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Summary

In many types of tumours, especially pancreatic adenocarcinoma, miR-

301a is over-expressed. This over-expression results in negative regulation

of the target gene of miR-301a, the nuclear factor-jB (NF-jB) repressing

factor (NKRF), increasing the activation of NF-jB and production of

NF-jB-responsive pro-inflammatory cytokines such as interleukin-8, inter-

feron-b, nitric oxide synthase 2A and cytochrome oxidase subunit 2

(COX-2). However, in immune cells, mechanisms that regulate miR-301a

have not been reported. Similar to tumour cells, Toll-like receptor (TLR)

-activated macrophages produce NF-jB-responsive pro-inflammatory

cytokines. Therefore, it is of considerable interest to determine whether

miR-301a regulates the secretion of cytokines by immune cells. In the

present study, we demonstrate that the expression of miR-301a was

decreased in TLR-triggered macrophages. Through targeting NKRF, miR-

301a affected the activity of NF-jB and the expression of pro-inflamma-

tory genes downstream of NF-jB such as COX-2, prostaglandin E2 and

interleukin-6. In addition, when lipopolysaccharide-treated macrophages

were simultaneously stimulated with trichostatin A, an inhibitor of his-

tone deacetylases, the expression of miR-301a increased, whereas NKRF

and pro-inflammatory cytokine expression decreased. However, further

investigation revealed that there was no correlation between the induction

of miR-301a and the inhibitory effect of trichostatin A on lipopolysaccha-

ride-induced gene expression in macrophages. In summary, our study

indicates a new mechanism by which miR-301a regulates inflammatory

cytokine expression in macrophages, which may clarify the regulatory role

of microRNAs in immune-mediated inflammatory responses.

Keywords: histone deacetylase inhibitor; inflammatory response; macro-

phage; miR-301a; nuclear factor-jB-repressing factor; Toll-like receptor.

Introduction

Toll-like receptors (TLRs), are important pattern-

recognition receptors and are widely expressed in antigen-

presenting cells, especially on the surface of macrophages

and dendritic cells. The TLRs recognise conserved struc-

tural motifs of pathogenic microorganisms (also called

pathogen-associated molecular patterns, PAMPs), such as

lipopolysaccharide (LPS), flagellin, double-stranded RNA,

CpG motifs and mannose in the cell wall of yeast. The

innate immune response is rapidly triggered by the TLR-

mediated recognition of PAMPs, and this pathway is an

integral part of host defence against microorganisms. The

innate immune response requires the rapid and co-ordi-

nated control of multiple inflammatory genes in immune

cells such as macrophages and dendritic cells.1

The early immune inflammatory response to PAMPs is

achieved mainly through activation of the nuclear factor-

jB (NF-jB) signalling pathway.2 Once NF-jB signalling

has been activated, the NF-jB-p65/p50 heterodimer

translocates to the nucleus and induces the expression

of various inflammatory genes,2 including those encod-

ing pro-inflammatory cytokines, cell surface receptors,

transcription factors, neuropeptides, chemokines and
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adhesion molecules. The localisation and activity of NF-

jB in cells is subject to strict regulation at multiple levels

by a series of transcriptional and post-translational

events.3,4 The ongoing activation of NF-jB in patients

may lead to microbial infection, autoimmune diseases,

developmental abnormalities, tumours and other patho-

logical phenomena, which suggests that inhibition of

NF-jB activity may be an anti-inflammatory therapy.

MicroRNAs (miRNAs) are a class of highly conserved

non-coding small RNAs. The commonly accepted mecha-

nism of miRNA regulation is that the ‘seed region’ (two

to eight nucleotides at the 5′ end) of an miRNA is com-

plementary to the 3′ untranslated region (3′-UTR) of an

mRNA, resulting in either translation inhibition or

mRNA degradation.5 It has been demonstrated that

miRNAs affect a wide variety of physiological and patho-

logical processes, including cell differentiation and devel-

opment, metabolism, immunity and inflammation.6 As

miRNAs are small molecules without antigenic properties,

they have been considered effective targets with potential

clinical applications. Recent research has revealed that

miRNAs may play both a negative and a positive modula-

tory role in the innate immune response, especially in the

regulation of NF-jB signalling.6–9 It has been confirmed

that miR-146, let-7b, miR-124a, miR-155, miR-125b,

miR-220, miR-199b and miR-301a down-regulate the

expression of different proteins in the NF-jB pathway in

immune cells, thereby affecting the production of inflam-

matory mediators such as interleukin-1b (IL-1b) and

tumour necrosis factor-a (TNF-a).
MiR-301a negatively regulates its target gene, NF-jB

repressing factor (NKRF), resulting in the induction of

NF-jB. When NKRF was first discovered, it was thought

to interact with the specific negative regulatory elements

(NREs) of some genes [IL-8, interferon-b (IFN-b) and

nitric oxide synthase 2A (NOS2A)] to mediate the tran-

scriptional activity of NF-jB.10–12 However, more recent

evidence suggests that NKRF also broadly inhibits the

expression of other NF-jB-dependent genes, such as

those for matrix metalloproteinase 2 (MMP2) and

cytochrome oxidase subunit 2 (COX-2), in a non-

NRE-dependent manner.13 Because miR-301a is specifi-

cally over-expressed in a number of cancers, including

pancreatic adenocarcinoma13,14 and hepatocellular carci-

noma,15 it is considered to be a potent activator of

NF-jB.13 Moreover, in a mouse model of pancreatic can-

cer, the inhibition of miR-301a or the up-regulation of

NKRF results in attenuated NF-jB signalling and tumour

growth.13 Similar to tumour cells, immune cells also pro-

duce NF-jB-responsive cytokines. Therefore, we are inter-
ested to determine whether miR-301a affects the

expression of such cytokines by regulating NKRF in the

innate immune response. Here, we observed that miR-

301a expression was significantly decreased in murine

macrophages upon TLR ligand stimulation. MiR-301a

over-expression directly targeted NKRF and increased

NF-jB activity, resulting in the increased expression of

cytokines such as COX-2 and IL-6 in macrophages.

Conversely, decreased miR-301a expression suppressed

pro-inflammatory cytokine expression in TLR-triggered

macrophages. Unexpectedly, when LPS-treated macro-

phages were stimulated with trichostatin A (TSA), an

inhibitor of histone deacetylases, the expression of miR-

301a increased, but the production of pro-inflammatory

cytokines decreased, indicating that, in macrophages, TSA

represses the expression of LPS-induced cytokines

independently of miR-301a.

Materials and methods

Mice and reagents

C57BL/6J mice were obtained from the Institute of Zoo-

logical Sciences at the Chinese Academy of Medical Sci-

ences (Beijing, China). All animal procedures were

approved by the committee on the use and care of

animals at the Chinese Academy of Medical Sciences.

Animals were housed in specific pathogen-free conditions.

Lipopolysaccharide (from Escherichia coli serotype 0111:

B4), CpG ODN and poly (I:C) were as previously

described.16 The TSA was purchased from Sigma-Aldrich

(St Louis, MO). The antibody against IjBa phosphory-

lated at Ser32/36 (5A5) was purchased from Cell Signal-

ing Technology (Beverly, MA). The polyclonal anti-NKRF

antibody was obtained from Proteintech (Chicago, IL);

anti-COX-2 and anti-glyceraldehyde 3-phosphate

dehydrogenase (GAPDH) antibodies were obtained from

Santa Cruz Biotechnology (Santa Cruz, CA). The si-

NKRF RNA (sc-72276) was obtained from Santa Cruz

Biotechnology.

Cell culture, treatment and transfection

RAW264.7 cells, a mouse macrophage cell line, were

obtained from the American Type Culture Collection

(Manassas, VA) and were cultured in Dulbecco’s modi-

fied Eagle’s medium containing 10% fetal bovine serum.

Thioglycollate-elicited mouse peritoneal macrophages

were obtained and cultured in endotoxin-free RPMI-1640

medium supplemented with 10% fetal calf serum (Invi-

trogen, Carlsbad, CA).17 The miR-301a mimics (dsRNA

oligonucleotides) and inhibitors (single-stranded chemi-

cally modified oligonucleotides) (Life Technologies

Corporation, Shanghai, China) were used for the over-

expression and inhibition, respectively, of miR-301a in

mouse peritoneal macrophages. Negative control mimics

or inhibitors were transfected as matched controls. Cells

were transfected with RNAs using INTERFERin (Poly-

plus-Transfection SA, Illkirch, France) according to the

manufacturer’s instructions.
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Treatment with TSA in macrophages

The miR-301a inhibitors or control inhibitors were used

to knock down the expression of miR-301a in macro-

phages. Macrophages were first transfected with miR-301a

inhibitors or control inhibitors to knock down miR-301a

expression. After overnight incubation, cells were cultured

for 48 hr with or without 3 nmol/l of TSA (Sigma-

Aldrich). Six hours before cell harvest, 100 ng/ml LPS

was added to the cell cultures. The transcription level of

miR-301a was detected by quantitative PCR (qPCR), and

the expression of p-IjBa, COX-2 and NKRF protein was

detected by Western blot.

Measurement of miRNA and mRNA expression

Total RNA was extracted from each cell sample using an

mirVana miRNA Isolation Kit (Ambion Inc, Austin, TX)

according to the manufacturer’s instructions. The Taq-

man miRNA assay system (Applied Biosystems, Foster

City, CA) was used according to the manufacturer’s

instructions to quantitatively detect the expression of

miR-301a. The relative expression level of miRNA was

normalised to that of the internal control U6. The SYBR

Green PCR Master Mix (Toyobo, Osaka, Japan) was used

to analyse the expression of mRNA. The quantification of

miRNA and mRNA by qPCR was performed using an

ABI 7300HT thermocycler at 95° for 10 min, followed by

40 cycles of 95° for 15 seconds and 60° for 1 min. Reac-

tions were performed in triplicate, with mouse GAPDH

as an internal control. Cycle threshold values were con-

verted to relative gene expression levels using the 2�DDCT

method.18

Luciferase reporter assay

293T cells were co-transfected with the miR-301a mimics

or inhibitors, pMIR-REPORT-NKRF 3′UTR plasmid,

or pMIR-REPORT-NKRF-mutant 3′UTR plasmid13,

pMIR-REPORT and pTK-RL plasmid at a final plasmid

concentration of 1 lg/well. Forty-eight hours after trans-

fection, the cells were lysed with lysis buffer. A luciferase

activity assay was performed using a Dual-luciferaseTM

Reporter System (Promega, Madison, WI) according to

the manufacturer’s instructions. Light units from lucifer-

ase activity were measured using a microplate luminom-

eter (Berthold Centro LB 960). Data representing firefly

luciferase activity were normalised against Renilla lucifer-

ase activity.

Western blot analysis

Total cell lysates were prepared and subjected to SDS–
PAGE, transferred onto a PVDF membrane, and blotted

as previously described.17

Cytokine detection

The secretion of prostaglandin E2 (PGE2) and IL-6 into

the cell medium was measured using ELISA kits (R&D

Systems, Minneapolis, MN).

Statistical analysis

All of the data were obtained from at least three indepen-

dent experiments. The data are expressed as the mean

values � SD and were compared between two groups

using Student’s t-test. Statistical significance was defined

as a P-value of < 0�05.

Results

Stimulation with LPS, CpG or poly (I:C) significantly
reduces the expression of miR-301a in macrophages

To determine whether miR-301a is involved in the regula-

tion of TLR-triggered responses in macrophages, we mea-

sured the expression of miR-301a in LPS-, CpG- or poly

(I:C)-stimulated macrophages. As shown in Fig. 1(a), miR-

301a was expressed in a concentration-dependent manner

in mouse peritoneal macrophages stimulated by LPS for

24 hr. At 10 ng/ml LPS, miR-301a was slightly decreased

compared with the control group; with 10–100 ng/ml LPS,

miR-301a sharply decreased to a point at which it reached

a plateau. Furthermore, miR-301a expression decreased

with time, reaching its lowest level of expression (approxi-

mately 25% of the level observed in the control group) at

6–12 hr and then increasing slightly over the next 12 hr

(Fig. 1b). Similar results were obtained when macrophages

were treated with CpG or poly (I:C): miR-301a levels had

decreased significantly at 6 hr, reaching levels of 20% and

25% of the control group, respectively (Fig. 1c). Moreover,

a similar pattern of miR-301a expression was observed

using RAW264.7 cells (Fig. 1d–f). The data above suggest

that miR-301a may be a regulator of TLR signalling path-

ways in macrophages.

NKRF is a target of miR-301a in macrophages

As previously described, miR-301a regulates NF-jB activ-

ity by targeting NKRF in tumour cells13. To test whether

miR-301a acts similarly in macrophages, we constructed a

reporter plasmid by cloning the mouse NKRF 3′-UTR or

mutant NKRF 3′-UTR into the pMIR-REPORTTM lucifer-

ase vector. In co-transfection experiments with the repor-

ter plasmids and miR-301a mimics in 293T cells,

luciferase activity was markedly decreased in cells trans-

fected with the NKRF 3′-UTR vector compared with the

cells transfected with the mutant NKRF 3′-UTR and

pMIR-REPORT empty plasmid, indicating that NKRF

could be targeted by miR-301a (Fig. 2a). In addition, in
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RAW264.7 cells, transfection with miR-301a mimics

down-regulated NKRF protein expression, whereas trans-

fection with miR-301a inhibitors up-regulated NKRF

protein expression (Fig. 2b), suggesting that miR-301a

negatively regulates endogenous mouse NKRF expression

in macrophages.

NKRF inhibits NF-jB activation and the production
of IL-6 in LPS-stimulated macrophages

Previous work has demonstrated that NKRF plays an

essential role in the NF-jB signalling pathway, which

leads to the expression of pro-inflammatory cytokines in

various cell lines and tissues.10–12 To test whether NKRF

performs the same function in macrophages, RAW264.7

cells were transfected with NKRF-specific small interfering

RNA (si-NKRF). As shown in Fig. 3(a,b), si-NKRF down-

regulated NKRF expression at both the mRNA and the

protein level. We then examined the effects of the knock-

down of NKRF in RAW264.7/NF-jB-RE cells.

RAW264.7/NF-jB-RE cells were stably transfected with

the plasmid pGL4.32(luc2P/NF-jB-RE/Hygro), which

contained five copies of an NF-jB response element (NF-

jB-RE) that drives the transcription of the luciferase

reporter gene luc2P. As shown in Fig. 3(c), luciferase

activity was increased in a dose-dependent manner in the

LPS-stimulated macrophages transfected with si-NKRF

from 10 to 100 nmol/l, suggesting that NKRF significantly

inhibits the activation of NF-jB in an NRE-independent

manner in TLR-triggered macrophages. Then, we tested

whether NKRF regulates the production of NF-jB-depen-
dent cytokines. As shown in Fig. 3(d–g), si-NKRF mark-

edly enhanced the expression of COX-2 and IL-6 in LPS-

stimulated macrophages, indicating that the NKRF was

involved in the negative regulation of COX-2 and IL-6 in

macrophages.

Figure 1. Down-regulation of miR-301a expression in primary macrophages and RAW264.7 cells stimulated with Toll-like receptor (TLR) agon-

ists. Mouse peritoneal macrophages (a–c) and RAW264.7 cells (d–f) were stimulated with different concentrations of lipopolysaccharide (LPS)

for 24 hr (a and d) or at the indicated time-points with 100 ng/ml LPS (b and e), and 10 lg/ml CpG or poly (I:C) for 24 hr (c and f). The

expression of miR-301a was measured using quantitative PCR and normalised to the expression of U6. Data are presented as the mean � SD

(n = 3) of three independent experiments. *P < 0�05; **P < 0�01.

ª 2013 John Wiley & Sons Ltd, Immunology, 140, 314–322 317

Down-regulation of miR-301a suppresses pro-inflammatory cytokines



MiR-301a enhances NF-jB activation and
inflammatory genes in TLR-triggered macrophages

To further determine the consequences of miR-301a down-

regulation in macrophages, RAW264.7 cells were transfect-

ed with miR-301a mimics or miR-301a inhibitors. The

results showed that miR-301a mimics increased NF-jB
activation twofold in RAW264.7/NF-jB-RE cells after LPS

stimulation for 6 hr (Fig. 4a). Furthermore, miR-301a

mimics markedly increased the expression of COX-2 and

IL-6 (Fig. 4b–e) and enhanced the production of PGE2,

which is a protein downstream of COX-2 in the arachi-

donic acid pathway (Fig. 4d). The above results were con-

sistent with the effects of si-NKRF on inflammatory gene

expression. Conversely, COX-2 and IL-6 expression was

decreased in RAW264.7 cells treated with miR-301a inhibi-

tors (Fig. 4a–f). These results indicate that the down-

regulation of miR-301a negatively regulates COX-2 and

IL-6 expression by targeting NKRF in TLR-triggered

macrophages.

MiR-301a does not regulate the expression of
TSA-suppressed inflammatory cytokines in
macrophages

It has previously been demonstrated that TSA sup-

presses the production of various pro-inflammatory

cytokines, such as TNF-a, IL-1 and IL-6.19 Because

miR-301a is involved in the regulation of inflammatory

cytokine expression, we hypothesised that miR-301a

would also play a role in TSA-regulated inflammatory

cytokine production. Peritoneal macrophages were trans-

fected with miR-301a inhibitors following TSA stimula-

tion for 48 hr and LPS stimulation for 6 hr. As shown

in Fig. 5(a), TSA induced the expression of miR-301a

by 20-fold compared with LPS-treatment alone, whereas

the expression of NKRF mRNA and protein was signi-

ficantly reduced (Fig. 5b,c). To determine the direct

causal relationship between miR-301a and NKRF in

TSA-treated cells, the peritoneal macrophages were

transfected with miR-301a inhibitors or with controls

and were then treated with TSA. As shown in Fig. 5(b,

c), miR-301a inhibitors significantly increased the

expression of NKRF mRNA and protein, indicating that

the ability of TSA to inhibit NKRF expression was

dependent on the up-regulation of miR-301a expression

in macrophages. Then, we tested whether miR-301a

could modulate the expression of inflammatory cyto-

kines in TSA-treated macrophages. As shown in

Fig. 5(d,e), TSA significantly inhibited the LPS-induced

expression of COX-2 and IL-6 (TSA-LPS-treated cells)

compared with LPS-treated cells. However, miR-301a

knockdown had no effect on the expression of COX-2

and IL-6 in TSA-LPS-miR-301a inhibitor-treated cells

compared with TSA-LPS-treated cells. To further analyse

the transcriptional regulation of these two genes, we

examined the activation of NF-jB in four different

groups of cells (control, LPS-, TSA-LPS- and TSA-LPS-

miR-301a inhibitor-treated macrophages). The phos-

phorylation of IjBa in the last three groups of cells was

significantly higher than that of the control group, but

there was no significant difference among these three

exposures. In contrast to the above results for the

expression of COX-2 and IL-6, the activity of NF-jB
was not consistent with that of NF-jB-dependent genes

among the four types of cells (Fig. 5f). Therefore, we

concluded that miR-301a was not involved in the regu-

lation of the NF-jB responsive inflammatory genes that

were blocked by TSA in TLR-triggered macrophages.

Figure 2. MiR-301a targets mouse nuclear factor-jB (NF-jB) repressing factor (NKRF). (a) 293T cells were co-transfected with the NKRF-3′

untranslated region (3′UTR) reporter plasmid, the mutant NKRF-3′UTR reporter plasmid (NFRF-3′UTR mut) or the empty pMIR-REPORT plas-

mid and the pTK-RL plasmid, together with miR-301a mimics or inhibitors. After 24 hr, firefly luciferase activity was measured and normalised

to Renilla luciferase activity. (b) RAW264.7 cells were transfected with mimics or inhibitors of miR-301a and their controls. After 48 hr, NKRF

protein expression at 6 hr after lipopolysaccharide (LPS) stimulation was detected by Western blot. The glyceraldehyde 3-phosphate dehydroge-

nase (GAPDH) served as a loading control, and the densitometry analysis is shown. Data are presented as the mean � SD (n = 3) of three inde-

pendent experiments. *P < 0�05; **P < 0�01.
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Discussion

Our study first confirmed that decreased miR-301a

expression resulted in a suppressed TLR-dependent innate

immune response by macrophages. The expression of

miR-301a decreased in macrophages stimulated with TLR

activators [LPS, CpG and poly (I: C)]. Decreased miR-

301a resulted in increased NKRF expression, thereby

inhibiting the activation of NF-jB and resulting in the

suppressed expression of pro-inflammatory genes.

Previous work has shown that miR-301a is over-

expressed in pancreatic,13,14 hepatocellular,15 small cell

lung20 and breast cancers.21 The miR-301a has also been

shown to down-regulate NKRF, activate NF-jB target

genes (MMP2, COX-2, MYC, VEGFC and FAM33A) and

increase xenograft tumour growth. 13 NKRF is a nuclear

repressor that is detectable in most human cell lines, indi-

cating that NKRF is abundant and available to participate

in transcriptional regulation of target genes. In the regula-

tion of NF-jB, NKRF works through two primary molec-

ular mechanisms: one is NRE dependent, and the other is

NRE independent. Some NF-jB-responsive genes (e.g.

IL-8, IFN-b and inducible nitric oxide synthase)10–12 con-

tain NRE in their promoter regions. NKRF represses the

basal transcription of these genes by targeting their NREs;

other promoters of NF-jB-responsive genes (MMP2,

MYC and COX-2) lack NRE sequences.13 NKRF inhibits

these genes by interacting with RelA protein, which can

bind to DNA.13 In non-cancerous cell lines such as 293T

cells, NKRF also modulates the activation of NF-jB and

the expression of NF-jB-responsive genes (NOS2A, IL8,

IFNB and FAM33A).13 It has been proposed that NKRF

functions in a similar way to IjBa in regulating NF-jB,
i.e. by binding p65 in the cytoplasm, which then inhibits

the nuclear translocation of NF-jB. In immune cells, we

demonstrate that NKRF affects the binding of NF-jB and

Figure 3. Knockdown of nuclear factor-jB
(NF-jB) repressing factor (NKRF) inhibits lipo-
polysaccharide (LPS) -induced NKRF expres-

sion, NF-jB activity, the expression of

cytochrome oxidase subunit 2 (COX-2) and

interleukin-6 (IL-6). (a, b) RAW264.7 cells were

transfected with si-NKRF or control small inter-

fering (si) RNA at a final concentration of

100 nmol/l (M). After 48 hr, the cells were

stimulated with LPS for 6 hr, and then NKRF

expression was detected by quantitative PCR

(qPCR) (a) and Western blot assay (b). (c)

RAW264.7 cells stably transfected with pGL4.32

[luc2P/NF-jB-RE/Hygro] were transfected with

si-NKRF for 48 hr. After the cells were stimu-

lated with LPS (100 ng/ml) for 6 hr, firefly

luciferase activity was measured and was nor-

malised to Renilla luciferase activity. (d, e) The

mRNA and protein levels of COX-2 were deter-

mined by qPCR and Western blot. (f, g) The

mRNA and protein levels of IL-6 were analysed

by qPCR (f) and ELISA (g) in LPS-treated mac-

rophages. Data are presented as the mean � SD

(n = 3) of three independent experiments.

*P < 0�05; **P < 0�01.
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DNA in an NRE-independent manner in LPS-treated

macrophages, thereby regulating the expression levels of

the pro-inflammatory mediators COX-2 and IL-6.

Because miR-301a regulates NF-jB-related gene expres-

sion by targeting NKRF in both tumour and 293 cells, we

deduced that miR-301a may serve a similar regulatory

function in immune cells. As expected, we found that

miR-301a is involved in the regulation of COX-2, PGE2
and IL-6 expression in macrophages by targeting the NKRF

gene, and so blocking the ability of NF-jB to bind DNA.

Histone deacetylases (HDACs) are widely expressed in

immune tissues and cells and participate in the differenti-

ation and maturation of a variety of immune cells,

including T lymphocytes,22 dendritic cells23 and mono-

cytes-macrophages24. HDAC inhibitors (HDACi, such as

TSA) have anti-inflammatory effects in a number of ani-

mal models of several inflammatory diseases, including

systemic lupus erythematosus, septic shock, rheumatoid

arthritis and ulcerative colitis.25–28 The HDACi generally

reduce the production of pro-inflammatory cytokines

such as IL-6, IL-12, TNF-a and IFN-b,25,29–31 which

implies that they act by inhibiting NF-jB activation.

Because miR-301a modulates NF-jB transcriptional

activity and regulates the expression of NF-jB-dependent
genes, we investigated whether miR-301a also plays

an important role in TSA-suppressed inflammatory

responses. In LPS-TSA-treated macrophages, the expres-

sion of miR-301a was significantly induced, NKRF was

down-regulated, and pro-inflammatory genes (COX-2 and

IL-6) were suppressed by TSA. However, further experi-

ments indicated that the inhibitory effect of TSA on

the products of pro-inflammatory genes is unrelated to

miR-301a expression or activity in TLR ligand-stimulated

macrophages.

Trichostatin A inhibits multiple HDAC enzymes.

Owing to the pleiotropic effects of different HDAC

enzymes in innate immune functions, broad-spectrum

HDACi (TSA) most probably suppresses the expression

Figure 4. MiR-301a regulates nuclear factor-

jB (NF-jB) activity, the expression of cyto-

chrome oxidase 2 (COX-2) and interleukin-6

(IL-6) in lipopolysaccharide (LPS) -triggered

macrophages. RAW264.7 cells were transfected

with mimics or inhibitors of miR-301a and

their controls. After 24 hr, cells were stimu-

lated with or without LPS (100 ng/ml) for

6 hr. NF-jB activity was measured by Renilla

luciferase activity (a). Messenger RNA levels of

COX-2 (b) and IL-6 (e) were detected by

quantitative PCR. The protein expression of

COX-2 was determined by Western blot (c).

Supernatants were collected to measure PGE2

(d) and IL-6 (f) by ELISA. Data are presented

the mean � SD (n = 3) of three independent

experiments. *P < 0�05; **P < 0�01.
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of cytokine genes in macrophages through multiple

mechanisms. For example, HDAC1 and HDAC3 specifi-

cally mediated the repressive effects of the NF-jB homod-

imer on promoters of inflammatory genes.32–35 However,

HDACi reduced the TLR-mediated recruitment of NF-jB
p65 to inflammatory gene promoters.25,30 Hence, the

biological function of HDACi in the TLR-mediated

activation of NF-jB remains unclear. In addition, HDACi

are required for nucleosome remodelling and for the

recruitment of Rel family transcription factors, a subset

of TLR-target genes. Because HDACi affect chromatin

remodelling, the binding of RelA to the promoter and its

transcriptional activation were abrogated.30 Therefore, it

is perhaps not surprising that although miR-301a is an

NF-jB activator, it has no effect on the expression of

NF-jB-dependent cytokines in macrophages treated with

both LPS and TSA in combination.

Taken together, our findings identify a new miRNA that

is responsible for the negative regulation of NF-jB activa-

tion and the expression of downstream pro-inflammatory

genes in TLR-triggered macrophages. This study may indi-

cate a new molecular strategy for the treatment of inflam-

matory diseases by knockdown of miR-301a. Given that

miR-301a inhibition or NKRF up-regulation in cancer cells

led to reduced NF-jB target gene expression and attenu-

ated xenograft tumour growth, the modulation of

miR-301a may provide a therapeutic option for controlling

the inflammatory response with a low risk of cancer.
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