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Abstract

NF-κB is one of the best-characterized transcription factors, providing the link between early 

membrane-proximal signaling events and changes in many inflammatory genes. MicroRNAs are 

small non-coding RNAs that regulate gene expression at the post-transcriptional level. Here, we 

evaluated the role of miR-26b in lipopolysaccharide (LPS)-induced inflammatory response in 

bovine alveolar macrophages (bAMs). LPS stimulation of bAMs upregulated miR-26b at 1 h, and 

down-regulated miR-26b at 6 and 36 h. Overexpression of miR-26b in bAMs enhanced the LPS-

induced mRNA expression of proinflammatory cytokines and chemokines including TNF-α, 

IL-1β, IL-8, , IL-10, but directly inhibited that of IL-6. The similar trend was observed for the 

release of these cytokines and chemokines from bAMs. miR-26b directly bound the 3’-

untranslated region of PTEN, leading to the reduction of PTEN protein in bAMs. miR-26b also 

enhanced the LPS-induced NF-κB signaling pathway as revealed by increased NFκB 

transcriptional activity and phosphorylation of p65, IκBα, Ikk and Akt. Moreover, PTEN silencing 

increased the LPS-induced mRNA expression of TNF-α, IL-1β, IL-6, IL-8, and IL-10, and up-

regulated the NF-κB pathway. Taken together, we conclude that miR-26b participates in the 

inflammatory response of LPS-stimulated bAMs by modulating the NF-κB pathway through 

targeting PTEN.

#This work was supported by the USDA National Institute of Food and Agriculture under Award Number 09PRE2300211 and the 
National Heart, Lung and Blood Institute under Award Numbers R01HL116876 (to L.L.), and we used the Molecular Biology Core 
facility supported by the National Institute of General Medical Sciences under Award number P20GM103648. The content is solely 
the responsibility of the authors and does not necessarily represent the official views of the USDA or National Institutes of Health.
#To whom correspondence should be addressed: Lin Liu, Ph.D., Department of Physiological Sciences, Oklahoma State University, 
264 McElroy Hall, Stillwater, OK 74078, USA, Tel.: (405) 744-4526; Fax: (405) 744-8263; lin.liu@okstate.edu. 

HHS Public Access
Author manuscript
J Immunol. Author manuscript; available in PMC 2016 December 01.

Published in final edited form as:
J Immunol. 2015 December 1; 195(11): 5404–5414. doi:10.4049/jimmunol.1402933.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



INTRODUCTION

Bovine respiratory disease (BRD) complex, also known as shipping fever, is the biggest 

health obstacle for the cattle industry and causes great economic losses to the global cattle 

industry (1). Stressful management practices, environmental factors, and a variety of 

microorganisms are believed to contribute to the pathogenesis of BRD. Mannheimia 

haemolytica (formally known as Pasteurella haemolytica) is the primary bacterial agent 

responsible for the clinical disease (2). M. haemolytica produces various potential virulence 

factors including the endotoxin, lipopolysaccharide (LPS), which causes acute 

inflammation, hemorrhage, edema, and hypoxemia (3).

LPS is a component of the outer membrane of Gram-negative bacteria such as M. 

haemolytica and Escherichia coli. LPS initiates the innate immune responses via the Toll-

like receptor 4 (TLR4) that works as a primary sensor to detect various microbial 

components (4). The stimulation of TLR4 activates the IκB kinase (Ikk) complex and leads 

to the phosphorylation of IκBα, resulting in its ubiquitin-induced degradation by the 26S 

proteasome (5). NF-κB heterodimers, p50/p65 are then released and translocated to the 

nucleus, where they bind to κB DNA sequence motifs and induce the expression of 

important immune-regulatory genes (5, 6), including inflammatory cytokines such as TNF-α 

and IL-6 (4, 7) and nitric oxide production (8). Thus, modulating NF-κB activity is a logical 

therapeutic approach for the treatment of inflammatory-mediated diseases.

The phosphatase and tensin homolog on chromosome ten (PTEN) gene was initially 

identified as a tumor suppressor (9, 10). PTEN plays an important role in multiple cellular 

events including proliferation and apoptosis (11). PTEN is a phosphoinositide phosphatase 

that dephosphorylates phosphatidylinositol 3, 4, 5-trisphosphate (PIP3) to PIP2 (12). PTEN 

acts as an natural inhibitor of the PI3K/Akt pathway. Dysfunction of PTEN results in PIP3 

accumulation in cells, followed by the hyperactivation of the PI3K/Akt downstream 

signaling (11), leading to increased cell proliferation and survival. Down-regulation of 

PTEN also activates the NF-κB pathway signaling by increasing p65 subunit nuclear 

translocation in mouse mesangial cells (13). Thus, reduction of PTEN protein levels induces 

gene expression related to diverse cellular processes including inflammation (14-16).

MicroRNAs (miRNAs) are non-coding small RNAs (~21–23 nucleotides) that regulate 

many biological processes and contribute to various disorders including inflammatory 

diseases (17-19). miRNAs inhibit the expression of target genes at the post-transcriptional 

level (20, 21). The binding of a miRNA in the form of the RNA-induced silencing complex 

with 3’-untranslationed region (3’-UTR) of its target mRNA represses protein synthesis by 

translational inhibition and mRNA cleavge or decay (21). In rare cases, miRNAs can 

activate translation (22, 23). miRNAs are potential regulators of inflammatory responses in 

many immunoactive cells, including alveolar macrophages (24-26). Additionally, miRNAs 

are known to regulate the NF-κB pathway (27). miR-146a inhibits NF-κB activity by 

targeting TRAF6 (28). In contrast, miR-21 enhances NF-κB activity through repression of 

PTEN expression, forming a positive feedback loop (29, 30). miR-301a elevates NF-κB 

activity by down-regulating NF-κB repressing factor (NKRF) levels, which in turn further 
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promotes miR-301a transcription (31). Multiple miRNAs including miR-21 (32-34), 

miR-26a (35) and miR-17-92 (36) have been shown to target PTEN.

Very little is known regarding the role of miRNAs in the progression of BRD. In addition, 

the biological function of miRNAs in modulating NF-κB signaling in bovine alveolar 

macrophages (bAMs) and their key target genes are still poorly understood. In this study, we 

identified miR-26b as an LPS-induced inflammatory responsive miRNA in bAMs. Further 

investigation revealed that miR-26b increased NF-κB activity and thus cytokine expression 

in bAMs challenged with LPS by negatively regulating PTEN. Our studies suggest that tight 

regulation of miR-26b is critical for the inflammatory response through NF-κB signaling in 

bAMs and may provide a new therapeutic target for BRD.

MATERIALS AND METHODS

Bovine alveolar macrophage isolation and LPS stimulation

Bovine lungs (Ralph’s Packing Company, Perkins, Oklahoma) were infused by gravity (30 

cm height) with cold Hanks’ balanced salt solution (pH 7.4) without Ca2+ or Mg2+ 

(HBSS−). The infused fluid was gauze-filtered. bAMs were collected by centrifugation (200 

xg, 10 min at 4°C). After being washed twice in HBSS−, bAMs were resuspended in 

Dulbecco’s Modified Eagle’s medium (DMEM ) (ATCC, Manassas, VA) with 10% fetal 

bovine serum (FBS) (Atlanta Biologicals, Atlanta, GA) and seeded into 6-well cell culture 

plates at a density of 4 million cells per well. bAMs were allowed to adhere for 4 h and then 

stimulated with 1 μg/ml of Escherichia coli LPS (055:B5; Sigma-Aldrich, St Louis, MO) for 

1 - 48 h. The cell viability was determined by trypan blue dye exclusion assay. The purity of 

bAMs was determined by immunocytochemistry with monoclonal anti-CD68 (EBM11). 

bAMs were maintained in DMEM containing 10% FBS, 100 U/ml penicillin and 100 mg/ml 

streptomycin. We used E. coli LPS in the current study because a relatively pure preparation 

of E. coli LPS is commercially available. A side-by-side comparison study of LPS from E. 

Coli and M. haemolytica did reveal any obvious differences on bovine lung cells (37). 

Furthermore, the pattern of cytokine expression in bovine alveolar macrophages stimulated 

by LPS from M. haemolytica (38, 39) and from E. Coli (the current study) appears to be 

similar although the peak expression of cytokines showed a slight difference for some 

cytokines.

Immunocytochemistry

Freshly isolated bAMs were seeded in 24-well cell culture plates and allowed to adhere for 4 

h. Then, cells were washed twice with phosphate buffered saline (PBS) (pH 7.4) and fixed 

with 4% paraformaldehyde in PBS for 30 min, followed by permeabilization with 0.1% 

Triton X-100 for 15 min and blocking with 1% bovine serum albumin (BSA) for 1 h. Cells 

were incubated with mouse monoclonal anti-CD68 (EBM11) (1:100) (Dako, Carpenteria, 

CA) at 4°C overnight. Cells were then washed and incubated with Alexa-Fluor-488-

conjugated anti-(mouse IgG) secondary antibodies (1:500) (Bio-Rad, Hercules, CA). The 

negative controls were treated as described above except the omission of the primary 

antibody. 4', 6-Diamidino-2-phenylindole dihydrochloride (DAPI) (2.5 mg/ml) (Sigma-

Aldrich, St Louis, MO) staining was performed for counting cells. Cells were viewed on a 
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Nikon Eclipse TE 2000 U inverted fluorescence microscope or Nikon Eclipse E600 

fluorescence microscope.

RNA isolation and quantitative real-time PCR

Total RNAs were extracted from bAMs using TRI Reagent (Molecular Research Center, 

Inc., Cincinnati, OH). Residual DNA was removed using DNA-free DNase (Ambion, 

Austin, TX). RNAs were reverse-transcribed into cDNA using M-MLV reverse transcriptase 

(Invitrogen, Carslbad, CA). Quantitative RT-PCR (qRT-PCR) was performed in triplicate on 

an ABI 7500 system (Applied Biosystems, Foster City, CA) using SYBR Green I detection 

and gene-specific primers (Table 1). The fluorescent signal was only detected in the 

amplification step for each cycle. A melt curve was generated to check the specificity of the 

amplification at the dissociation stage. 18S rRNA was used as an internal control. The 

relative amount of each mRNA to 18S rRNA was calculated with the equation 

2− (CtmRNA −Ct18S).

For quantification of miRNAs, 5 μg of total RNAs were poly (A)-tailed using A-Plus™ Poly 

(A) Polymerase tailing kit (Epicentre Biotechnologies, Madison, WI). 1.5 μg of poly (A)-

tailed RNAs were reversed-transcribed into cDNA using oligo dT primers and M-MLV 

reverse transcriptase. qRT-PCR was performed using the target mature miRNA sequence as 

the forward PCR primer (Table 1) and a universal primer (5’- 

GCGAGCACAGAATTAATACGACTCAC-3’) as the reverse primer. U6 snRNA was used 

as an internal control. The relative amount of each miRNA to U6 snRNA was calculated by 

the comparative Ct method using the equation 2− (CtmiRNA −CtU6).

Cytokine measurement in culture medium

Immediately after collection, culture medium was centrifuged at 1,000 rpm for 5 min at 4°C 

to remove residual cells. The supernatant was harvested and stored at −80°C for subsequent 

analysis. Concentrations of TNF-α, IL-1β, IL-6, IL-8, and IL-10 in culture media were 

assayed using bovine ELISA kits: TNF-α (Raybiotech, Norcross, GA), IL-1β (Thermo 

Scientific, Waltham, MA), IL-6 (Thermo Scientific), IL-8 (MyBiosource, San Diego, CA), 

and IL-10 (MyBiosource) following manufacturers' instructions. All samples were assayed 

in duplicate. Cytokine concentrations were expressed as pg/ml based on relevant standard 

curves.

Target gene and pathway analyses of miR-26b

Web-based software of Pictar (URL: http://pictar.mdc-berlin.de/) and TargetScan (URL: 

http://www.targetscan.org/mmu_50/) were used to predict the pathways and targets of 

miR-26b. Commonly used algorithms give variable weight to: (i) complementarity to the 

miRNA seed region; (ii) evolutionary conservation of the miRNA recognition elements 

(MREs); (iii) free energy of the miRNA-mRNA heteroduplex; and (iv) mRNA sequence 

features outside the target site. TargetScan and PicTar focus on the seed region in miRNA 

targeting (40, 41). TargetScan requires an exact match to ≥7 bases of the seed sequence (40). 

PicTar imposes a stringent free energy cutoff for imperfect matches (41). Both TargetScan 

and PicTar improve their predictions because of evolutionary conservation. Furthermore, 

TargetScan improves predictions for non-conserved sequences and adds a ‘context score’ 
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considering features in the surrounding mRNA which include local A-U content and 

location (near either end of the 3′-UTR is preferred) (42). mRNAs that have a high context 

score or multiple predicted MREs are more likely to be true targets.

Construction of lentiviral vectors

We constructed a lentiviral miR-26b expression vector as previously described (43). The 

lentiviral control vector (miR-con) contains a non-relevant sequence as a negative control. 

For PTEN silencing lentiviral vector, shRNA of PTEN (Table 1) was cloned into pSIH1-H1-

copGFP Vector (System Biosciences, Mountain View, California, USA). The control 

shRNA vector was purchased from System Biosciences. The lentiviruses were generated in 

HEK 293T cells using Lenti-X HTX Packaging Mix (Clontech, Mountain View, CA), then 

titered and stored at −80°C until use.

Construction of 3’-UTR luciferase reporter vectors

We divided the three binding sites of PTEN into 2 segments for cloning due to the length of 

its 3’-UTR. PTEN1 contained two binding sites (43-49 and 1278-1285), and PTEN2 

contained one binding site (2618-2625). PTEN1 and PTEN2 were PCR-amplified from 

bovine genomic DNA and cloned into the pmirGLO vector (Promega, Madison, WI) 

downstream of a firefly luciferase reporter gene using the Nhel I and Sal I restriction sites. 

We used over-lapping PCR to construct the luciferase reporters with mutant PTEN 3’-UTR 

of miR-26b binding sites. We first amplified the PTEN1 or PTEN2 as two fragments with 

overlapping mutation sites using two primer sets. The annealing two fragments were then 

used as a template to amplify the mutant PTEN1 or 2. The primer sequences are listed in 

Table 1.

Dual luciferase reporter assay

Raw 264.7 cells were seeded in a 96-well plate (2 ×104 cells/well). After being in culture for 

24 h, the cells were co-transfected with 5 ng of wild-type or mutant PTEN 3’-UTR 

luciferase reporter construct and 100 ng of miR-26b expression plasmid using 

Lipofectamine 2000 (Invitrogen, Carlsbad, CA). The empty pmirGLO vector was used as a 

control. 24 h after transfection, cells were harvested and dual luciferase activities were 

measured with Dual Luciferase Reporter Assay System (Promega, Madison, WI). Data were 

normalized by dividing firefly luciferase activity by Renilla luciferase activity.

For the pathway activity, Raw 264.7 cells were seeded in a 96 well plate at a density of 2 

×104 cells/well. After being in culture for 24 h, the cells were transfected with 50 ng of 

miR-26b and 100 ng of NF-κB pathway-luciferase-reporter construct (SABiosciences, 

Frederick, MD). miR-con was used as a control. 24 h after transfection, LPS (1 μg/ ml) was 

added. After 18 h stimulation, the cells were harvested. NF-κB transcriptional activity was 

measured with Dual Luciferase Reporter Assay System. Data was expressed as a ratio of 

firefly luciferase activity to Renilla luciferase activity.

Western blotting

Cells were lysed in lysis buffer (Thermo Scientific, Rockford, IL) and protein concentrations 

were determined using DC protein assay kit (Bio-Rad, Hercules, CA). Twenty μg of protein 
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extracts were separated by 10% SDS-PAGE and then transferred onto nitrocellulose 

membranes. Proper transfer was ensured by staining the membrane with Ponceau S. 

Membranes were blocked overnight with 5% dried skimmed milk powder in 100 mM 

TBST. Then, the membranes were incubated at 4°C overnight with primary antibodies: anti-

PTEN (1:500, Bioss, Woburn, MA), anti-Akt (1:500, Bioss), anti-phospho-Akt (1:1,000, 

Millipore, Bellerica, MA), anti-Ikkβ (1:1,000, Cell Signaling Technologies, Beverly, MA), 

anti-Ikkα (1:1,000, Cell Signaling Technologies), anti-phospho-Ikkα/β (1:1,000, Cell 

Signaling Technologies, Beverly, MA), anti-IκBα (1:1,000, Cell Signaling Technologies, 

Beverly, MA), anti-phospho-IκBα (1:1,000, Cell Signaling Technologies, Beverly, MA), 

anti-NF-κB p65 (1:1,000, Abcam, Cambridge, MA), anti-phospho-NF-κB p65 (1:500 

dilution, Bioss) and anti–GAPDH (1:500, Sigma-Aldrich) and anti-β-actin (1:500, Sigma-

Aldrich). After being washed with TBST three times, the membranes were incubated with 

horseradish peroxidase-conjugated secondary antibodies (Bio-Rad, Hercules, CA) for 1 h. 

Blots were washed again and target proteins were visualized using the enhanced 

chemiluminescence detection system. All the experiments were repeated three times. All the 

results are from separate blots to avoid possible problems related to incomplete stripping.

Nitric oxide measurement

The level of nitric oxide production was monitored by measuring nitrite and nitrate 

concentration in the cultured medium. bAM culture media were collected and centrifuged at 

4°C for 5 min to remove the residual cells. The amount of nitric oxide in the supernatant was 

measured by mixing the medium with the same volume of Griess reagent (100 μl) in a 96-

well plate. The plate was incubated for 15 min at room temperature and read at 570 nm by a 

spectrophotometer (44).

RESULTS

Viability and purity of bovine macrophages

The viabilities of the isolated bAMs were 72 ± 1.8 % and 92 ± 0.5% (means ± SE, n=9) 

before and after attachment as revealed by trypan blue staining. The purity of the attached 

bAMs was determined by Wright’s Giemsa staining and immunostaining for the surface 

antigen CD68, which is a cell surface marker of macrophages (Supplementary Fig. 1). The 

immunostaining showed that 96.1 ± 0.5% (means ± SE, n=9) cells were positive for CD68. 

Only cell preparations containing bAMs with > 95% purity were used for our studies.

LPS induces a time-dependent cytokine mRNA expression and nitric oxide production in 
bAMs

LPS induces rapid production and release of inflammatory cytokines and chemokines known 

to be involved in lung inflammation and acute lung injury (45). We incubated bAMs with 

LPS for various time periods and determined cytokine and chemokine expression. TNF-α 

and IL-6 mRNA expression peaked at 1 h after LPS stimulation of bAMs (Fig. 1A, B) while 

IL-1β and IL-10 mRNA expression peaked at 6 and 36 h post-LPS exposure, respectively 

(Fig. 1C, D).
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It is known that nitric oxide generated from LPS-stimulated bAMs causes cytotoxic injury to 

pulmonary cells (46). NO also plays an important role in numerous pathophysiological 

conditions including inflammation, and is induced in a nuclear factor (NF)-κB-dependent 

manner (47-49). LPS enhanced NO production in bAMs as revealed by increased nitrate and 

nitrite levels in culture media, reaching a maximum at 6 h post-LPS stimulation (Fig. 1E). 

Based on cytokine expression and NO production, we chose 1, 6 and 36 h for further studies.

miR-26b is dynamically changed in bAMs after LPS stimulation

Based on our preliminary microRNA microarray studies, we found that miR-26b is a LPS-

responsive miRNA in bAMs. Real-time PCR analysis revealed that miR-26b expression in 

bAMs was increased in the early phase, but decreased in the later stages after LPS 

stimulation (Fig. 2).

miR-26b enhances LPS-induced mRNA expression of TNF-α, IL-1β, IL-8, and IL-10 but 
represses that of IL-6

We further explored whether miR-26b regulates inflammatory cytokine and chemokine 

mRNA levels in LPS-stimulated bAMs. We first determined miR-26b expression levels 

after infecting bAMs with different MOIs of miR-26b lentivirus or lentiviral control (VC). 

Maximal expression of miR-26b was achieved at a MOI of 50 (Fig. 3A). We then infected 

bAMs with miR-26b lentivirus or VC at a MOI of 50 and challenged them with LPS for 0, 

1, 6 and 36 h. The blank control group (BC) was bAMs without virus infection. As seen in 

Fig. 3B-F, the combination of miR-26b and LPS greatly augmented TNF-α, IL-8, IL-1β, and 

IL-10 mRNA expression. However, miR-26b markedly reduced the level of IL-6 mRNA, 

consistent with the report that IL-6 is a direct target of miR-26b (50).

Cytokine protein production in culture media of bAMs was quantified by ELISA. In the 

LPS-challenged miR-26b-infected bAMs, we observed a significant increase in TNF-α, 

IL-8, IL-1β, and IL-10 protein and a decrease in IL-6 protein in the culture media as 

compared to the levels of these cytokines in the VC group treated with LPS (Fig. 3G-K).

miR-26b promotes LPS-induced NO production

Since NO is up-regulated by LPS and proinflammatory cytokines, we next examined NO 

production in miR-26b-challenged bAMs. NO production was increased after 6 h of LPS 

stimulation in lentiviral miR-26b-infected bAMs compared to VC-infected bAMs but did 

not reach the significant level (Fig. 3L). These results suggest that miR-26b and LPS 

synergistically enhance TNF-α, IL-1β, IL-8, and IL-10 but repress IL-6 expression at the 

mRNA level, resulting in enhanced TNF-α, IL-1β, IL-8, IL-10 protein and NO production 

but decreased IL-6 protein levels in the culture media.

PTEN is repressed by miR-26b

To decipher how miR-26b regulates LPS-induced cytokine expression, we used the 

bioinformatics tool, Targetscan, to predict target genes of miR-26b. Among these potential 

targets, there are 3 binding sites in the 3’-UTR of PTEN, which is highly conserved in 

mammals including cows, humans, mice and rats. Furthermore, PTEN inhibition activates 

Akt, which consequently activates Ikk, leading to degradation of IκB and nuclear 
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translocation of the transcription factor NF-κB (51). Therefore, we chose PTEN for further 

analysis.

To verify whether PTEN is a potential target of miR-26b, Raw 264.7 cells were co-

transfected with the PTEN 3’-UTR firefly luciferase reporter vector and miR-26b or the 

control vector, miR-Con. Due to the length of the PTEN 3’-UTR, we cloned binding sites 1 

and 2 into one luciferase reporter vector (PTEN1-WT), and cloned binding site 3 into a 

second reporter vector (PTEN2-WT) (Fig. 4A). We found that miR-26b repressed activities 

of both PTEN1 and PTEN2 (Fig. 4B). When we mutated the binding site 1 or 2 in PTEN1 

(PTEN1-M1 or PTEN1-M2), the inhibition of the reporter activities by miR-26b was less 

compared to PTEN1-WT. Furthermore, the mutation of both binding sites (PTEN1-M1+M2) 

completely abolished the miR-26b inhibition. Similarly, the mutation of the binding site 3 in 

PTEN2 (PTEN2-M3) also resulted in no inhibition of the reporter activity by miR-26b. 

These results suggest that three binding sites in 3’-UTR of PTEN are all involved in the 

binding of miR-26b.

To further confirm the results, western blotting was used to determine the endougenous 

PTEN protein in miR-26b-overexpressing bAMs. The result showed that PTEN protein level 

was reduced by miR-26b overexpression (Fig. 4C, D).

miR-26b expression was increased at 1 h and then declined at 6 h and 36 h in bAMs 

stimulated with LPS (Fig. 2). We determined PTEN expression in LPS-stimulated bAMs as 

used in Fig. 2 to see whether miR-26b is inversely correlated to PTEN expression. The 

results showed that mRNA and protein levels of PTEN were reduced at 1 h and then 

gradually recoverd at 6 h and 36 h after LPS stimulation (Fig. 4E, F). Taken together, we 

concluded that PTEN is a target of miR-26b in bAMs.

miR-26b enhances LPS-induced NF-κB signaling pathway

PTEN is known to inhibit Akt phosphorylation and thus the NF-κB pathway (52, 53). 

Therefore, we next investigated whether miR-26b can activate NF-κB signaling. We first 

used a dual luciferase reporter assay to assess the effect of miR-26b on the NF-κB pathway. 

We found that miR-26b up-regulated the activity of the NF-κB luciferase reporter construct 

after LPS stimulation compared with the control vector, miR-Con (Fig. 5A). Then, we 

determined the effect of miR-26b on LPS-induced phosphorylation of Akt, Ikk, IκBα and 

p65. miR-26b greatly enhanced the LPS-stimulated phosphorylation of Akt, Ikk, IκBα and 

P65 at the early time point (15 min) (Fig. 5B). The phosphorylation of these proteins 

sustained up to 60 min, the longest time point measured in the current study. Thus, these 

results show that miR-26b and LPS cooperatively up-regulate the NF-κB singling pathway.

PTEN silencing enhances LPS-induced cytokine expression and activates the NF-κB 
signaling pathway

In order to assess the role of PTEN in the LPS-induced NF-κB signaling pathway and in 

inflammatory responses in bAMs, we silenced PTEN using a PTEN shRNA lentivirus to see 

whether the expression of cytokines and chemokines and NF-κB signaling pathway were 

affected. PTEN shRNA significantly reduced the expression of PTEN protein in bAMs (Fig. 

6A). To determine whether silencing PTEN causes the same cytokine and chemokine 
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responses in LPS-induced bAMs as miR-26b, bAMs were infected with PTEN shRNA 

lentivirus or the control lentivirus (Con-shRNA) at a MOI of 50 for 24 h and then treated 

with LPS for 0, 1, 6 and 36 h. Similar to miR-26b, PTEN silencing markedly increased the 

mRNA expression of TNF-α and IL-1β at 1 and 6 h (Fig. 6B, D). However, PTEN silencing 

enhanced IL-8 and IL-10 mRNA expression at 36 h rather than at 1 or 6 h as for the case of 

miR-26b (Fig. 6D, E). In contrast to miR-26b, which decreased the mRNA expression of 

IL-6 (Fig. 3F), PTEN silencing increased IL-6 mRNA level (Fig. 6F). This is consistent with 

the observation that IL-6 is a direct target of miR-26b (50).

To investigate the molecular mechanism by which PTEN silencing influences the LPS-

induced NF-κB pathway in bAMs, we determined the phosphorylation of the components 

involved in the pathway by western blotting (Fig. 7). The phosphorylation of Akt, Ikk, 

IκBα, and p65 were enhanced by PTEN silencing after 15 min of LPS stimulation in bAMs, 

which is the same pattern as for miR-26b (Fig. 5B).

DISCUSSION

The expression and functions of miRNAs are cell- and tissue-specific. The role of miRNAs 

in the inflammatory response of bovine alveolar macrophages to LPS challenge has not been 

investigated in detail. In this study, miR-26b was found to be a LPS-responsive miRNA in 

bAMs. miR-26b increased the expression of inflammatory cytokines and chemokines, and 

production of nitric oxide. miR-26b also enhanced the NF-κB pathway by targeting PTEN, 

therefore acting upstream of the NF-κB pathway. Taken together, these data reveal that 

miR-26b promotes inflammatory responses in LPS-stimulated bAMs through the activation 

of the NF-κB pathway by inhibiting PTEN (Fig. 8). It raises the possibility for the 

development of novel therapeutic strategies for decreasing the morbidity associated with 

BRD by regulating miR-26b expression.

Alterations in gene expression including miRNA expression can regulate cellular responses 

to exogenous stimulation. LPS is one of the potential virulence factors and is known as an 

inducer of inflammation playing a significant role in the lesion severity in lung tissue (54, 

55). Since BRD is a multi-factorial complex phenotype, dissecting molecular networks 

involved is essential for understanding the pathogenesis of BRD. It has been demonstrated 

that miRNAs play important roles in bovine monocyte inflammatory and metabolic 

networks (56). Many LPS-responsive miRNAs also have a role in proinflammatory cytokine 

production in other species rather than bovine (57-59). miR-223, for example, is down-

regulated in RAW264.7 cells challenged with LPS, which leads to the up-regulation of 

signal transducer and activator of transcription 3 (STAT3) and promotes pro-inflammatory 

IL-6 and IL-1β transcription (57). It is unknown if miR-223 has a similar role in alveolar 

macrophages. This is of interest since these cells play a critical role in the innate immunity 

against infections of BRD. In our study, miR-26b was identified as one of the LPS 

responsive miRNAs in bAMs. To our knowledge, this is the first report to study the function 

of LPS-responsive miRNAs in bovine alveolar macrophages and the first to report that 

miR-26b is an important regulator of proinflammatory cytokines and chemokines production 

in these cells.
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miR-26 is involved in many biological processes. It has been suggested that miR-26 may 

play a significant role in tumor formation, since miR-26 expression is frequently abnormal 

in tumors (60). miR-26b also enhances human pituitary tumor cell behavior through the 

direct regulation of PTEN (61). Estrogen-repressed miR-26a regulates numerous genes 

associated with cell growth and proliferation in breast tumors (62). miR-26b is down-

regulated in carcinoma-associated fibroblasts from estrogen receptor-positive breast 

cancers , which results in enhanced cell migration and invasion (63). miR-26b may regulates 

obesity-related insulin sensitivity and inflammatory responses (64). In spite of all these 

studies, there are very few functional studies of miR-26b in bovine lungs associated with 

inflammation. We demonstrated that miR-26b promotes pulmonary inflammation by 

enhancing mRNA expression levels of TNF-α, IL-1β, IL-8, and IL-10 but not IL-6, 

supporting a previous finding that IL-6 is a direct target of miR-26b (50). Furthermore, 

secreted cytokine protein levels mirrored those found in the mRNA, establishing that these 

changes are functionally significant. In all, these findings add to the growing body of cell- 

and tissue-specific functions of miR-26b.

NF-κB is a transcription factor that controls a variety of important genes encoding 

transcriptional factors, adhesion molecules, cytokines and growth factors involved in 

inflammation and the immune response. LPS is a potent activator of NF-κB in alveolar 

macrophages (8). Because of its importance to many biological processes, NF-κB activation 

and activity are tightly regulated by a battery of endogenous mechanisms. The excessive and 

prolonged production of pro-inflammatory mediators triggered by NF-κB pathway, such as 

TNF-α and IL-6 may result in tissue damage (7). Evidence is growing rapidly that 

establishes an important etiologic role of miRNAs in the initiation and progression of 

pathological inflammation and immune responses. miRNA control of NF-κB is emerging as 

a significant mechanism in disease and normal homeostasis (27).

Several studies have reported the involvement of miRNAs in the regulation of NF-κB 

signaling. Estradiol inhibits LPS-stimulated NF-κB pathway through correlated regulation 

of miR-125b and let-7a in primary human macrophages (65). miR-155 reduces the 

production of proinflammatory cytokines through the activation of NF-κB by targeting 

IKKε in epithelial cell line (66). Little is known concerning the function of miR-26b in the 

regulation of NF-κB signaling in bovine alveolar macrophages. In this study, we proved that 

miR-26b up-regulates the LPS-stimulated NF-κB signaling pathway by suppressing PTEN 

in bAMs, providing new insight into the regulatory role that miR-26b plays in the NF-κB 

pathway in alveolar macrophages.

PTEN is well known as a tumor suppressor gene and frequently deleted or mutated in a wide 

variety of human cancers including lung cancers (67). PTEN encodes a protein that has 

sequence homology with phosphatases that dephosphorylate phosphates of serine/threonine 

and tyrosine phosphates on protein (9, 10). PTEN also dephosphorylates PIP3 and PIP2. Akt 

has been demonstrated as one of the important downstream targets of PI3K (68). Ikk is one 

of the downstream targets of activated Akt (52). In addition, Ikk is an upstream gene in the 

NF-κB pathway. Akt-mediated effects on target gene transcription lead to various cellular 

responses of cancers (67). However, it is unknown whether miRNAs acting through PTEN 

play any role in bovine lung inflammation and whether such an effect is mediated through 
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the NF-κB pathway. In this study, we demonstrated that PTEN is a target of miR-26b. 

Additionally, we found that NF-κB signaling is up-regulated by PTEN silencing, which 

results in the enhancement of inflammatory cytokine mRNA expression levels including 

IL-6. However, under PTEN inhibition, the peak times of IL-8 and IL-10 shifted to 36 h 

compared with 1 and 6 h with miR-26b overexpression. This leaves us an interesting 

direction to study in the future.

In summary, miR-26b enhances inflammatory responses in vitro through the promotion of 

the NF-κB pathway by directly targeting PTEN (Fig. 8).Consequently, miR-26b has a 

significant mechanistic role in NF-κB activation in bAMs and may be responsible for the 

inflammatory reaction that is important in the development of bovine lung diseases caused 

by gram-negative bacteria. Therefore, strategies aimed at mitigating miR-26b expression to 

reduce NF-κB activation in bAMs may represent a potential therapy for ameliorating disease 

in BRD.
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Fig. 1. LPS induces mRNA expression of cytokines and NO production from bAMs
bAMs were stimulated with LPS (1 μg/ml) for various times. Controls were bAMs without 

LPS stimulation. The mRNA expression of TNF-α (A), IL-6 (B), IL-1β (C), and IL-10 (D) 

was measured by real-time PCR using 18S rRNA as an endogenous control. (E) NO 

production in the medium was determined using the Griess reagent in triplicate. Data was 

expressed as a fold change to 0 h control. Results are shown as means ± SE. *P<0.05 vs. 0 h 

(n=3 cell preparations).
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Fig. 2. miR-26b expression in LPS-stimulated bAMs
bAMs were treated with LPS (1 μg/ ml) for 0, 1, 6 and 36 h. miR-26b expression level was 

determined by real-time PCR. Data was normalized to U6 snRNA. Results are expressed as 

means ± SE. *P<0.05 vs. 0 h (n=3 cell preparations).
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Fig. 3. miR-26b enhances LPS-induced mRNA and protein expression of TNF-α, IL-8, IL-1β, 
and IL-10, but represses that of IL-6
(A) bAMs were infected with various multiplicity of infection (MOI) of miR-26b lentivirus 

or lentiviral control vector (VC). miR-26b expression level was determined by real-time 

PCR. Data was expressed as a fold change to 0 h VC. Results are expressed as means ± SE 

(n=3 cell preparations). (B-L) bAMs were infected with lentiviruses expressing miR-26b or 

VC at a MOI of 50. bAMs that were not infected with lentiviruses are blank control (BC). 

Then, bAMs were stimulated with or without LPS (1 μg/ml) for 1, 6 and 36 h. The mRNA 

expression of TNF-α (B), IL-8 (C), IL-1β (D), IL-10 (E) and IL-6 (F) at indicated time 

points was analyzed by real-time PCR. The expression of each gene was normalized to the 

average of BC at 0 h. The protein levels of TNF-α (G), IL-8 (H), IL-1β (I), IL-10 (J), and 

IL-6 (K), as well as NO production (L) in the culture media were assayed with a specific 

ELISA or Griess reagent. Results are expressed as means ± SE. *P<0.05 vs. VC+LPS (n=3 

cell preparations).
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Fig. 4. PTEN is a target of miR-26b
(A) The potential interaction between bta-miR-26b and the putative binding sites in the 3’-

UTR of the bovine PTEN gene. Mutations of bta-miR-26b binding sites in the 3’-UTR of 

bovine PTEN are indicated. (B) 3’-UTR luciferase reporter assays. HEK293T cells were co-

transfected with wild-type (WT) PTEN1, PTEN2 or their mutants (M1, M2, M1+M2 or M3) 

and miR-26b or miR-con for 24 h. Firefly luciferase activity was normalized to Renilla 

luciferase activity. The results were expressed a ratio of empty pmirGLO vector + miR-con 

(means ± SE). *P<0.05 vs. miR-con (n=3 cell preparation). (C) Western blotting for PTEN 

in the bAMs without lentivirus (BC) or infected with lentivirus expressing miR-26b or the 

lentiviral control vector (VC). (D) The blotting bands were quantified by ImageJ. The 

relative PTEN expression levels were normalized to β-actin. Results are expressed as means 

± SE. *P<0.05 vs. BC (n=3 cell preparation). (E-F) bAMs were stimulated with LPS (1 

μg/ml) for various times. Controls were bAMs without LPS stimulation. The mRNA levels 

of PTEN were measured by real-time PCR using 18S rRNA as an endogenous control (E). 

*p<0.05 vs. miR-con at the same time point; **P<0.05 vs. miR-26b at 0 h stimulation (n=3 

cell preparation). The protein level of PTEN was measured by western blotting (F).
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Fig. 5. miR-26b activates NF-κB signaling
(A) Raw 264.7 cells were co-transfected with a NF-κB luciferase-reporter construct and 

miR-26b or miR-Con. After 24 h culture, cells were stimulated with or without LPS (CON). 

Blank Control (BC): Raw 264.7 cells transfected with only NF-κB luciferase-reporter 

construct. The firefly luciferase activity was normalized to Renilla luciferase activity. 

Results are expressed as fold change over blank control (BC) without LPS stimulation. 

Results are expressed as means ± SE. **P<0.05 vs. miR-Con with LPS, *P<0.05 vs. CON 

(n=3 cell preparation). (B) Western blot analysis of phosphorylated Akt, Ikk, IκBα and p65 

in lysates from bAMs infected with miR-26b or control lentivirus (VC) at a MOI of 50 for 

16 h, and then treated for 0 – 60 min (above lanes) with LPS. Blank control (BC): bAMs 

without virus infection.
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Fig. 6. PTEN silencing promotes LPS-induced TNF-α, IL-8, IL-1β, IL-10 and IL-6 mRNA 
expression
bAMs were infected with PTEN silencing lentivirus (PTEN shRNA) or virus control (Con 

shRNA) and cultured for 24 h. Blank control (BC): bAMs without virus infection. (A) 

Western blot analysis was performed to determine PTEN expression. (B-F) infected or un-

infected bAMs were stimulated with or without LPS (1 μg/ml) for 1, 6 and 36 h. The mRNA 

expression of TNF-α (B), ), IL-8 (C), IL-1β (D), IL-10 (E) and IL-6 (F) at indicated time 

points was analyzed by real-time PCR. The expression of each gene was normalized to the 

average of BC control samples at 0 h. Results are expressed as means ± SE. *P<0.05 vs. 

Con shRNA + LPS (n=3 cell preparations).
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Fig. 7. PTEN silencing activates NF-κB signaling in bAMs
Western blot analysis of phosphorylated Akt, Ikk, IκBα and p65 in lysates of bAMs infected 

with lenti-viruses expressing PTEN shRNA or vector control (Con shRNA) of MOI 50 for 

16 h, and then treated for 0 – 60 min (above lanes) with LPS. Blank control (BC): bAMs 

without virus infection.
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Fig. 8. Proposed mechanism of miR-26b enhancement of LPS-stimulated NF-κB pathway 
through down-regulation of PTEN
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Table 1

Primers designed for PCR amplification

Forward primer Reverse primer

18s CTGTTGCTCTCTTGGCAGCTT GGTGGAAAGGTGTGGAATGTG

TNF α TGATGCTGATTTGGTGACTGATT TTATTTCTCGCCACTGACCAGTAG

IL 6 CCAGAGAAAACCGAAGCTCTCA TCCTTGCTGCTTTCACACTCA

IL 8 CTGTTGCTCTCTTGGCAGCTT GGTGGAAAGGTGTGGAATGTG

IL 10 TGCATAGCTCAGCACTACTCTGTTG GCTGGTTGGCAAGTGGATACA

IL 1β TGAGCTGTTATTTGAGGCTGATG TGAGAAATCTGCAGCTGGATGT

miR-26b ACCCAGTTCAAGTAATTCAGGA GCGAGCACAGAATTAATACGACTCACTATAGGTTTTTTTTTTTTAACCT

U6 AGGCTCTGAAAGACCGAGTG GCGAGCACAGAATTAATACGACTCACTATAGGTTTTTTTTTTTTVN

PTEN1 3’-
UTR-
WT
(PTEN1-WT)

CATGCTAGCCACCACTGACTCTGATCCAGAG TCCGTCGACCATATGCAGTCTGGGCATATCA

PTEN1 3’-
UTR-
Mutant 1
(PTEN1-M1)

ACACCATGAAAACAACTATCTATAAACTGAA TTCAGTTTATTCAAGTTTGTTTTCATGGTGT

PTEN1 3’-
UTR-
Mutant 2
(PTEN1-M2)

TAACTGTTAGGGAATTTTCTATCTATATTGAA
TACATAT

ATATGTATTCAATATAGATAGAAAATTCCCTAACAGTTA

PTEN2 3’-
UTR-
WT
(PTEN2-WT)

TAAGCTAGCGGAATGTGAAGGTCTGAATGA ATGTCGACGCAACCACAGCCATCGTTAT

PTEN2 3’-
UTR-
Mutant 3
(PTEN2-M3)

CTTACTTGTCTGAAGTTCGTAGACGGCATCA
CT

AGTGATGCCGTCTACGAACTTCAGACAAGTAAG

PTEN shRNA GATCCGCTGAAAGACATTATGATACCTTCAA
GAGAGGTATCATAATGTCTTTCAGCTTTTTG

AATTCAAAAAGCTGAAAGACATTATGATACCTCTCTTGAAGGTATCAT
AATGTCTTTCAGCG

J Immunol. Author manuscript; available in PMC 2016 December 01.


