphorylation of IKK complex subunits such as IKKα/β and IKKγ was 

dramatically increased in miRNA-34a mimic transfected microglial cells and was 

significantly blocked in miRNA-34a inhibitor transfected microglial cells (Figure 4B and 

4C). Further, we sought to determine the expression levels of both total and phosphorylated 

forms of NFκB p65, IKKα/β, and IKKγ in the medial prefrontal cortices of saline and SIV-

infected rhesus macaques as well as wild-type and HIV-1 transgenic rats. As shown in 

Figure 4D–4F, there was significant upregulation of phosphorylated NFκB p65, IKKα/β, 

and IKKγ proteins in the medial prefrontal cortices of SIV-infected rhesus macaques 

compared with saline administered rhesus macaques. Similarly, there was a significant 

increase in the phosphorylated forms of NFκB p65, IKKα/β, and IKKγ proteins in the 

medial prefrontal cortices of HIV-1 transgenic rats compared with wild-type rats (Figure 

4G–4I).

Next, we sought to determine whether blocking NFκB signaling by inhibiting 

phosphorylation of IKK complex using the pharmacological inhibitor could prevent HIV-1 

Tat-mediated downregulation of NLRC5. Mouse primary microglial cells were pretreated 

with the pharmacological inhibitor, 10 μM BMS345541 (a selective allosteric inhibitor of 

IKK that blocks NFκB-dependent transcription) for 1 h, followed by exposure of cells to 

HIV-1 Tat for additional 24 h. Cells were then assessed for the expression levels of 

miRNA-34a. As shown in Figure 5A, pretreatment of microglial cells with the inhibitor 

failed to improve HIV-1 Tat-mediated upregulation of miRNA-34a thereby suggesting that 

activation of miRNA-34a lies upstream of NFκB activation. Additionally, we also 

determined the expression levels of both NLRC5 mRNA and protein in cells pretreated with 

this inhibitor followed by exposure of cells to HIV-1 Tat. As shown in Figure 5B and 5C and 

similar to the findings presented above, cells pretreated with the inhibitor failed to improve 

HIV-1 Tat-mediated downregulation of NLRC5. In contrast, however, in microglial cells 

pretreated with BMS345541 HIV-1 Tat failed to upregulate the phosphorylation of NFκB 

p62 (Figure 5D) as well as the expression of downstream proinflammatory cytokines such as 

IL1β, and IL6 (Figure 5E and 5F).

3.5 NLRC5-mediated negative regulation of NFκB signaling activates microglial 
proinflammatory cytokines

Next, we sought to examine the expression levels of proinflammatory cytokines such as 

IL1β and IL6 in mouse primary microglial cells transfected with either miRNA-34a mimic 

or miRNA-34a inhibitor for 24 h followed by exposure of cells to HIV-1 Tat. As shown in 

Figure 6A and 6B, mRNA expression levels of IL1β and IL6 were significantly elevated in 

miRNA-34a mimic transfected microglial cells in the presence of HIV-1 Tat. In contrast, in 

cells transfected with miRNA-34a inhibitor, HIV-1 Tat failed to upregulate the mRNA 

expression of IL1β and IL6. Additionally, we also determined the expression levels of IL1β 
and IL6 mRNA in the medial prefrontal cortices of saline and SIV-infected rhesus macaques. 

As shown in Figure 6C and 6D, expression levels of IL1β and IL6 were significantly 

increased in the medial prefrontal cortices of SIV-infected rhesus macaques compared with 

saline controls. Similarly, expression levels of IL1β and IL6 were significantly increased in 
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the medial prefrontal cortices of HIV-1 transgenic rats compared with the wild-type controls 

(Figure 6E and 6F). Overall, HIV-1 Tat-mediated upregulation of miRNA-34a resulted in 

downregulation of NLRC5 which, in turn, negatively regulated NFκB p65 signaling, 

ultimately leading to increased production of proinflammatory cytokines and ensuing 

neuroinflammation.

4. DISCUSSION

This study provides new mechanistic insights into HIV-1 Tat-mediated upregulation of 

miRNA-34a in regulating microglial activation via targeting the NLRC5 inflammasome 

signaling axis. Herein, we have demonstrated that HIV-1 Tat exposure significantly elevated 

the expression of miRNA-34a resulting in targeting of the 3′-UTR of NLRC5 

inflammasome protein, in microglial cells. HIV-1 Tat-mediated reduced expression of 

NLRC5 resulted in activation of microglia involving negative regulation of NFκB p65 

signaling.

We first determined the expression levels of miRNA-34a since this miRNA has been 

reported to play a role in premature aging associated with various diseases (Bavamian et al., 

2015; Chang et al., 2011; Duskova et al., 2013; Hu et al., 2017; Jauhari et al., 2018; Kou et 

al., 2016; Li et al., 2011; Reynolds et al., 2018; Witwer et al., 2012). It is well known that 

numerous inducible miRNAs like miRNA-34a are under transcriptional control by the 

proinflammatory transcription factor NFκB in the CNS and other tissues. Upregulated 

NFκB could thus play a vital role in the upregulation of various proinflammatory cytokines 

and ensuing neurodegeneration and cancer (Bhattacharjee et al., 2016; Cui et al., 2010b; Li 

et al., 2012; Lukiw, 2012; Lukiw et al., 2008). Several studies have demonstrated that 

increased expression of miRNA-34a-signalling is associated with various neurological, 

neuroimmune, neuroinflammatory or neurodegenerative pathologies (Agostini et al., 2011b; 

Bhattacharjee et al., 2016; Boon et al., 2013; Gao et al., 2013; Junker et al., 2009; Kofman et 

al., 2013; Li et al., 2011; Piccio et al., 2007; Wang et al., 2009). The involvement of 

miRNA-34a in HIV-1 Tat-mediated microglial activation, however, has never been explored 

before and is particularly interesting because of the participation of NLRC5 and NFκB p65 

signaling axis in cellular activation.

Based on the premise that microglial activation associated with the release of cytotoxic 

mediators such as proinflammatory cytokines, chemokines, and ROS contributes to the 

pathogenesis of HIV-1-associated neurocognitive disorders (Chen et al., 2017), we focused 

our study on the involvement of miRNA-34a in microglial activation during SIV infection as 

well as following HIV-1 Tat exposure (as a surrogate for HIV infection; see below). 

Upregulation of miRNA-34a in the medial prefrontal cortices of both HIV-1 transgenic rats 

as well as SIV-infected rhesus macaques indicated an association of upregulated 

miRNA-34a with neuroinflammation. Next, we validated these findings in vitro. The 

rationale for using HIV-1 Tat in cell culture was based on the fact that despite effective 

suppression of viremia by cART, HIV-1 Tat protein continues to be present in the CNS and 

lymph nodes of treated patients (Hudson et al., 2000; Wiley et al., 1996), leading to 

underlying inflammation both in the brain and periphery. Furthermore, several reports are 

confirming the occurrence of low-level virus replication in the CNS of cART-treated patients 
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(Hudson et al., 2000; Wiley et al., 1996), thereby providing credence to the use of HIV-1 Tat 

in our in vitro studies. Our study demonstrates that exposure of mouse primary microglial 

cells to HIV-1 Tat demonstrated a dose- and time-dependent upregulation of miRNA-34a.

NLRC5 is a new member of the Nod-like receptor (NLR) family that is abundantly 

expressed in mucosal epithelial cells and brain (Kuenzel et al., 2010). Similar to other 

classic NLR members, NLRC5 is emerging as a regulator of immune responses to combat 

intruding microbes (Lamkanfi and Kanneganti, 2012). One of the most conspicuous features 

of NLRC5 is that its expression closely correlates with inflammatory responses (Benko et 

al., 2010). Recent studies have demonstrated that NLRC5 negatively regulates NFκB 

signaling via direct binding to the NFκB regulators IKKα/IKKβ, thereby preventing both 

the recruitment of IKKγ as well as nuclear translocation of NFκB (Benko et al., 2010; Cui 

et al., 2010a). Additionally, NLRC5 has also been speculated to modulate the transactivation 

potential of nuclear NFκB leading to increased production of the anti-inflammatory 

cytokine, IL10 (Benko et al., 2010; Cui et al., 2010a). Typically, NFκB serves as a critical 

point of convergence for multiple signaling pathways that are relevant for the antiviral 

response and subsequent activation of the adaptive immune responses (Hacker and Karin, 

2006). Consequently, downregulation of NLRC5 could represent a unique mechanism by 

which HIV-1 Tat interferes with the host defense system, leading to persistent inflammation 

and cellular activation. In our study, exposure of microglial cells to HIV-1 Tat resulted in 

significant downregulation of NLRC5 protein with concomitant activation of NFκB 

signaling, thereby suggesting a possible association of NLRC5-mediated activation of NFκB 

signaling axis in microglia. Additionally, this study, for the first time, reports a novel 3′-

UTR target of miRNA-34a, such as NLRC5. Using multiple prediction algorithms, we found 

that a putative miRNA-34a targeting site was located within the 3′-UTR of NLRC5, which 

was also potentially related to HIV-1 Tat-mediated microglial inflammation. In the present 

study, we also demonstrated that HIV-1 Tat-mediated upregulation of miRNA-34a decreased 

the expression of the 3′-UTR target protein NLRC5, in microglial cells. As shown earlier, 

reduced expression of NLRC5 can activate the NFκB signaling axis via negative regulation 

(Benko et al., 2010; Cui et al., 2010a). It is well-established that proinflammatory cytokines 

secreted by activated glia or damaged cells play a fundamental role in triggering 

neuroinflammation. Accordingly, it is likely that HIV-1 Tat-mediated microglial activation 

leads to overexpression of proinflammatory cytokines, further underscoring the detrimental 

role of HIV-1 Tat in mediating microglial activation. This study was mainly focused on 

HIV-1 Tat-mediated microglial inflammation in vitro. These findings were also validated in 
vivo using medial prefrontal cortices of wild-type and HIV-1 transgenic rats as well as in 

archival medial prefrontal cortices of SIV-infected rhesus macaques. Future studies are, 

however, warranted to explore other host and viral components responsible for NLRC5 

downregulation and microglial activation.

In conclusion, this study demonstrated that HIV-1 Tat-mediated upregulation of miRNA-34a 

targets the 3′-UTR of NLRC5 in microglial cells and that downregulated NLRC5 

inflammasome negatively regulates NFκB p65 signaling axis via modulation of 

phosphorylated IKK complex, leading, in turn, to increased expression of proinflammatory 

cytokines such as IL1β, and IL6 and ensuing microglial activation (Figure 7). These novel 

results provide functional insights into the interaction of HIV-1 Tat with miRNA-34a-
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NLRC5-NFκB signaling axis and implicate that silencing of miRNA-34a, as well as 

inhibition of phosphorylation of IKK complex, could be developed as an alternative 

approach for the treatment of HIV-1 Tat-mediated microglial inflammation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights:

• miRNA-34a expression is increased in the frontal cortices of both SIV-

infected rhesus macaques and in the HIV-1 transgenic rats.

• miRNA-34a targets the inflammasome protein, NLRC5.

• NLRC5 negatively regulates the NFκB signaling axis.

• HIV-1 Tat-mediated microglial activation involves miRNA-34a-NLRC5-

NFκB signaling axis.
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FIGURE 1. 
Increased expression of miRNA-34a both in vivo and in vitro. (A) qPCR analysis showing 

increased expression of miRNA-34a in the medial prefrontal cortices of SIV-infected rhesus 

macaques compared with the saline group. Data are mean ± SEM. An unpaired Student’s t 

test was used to determine the statistical significance. *p < 0.05 versus saline. (B) qPCR 

analysis showing increased expression of miRNA-34a in the medial prefrontal cortices of 

HIV-1 transgenic rats compared with the wild-type rats. Data are mean ± SEM. An unpaired 

Student’s t test was used to determine the statistical significance. *p < 0.05 versus wild-type. 

qPCR analysis showing dose-dependent upregulation of miRNA-34a expression in HIV-1 

Tat exposed BV-2 cells (C) as well as in mouse primary microglial cells (D). qPCR analysis 

showing time-dependent upregulation of miRNA-34a expression in HIV-1 Tat (50 ng/mL) 

exposed BV-2 cells (E) as well as in mouse primary microglial cells (F). Data are mean

±SEM from six independent experiments. Nonparametric Kruskal–Wallis one-way ANOVA 
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followed by Dunn’s post hoc test was used to determine the statistical significance of 

multiple groups. *p < 0.05 versus control. Con, Control.
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FIGURE 2. 
Downregulation of NLRC5 both in vitro and in vivo. Representative western blotting 

analysis showing the dose-dependent (A) and time-dependent (B) downregulation of 

NLRC5 expression in HIV-1 Tat exposed mouse primary microglial cells. Data are mean

±SEM from six independent experiments. Nonparametric Kruskal–Wallis 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. (C) Representative western blotting 

analysis showing decreased expression of the NLRC5 protein in the medial prefrontal 

cortices of SIV-infected rhesus macaques compared with the saline group. Data are mean ± 

SEM. An unpaired Student’s t test was used to determine the statistical significance. *p < 

0.05 versus saline. (D) Representative western blotting analysis showing decreased 

expression of the NLRC5 protein in the medial prefrontal cortices of HIV-1 transgenic rats 

compared with the wild-type rats. Data are mean ± SEM. An unpaired Student’s t test was 
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used to determine the statistical significance. *p < 0.05 versus wild-type. (E) Putative 

miRNA-34a binding sites in the 3′-UTR of NLRC5 gene. (F) miRNA target validation assay 

confirmed enrichment of the miRNA-34a target mRNA, NLRC5 in Ago IP compared with 

total RNA isolated from mouse primary microglial cells transfected with miRNA-34a mimic 

or miRNA control. GAPDH was used as a housekeeping control. (G) qPCR analysis 

showing expression levels of miRNA-34a in mouse primary microglial cells transfected with 

miRNA control, miRNA-34a mimic or miRNA-34a inhibitor following exposure to HIV-1 

Tat (50 ng/ml) for 24 h. (H) Representative western blotting analysis showing expression of 

the NLRC5 protein in mouse primary microglial cells transfected with control, miRNA-34a 

mimic or miRNA-34a inhibitor following exposure to HIV-1 Tat (50 ng/ml) for 24 h. β-

Actin was probed as an internal control for all the experiments. Nonparametric Kruskal–

Wallis 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 3. 
miRNA-34a-mediated downregulation of NLRC5 activates microglia. Representative 

immunocytochemistry staining showing expression levels of NLRC5 (red) and microglial 

activation marker, CD11b (green) in mouse primary microglial cells transiently transfected 

with miRNA-34a mimic or miRNA-34a inhibitor followed by exposure of cells to HIV-1 Tat 

(50 ng/mL for 24 h). Scalebar: 10 μM.

Periyasamy et al. Page 21

Brain Behav Immun. Author manuscript; available in PMC 2020 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FIGURE 4. 
NLCR5 negatively regulates IKK-mediated microglial NFκB signaling. Representative 

western blotting analysis showing phosphorylated and total forms of NFκB p65 (A), 

IKKα/β (B), and IKKγ (C) in mouse primary microglial cells transfected with control, 

miRNA-34a mimic or miRNA-34a inhibitor, following exposure of cells to HIV-1 Tat (50 

ng/ml; 24 h). Nonparametric Kruskal–Wallis 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. Representative western blotting analysis showing the 

phosphorylated and total forms of NFκB p65 (D), IKKα/β (E), and IKKγ (F) in the medial 

prefrontal cortices of SIV-infected rhesus macaques and saline controls. Data are mean ± 

SEM. An unpaired Student’s t test was used to determine the statistical significance. *p < 

0.05 versus wild-type. Representative western blotting analysis showing the phosphorylated 

and total forms of NFκB p65 (G), IKKα/β (H), and IKKγ (I) in the medial prefrontal 

cortices of HIV-1 transgenic and wild-type rats. Data are mean ± SEM. An unpaired 
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Student’s t test was used to determine the statistical significance. *p < 0.05 versus saline. β-

Actin was probed as an internal control for all the experiments.
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FIGURE 5. 
Pharmacological inhibition of NFκB signaling alleviates HIV-1 Tat-mediated microglial 

inflammation. qPCR analysis showing expression of miRNA-34a (A) and NLRC5 mRNA 

(B) in mouse primary microglial cells pretreated with IKK complex inhibitor - BMS345541 

for 1 h followed by exposure of cells to HIV-1 Tat (50 ng/ml; 24 h). Representative western 

blotting analysis showing expression levels of NLRC5 (C) and NFκB p65 (D) in mouse 

primary microglial cells pretreated with IKK complex inhibitor - BMS345541 (10 μM) for 1 

h followed by exposure of cells to HIV-1 Tat (50 ng/ml; 24 h). qPCR analysis demonstrating 

mRNA expression of IL1β (E) and IL6 (F) in mouse primary microglial cells pretreated with 

IKK complex inhibitor - BMS345541 for 1 h followed by exposure of cells to HIV-1 Tat (50 

ng/ml; 24 h). Data are mean±SEM of six independent experiments. β-Actin was probed as 

an internal control for all the experiments. Nonparametric Kruskal–Wallis one-way ANOVA 
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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 6. 
miRNA-34a upregulates the expression of proinflammatory cytokines. qPCR analysis 

showing mRNA expression levels of IL1β (A), and IL6 (B) in mouse primary microglial 

cells transfected with control, miRNA-34a mimic or miRNA-34a inhibitor followed by 

exposure of cells to HIV-1 Tat (50 ng/ml;24 h). Data are mean±SEM of six independent 

experiments. β-Actin was probed as an internal control for all the experiments. 

Nonparametric Kruskal–Wallis 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. qPCR analysis showing increased mRNA expression of IL1β (C) and 

IL6 (D) in the medial prefrontal cortices of SIV-infected and saline-injected rhesus 

macaques. qPCR analysis showing increased mRNA expression of IL1β (E) and IL6 (F) in 

the medial prefrontal cortices of HIV-1 transgenic and wild-type rats. Data are mean ± SEM. 
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An unpaired Student’s t test was used to determine the statistical significance. *p < 0.05 

versus saline.
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FIGURE 7. 
Schematic diagram demonstrating HIV-1 Tat-mediated upregulation of miRNA-34a, leading 

to downregulation of its target - NLRC5, which in turn, negatively regulates the NFκB 

signaling axis, resulting in increased expression of proinflammatory cytokines such IL1β 
and IL6 in microglia.

Periyasamy et al. Page 28

Brain Behav Immun. Author manuscript; available in PMC 2020 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	INTRODUCTION
	MATERIALS AND METHODS
	Reagents
	Animals
	Rhesus macaques and Simian immunodeficiency virus (SIV) infection
	Mouse primary microglial culture
	BV-2 cells
	TaqMan® miRNA assays for miRNA-34a
	Transient transfection of miRNA-34a mimic and inhibitor
	Pharmacological inhibition of NFκB complex using BMS345541
	Quantitative polymerase chain reaction (qPCR)
	Western blotting
	Immunocytochemistry
	miRNA-34a target validation
	Statistical analysis

	RESULTS
	Upregulation of miRNA-34a in the medial prefrontal cortices of SIV-infected rhesus macaques and HIV-1 transgenic rats
	Upregulation of miRNA-34a in HIV-1 Tat exposed mouse microglial cells
	Upregulation of miRNA-34a targets 3′-UTR of NLRC5 in microglial cells
	NLRC5 negatively regulates the IKK-mediated activation of NFκB in microglia
	NLRC5-mediated negative regulation of NFκB signaling activates microglial proinflammatory cytokines

	DISCUSSION
	References
	FIGURE 1.
	FIGURE 2.
	FIGURE 3.
	FIGURE 4.
	FIGURE 5.
	FIGURE 6.
	FIGURE 7.

