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ABSTRACT
MicroRNAs (miRNAs) have been shown to be important regulators of TLR signaling pathway at the post‐transcriptional level. In this study, the
potential role of miR‐149 was explored in murine alveolar macrophage RAW264.7 cells. Our results demonstrated a dynamic change of the
expressions of miR‐149 expression andMyD88 inmacrophage RAW264.7 uponMycobacterium bovis Bacillus Calmette‐Guerlin (BCG) infection
or lipopolysaccharide (LPS) stimulation. The presence of BCG or LPS dynamically reduced the miR‐149 expression, along with a substantially
striking increase of MyD88 expression in these cells. More importantly, overexpression of miR‐149 in RAW264.7 cells was associated with a
significant decrease of MyD88 protein expression, as well as a reduced production of inflammatory mediator NF‐kB 1, TNF‐a and IL‐6 in
response to BCG infection or LPS stimulation. Further studies using immunoblotting assay against anti‐MyD88 antibody and microRNA
targeting luciferase reporter assay revealed that miR‐149 was able to directly target the 30‐UTR of MyD88 mRNA and post‐transcriptionally
regulated MyD88 protein expression. These data suggested that miR‐149 might be a key player of immune modulator for TLR/MyD88 signaling
pathway in macrophages, which may through a mechanism of negatively regulating MyD88‐dependent Toll‐like receptors signaling pathway.
J. Cell. Biochem. 115: 919–927, 2014. � 2013 Wiley Periodicals, Inc.
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Toll‐like receptors (TLRs) are a family of pattern recognition
receptors that detect conserved microbial components during

infection and initiate an inflammatory response, which are
commonly expressed by cells of the immune system including
macrophages and dendritic cells, as well as other sentinel cells such as
epithelial cells. Up to date, 13 TLRs (namely TLR1–TLR13) have been

identified in mice and humans, and TLR4 and TLR2 are two of the
most studied members [Medvedev, 2013]. The activation of TLRs is
one of the most common defense mechanisms in host innate
immunity against the invasion of pathogenic microorganisms, in
which the TLRs recognize specific pathogen‐associated molecular
patterns (PAMP) that are present in microbial components, and
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sequentially trigger the cascade of inflammatory responses [Banerjee
and Gerondakis, 2007]. In this context, different pathogens may
activate distinct TLRs and induce distinct gene expression profiles,
which not only activates the host innate immunity but also triggers an
antigen‐specific acquired immune response. Following the recogni-
tion of a PAMP, TLR binds its adaptor proteins, such as the MyD88,
which in turn, recruits the interleukin‐1 receptor‐associated kinase
(IRAK) complex. The IRAK complex includes four subunits: two active
kinases (IRAK‐1 and IRAK‐4) and two noncatalytic subunits (IRAK‐2
and IRAKM) [Takeda et al., 2003; O0Neill and Bowie, 2007], in which
the IRAK‐1 is phosphorylated by IRAK‐4, the phosphorylated IRAK‐1
then associates with TNF receptor‐associated factor 6 (TRAF6) to
activate the signaling of the NF‐kB and Mitogen‐activated protein
kinases (MAPKs). The IRAK‐TRAF6 complex is able to induce the
phosphorylation and degradation of IkB via the IKK complex, and
enables the nuclear translocation of NF‐kB for activation [Lang
et al., 2003; Moynagh, 2009; Rakoff‐Nahoum and Medzhitov, 2009].
The activation of NF‐kB andMAPK then trigger pro‐inflammatory or
innate immune responses by induction of the expression of various
inflammatory genes, including IL‐1b, IL‐6, and TNF‐a [Lang
et al., 2003; Rakoff‐Nahoum and Medzhitov, 2009]. BCG has been
demonstrated to induce pro‐inflammatory gene transcription
through the TLR2 and TLR4 mediated signaling pathway [Heldwein
et al., 2003], among which the TLR‐2 signaling pathway is one of the
best characterized. TLR‐2 was capable of sensing pathogens by
recognizing the conserved structures of pathogen‐associated molec-
ular patterns (PAMPs) and activating the innate immune response,
which in turn produce pro‐inflammatory mediators, such as TNF‐a,
IL‐8, IL‐12, and IL‐6, to induce an antigen‐specific adaptive immune
response [Takeda and Akira, 2004; Banerjee and Gerondakis, 2007;
Huang et al., 2012]. Lipopolysaccharide (LPS) is a component of the
cell wall of Gram‐negative bacteria that binds to mammalian cell
membrane molecules such as CD14 and toll‐like receptors (TLRs).
TLR‐4 is thought to be the main receptor for LPS, binding of LPS to
TLR‐4 leads to the activations of several signaling cascades and drive
the expression of pro‐inflammatory cytokines that contribute to the
pathogenesis of septic shock.

MicroRNAs (miRNAs) have recently emerged as important
regulators of gene expression at the post‐transcriptional level.
miRNAs are highly conserved, and each mammalian miRNA may be
capable of targeting multiple distinct mRNAs, vice verses, individual
mRNA can be targeted by multiple miRNAs [Baek et al., 2008]. These
suggest that the expressions of most mRNAs could be regulated by
miRNAs to some extent. The miRNAs could therefore be important
molecules similar to the transcription factors in controlling the
protein content, fate and/or function of a cell [Baek et al., 2008]. With
the dynamic nature of miRNAs, several lines of evidence have
suggested that the expression of miRNAs was highly regulated in
immune cells, in which miRNAs played roles of immune modulators,
and were involved in regulating the signaling of TLR pathway
[Taganov et al., 2006; Androulidaki et al., 2009; Schnitger et al., 2011;
Chen et al., 2012]. In this regards, miR‐92a has recently been
demonstrated that it played a negative roles in regulation of TLR‐
triggered inflammatory responses in macrophages through a
mechanism of targeting MKK4 [Lai et al., 2013]. Such a role of
immunomodulation of miRNAs was also supported by the findings of

rapidly increased expressions of miRNAs let‐7e [Androulidaki
et al., 2009], miR‐146 [Taganov et al., 2006], miR‐21 [Sheedy and
O0Neill, 2008], miR‐155 [O0Connell et al., 2007], and/or miR‐181c
[O0Connell et al., 2009], inmonocytic cell lines ormousemacrophages
in response to lipopolysaccharide (LPS) or other microbial compo-
nents. These miRNAs were able to modulate inflammatory responses
by targeting different components of TLR signaling pathways, such as
TLR4, IL‐1R‐associated kinase 1/TNFR‐associated factor 6, PDCD4,
SCOS1/SHP1, and TNFSF11 (RANKL). In addition, down‐regulated
expressions of miRNAs were also demonstrated in some circum-
stances. For instance, the expression of miR‐223 was significantly
decreased in murine macrophages in response to LPS or poly(IratioC)
stimulation, and the down‐regulation of miR‐223 led the activation
of signal transducer and activator of transcription 3 (STAT3) [Chen
et al., 2012]; similarly, a decreased expression of miR‐125b was also
found in the Jurkat cells following LPS stimulation [Tili et al., 2007].
In macrophages, Schnitger et al. [2011] found a MyD88 dependent
up‐regulation of miR‐149 in murine primary macrophages in
response to Listeria. monocytogenes (L. monocytogenes) infection,
However, the underlying mechanisms of miRNAs in the regulation of
immune responses against varied pathogens or stimuli remain poorly
understood, which await further investigation. In this study, we
analyzed the expression profile of miR‐149 in mouse macrophages
after TLR activation and demonstrated its possible functionality in the
TLR‐triggered immune response. We found that the expression level
of miR‐149 was down‐regulated in response to the TLR ligands (LPS
and BCG) in macrophages; the miR‐149 was able to negatively
regulate TLR‐triggered inflammatory response of cytokine produc-
tion through a mechanism of targeting the adaptor molecule, MyD88
of the TLR/MyD88 pathway. We thus identified that miR‐149 was a
novel immune modulator, which played a negative role in TLR‐
mediated innate responses.

MATERIALS AND METHODS

CELL CULTURE
The human embryonic kidney cell line 293T (Shanghai Institute of
Biochemistry and Cell Biology, Shanghai, China) and murine
macrophage RAW264.7 cells from American Type Culture Collection
(Manassas, VA) were cultured and maintained in DMEM (for 293T) or
RPMI 1640 (for RAW264.7) medium (Invitrogen, Grand Island, NY)
supplemented with 10% fetal bovine serum (FBS) and 1% pen/strep at
37°C in a humidified atmosphere of 5% CO2 95% air.

IN VITRO MODEL OF BCG INFECTION AND LPS STIMULATION
To determine the miR‐149 in the regulation of the TLR signaling
pathway in vitro, lipopolysaccharide (LPS) andMycobacterium bovis
Bacillus Calmette‐Guerlin (BCG) were used as ligands of TLRs (TLR4)
in this study. Mycobacterium bovis BCG, Beijing strain (Center for
Disease Control and Prevention of China [CCDC], Beijing, China) were
grown at 37°C with shaking in Middle‐brook 7H9 broth containing
10% albumin dextrose catalase supplement for 2 weeks, the bacterial
cultures were then harvested by centrifugation at 500g for 10min and
the cell pellets were resuspended in the medium. The colony
formation unit (CFU) of the culture was ascertained by plating
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serially diluted cultures on Middlebrook 7H11 plates supplemented
with OADC enrichment (BD Biosciences Shanghai, Shanghai, China),
and the bacterial colonies were counted after 4 weeks of culture
[Lewin et al., 2003].

The RAW264.7 cells were seeded in a 24‐well plate at a density of
at 106 cells/ml and cultured for overnight. Cells were then exposed to
mediumwith 1mg/ml LPS (Sigma, St. Louis, MO) or infectedwith BCG
at a multiplicity of infection (MOI) of 10 for 3, 6, 12, or 24 h prior to be
harvested for analysis.

GENERATION OF LENTIVIRAL PROVIRAL VECTOR EXPRESSING
miR‐149
Based on the sequence of mouse miR‐149 (50‐UCUGGCUCCGUGU-
CUUCACUCCC‐30, MIMAT0000159) from miRBase database, a sense
strand (50‐TCTGGCTCCGTGTCTTCACTCCCTTCAAGAGAGGGAGT-
GAAGACACGGAGCCAGATTTTTTC‐30) and an antisense strand (50‐
AAGACCGAGGCACAGAAGTGAGGGAAGTTCTCTCCCTCACTTCTG-
TGCCTCGGTCTAAAAAAGAGCT‐30) of miR‐149 were synthesized.,
and the restriction sites of HpaI and XhoI were introduced at 50‐ends
of these oligonucleotides, respectively. The mixture of the sense and
anti‐sense oligonucleotides was then used for production of the
precursor of small hairpin RNA (shRNA) of miR‐149 by temperature
annealing approach as previously described [Wei et al., 2013].
Following a modification with appropriate restriction enzymes, the
precursor was cloned into a miRNA expressing plasmid, pSicoR
(Department of Biological Chemistry, School of Medicine, Fudan
University, Shanghai, China) for generation of the lentiviral proviral
vector expressing miR‐149. pSicoR/miR‐149 [Wei et al., 2013]. A
negative control vector, pSicoR/NC was also generated using the
same approach. The following respective sequences were unrelated to
any gene inmouse and were used for generation of the control vector:
sense strand: 50‐TTTCTCCGAACGTGTCACGTTTCAAGAGAACGT-
GACACGTTCGGAGAATTTTTTC‐30, antisense strand: 50‐TCGAGAA-
AAAATTCTCCGAACGTGTCACGTTCTCTTGAAACGTGACACGTTCG-
GAGAAA‐30.

PRODUCTION OF LENTIVIRAL VECTOR AND INFECTION OF
RAW264.7 MACROPHAGE
For production of a vesicular stomatitis virus‐G (VSV‐G) pseudotyped
lentiviral vector, HEK 293T cells were seeded at a density of 1� 106/
well in six‐well plates and cultured in DMEM/10% FBS without
antibiotics for overnight. The medium was replaced with 1ml serum/
antibiotics free before the cells were co‐transfected with proviral
plasmid pSicoR/miR‐149 (1.5mg) or pSicoR/NC (1.5mg), packaging
plasmids of pCMV‐VSV‐G (0.5mg) and pCMV‐dR8.91 (1mg)
(Department of Biological Chemistry, School of Medicine, Fudan
University, Shanghai, China) using TransLipid Transfection Reagent
per the manufacturer instruction. The transfected cells were refreshed
2ml of DMEM/10% FBS at 6 h post‐transfection, and continually
cultured for additional 48 h before the culture medium was harvested
and filtered through a 0.45‐mm poresize filter. The collected medium
was then concentrated to 1/100 volume by ultracentrifugation with
50,000g at 4°C for 2.5 h using a SW28 rotor (Beckman Coulter,
Fullerton, CA) and Sorvall Ultra 801 (Kendro Laboratory Products,
Newtown, CT). The pellet of viral particle was resuspended in PBS,
aliquoted and frozen at�80°C till use. The viral particles were titrated

in 293T cells by counting EGFP‐positive cells. The viruses generated
from pSicoR/miR‐149 and pSicoR/NC were designated as LV‐miR‐
149 or LV‐NC, respectively. For infection, RAW264.7 cells were
seeded in a six‐well plate 1 day prior to the infection, the cells
were infected with LV‐miR‐149 or LV‐NC at MOI of 10 at 24 h after
the seeding.

RNA ISOLATION AND REAL‐TIME QUANTITATIVE PCR
Small RNA and total RNA from different treated RAW264.7 cells were
purified using the RNA purification kit per manufacturer0s instruction
(RNAiso for Small RNA, TaKaRa, Dalian, China) or TRIzol reagent
(Invitrogen). The quality of RNA was assayed by calculation of the
RNA integrity number (RIN) [Schroeder et al., 2006]. High quality
RNA (RIN valuewas greater that 9.0) was used for reverse transcription
of the first‐strand cDNA synthesis by reverse transcription using M‐

MLV reverse transcriptase (TaKaRa). The sequence of the primer used
for reverse transcription of mature miR‐149 with stem‐loop structure
were miR‐149 RT (50‐CTCAACTGGTGTCGTGGAGTCGGCAATT-
CAGTTGAGGGGAGTGA‐30), which was designed based on the
corresponding sequence from miRBase database (http://www.mir-
base.org/). The quantitative real‐time RT‐PCR (qRT‐PCR) was
performed in the Roche lightcycler 2.0 using TaKaRa SYBR Green I
kit (Takara); the thermal cycling condition for PCR was 95°C for 30 s,
40 cycles of 95°C for 5 s, 60°C for 20 s and 72°C for 20 s, followed by
40°C for 20min. The primer sets used for RT‐PCR of U6 control, miR‐
149, b‐actin control, MyD88, NF‐kB, IL‐6, and TNF‐a were listed in
Table I. The controls were always included to normalize each reaction
with respect to RNA integrity, sample loading and inter‐PCR
variations. The relative expression ratio was calculated from the
real‐time PCR efficiencies and the crossing point deviation of
experimental samples versus controls [Pfaffl, 2001]. The specificity
of PCR was determined by sequencing of the PCR products.

DUAL‐LUCIFERASE REPORTER ASSAY
The wild‐type mouse MyD88 30‐UTR luciferase reporter vectors were
constructed by amplifying the mouse MyD88 mRNA 30‐UTR
containing the potential binding sites and cloning it into the
pMIR‐report vector (Promega, Madison, WI) and miR‐149 potential
binding sites were mutated in the MyD88 UTR Mut vector. The
following primers were designed based on GenBank database
(NM_010851.2), and were used for amplification of wild‐type and
mutated 30UTR of MyD88 mRNA: the sequence of common forward
primer was 50‐CGGGACTAGTCCCCTGAAGATGACCCTGGGAG‐30,
reverse primer for wild‐type MyD88 mRNA 30UTR was 50‐
GGTCGACGCGTCGCCCTTCTTTTCTTTATTGAC‐30, reverse primer
for mutated MyD88 mRNA 30UTR was 50‐GGTCGACGCGTCTGCA-
GATGAGCATCAGTCTCAT‐30; restriction sites (underlined) of SpeI
and MluI were introduced in the forward and reverse primers,
respectively. HEK‐293 cells were co‐transfected with luciferase
reporter plasmid (0.5mg), pRL‐TK (Promega, 0.1mg), and the pSicoR/
miR‐149 or pSicoR/nc plasmid (0.5mg). After 24 h, the cells were
collected and used for luciferase assay using a Dual‐Luciferase
Reporter System (Promega) per the manufacturer0s instruction. All
samples were performed in triplicate within each experiment, and
three independent experiments were conducted.

JOURNAL OF CELLULAR BIOCHEMISTRY miR-149 REGULATES INFLAMMATORY RESPONSES 921

http://www.mirbase.org/
http://www.mirbase.org/


ENZYME‐LINKED IMMUNOSORBENT ASSAY (ELISA)
To determine the IL‐6 and TNF‐a level in the medium of RAW264.7
cell cultures, the culture medium was collected after treatment and
centrifuged at 1,000g for 5min to pellet the cell debris. The
supernatant was harvested and stored at �80°C prior to analysis.
Mouse IL‐6 and TNF‐a levels in the supernatant were determined
with appropriate ELISA kits per the manufacturer0s instructions
(Neobioscience Tech, Shenzheng, China). The protein concentration
was determined by comparing the standard protein provided in the
kits and expressed as ng/L.

WESTERN BLOTTING ANALYSIS
Protein extracts were prepared with RIPA lysis buffer in the presence
of proteinase inhibitors. Western blotting analysis was performed
using antibodies against MyD88 (1:500, Cell Signaling Technology,
Danvers, MA) andb‐actin (1:400, Beijing Biosynthesis Biotechnology
Co, Beijing, China). The blots were then developed using the enhanced
chemiluminescence (ECL) reagent (Amersham Biosciences, USA).

STATISTICAL ANALYSIS
All data collected in this study was obtained from at least three
independent experiments for each condition. SPSS18.0 analysis
software (PC version, SPSS, Inc., Chicago, IL) was used for the statistic
analysis. Statistical evaluation of the data was performed by one‐way
ANOVA and t‐test for comparison of differences between the two
groups. P< 0.05 was set to represent a statistical difference, and a
value P< 0.01was set to represent a statistically significant difference.
Data were presented as the mean� standard deviations (SD).

RESULTS

DOWN‐REGULATION OF miR‐149 IN RESPONSE TO LPS AND BCG IN
MACROPHAGES
Using a qRT‐PCR assay, abundantmiR‐149was found inmacrophage
RAW264.7 cells (mock in Fig. 1A,B). However, a dynamically
decreased expression of miR‐149 was detected with the time, when
the cells were exposed to TLR ligands BCG (Fig. 1A) or LPS (Fig. 1B).
Up to 20‐ and 5‐fold reduced expression of miRNA‐149were detected

in the RAW264.7 cells in response to BCG (Fig. 1A) and LPS (Fig. 1B)
at 24 h post‐stimulation, respectively. In contrast, a dynamic
elevation of MyD88 expression was found in these cells stimulated
with BCG (Fig. 1C) and LPS (Fig. 1D) with the time; the expression of
MyD88 in this type of cell was elevated as high as about 22‐fold in
response to both of BCG and LPS at 24 h after the treatment in this
study (Fig. 1C,D). These data strongly evidenced that miR‐149 might
be an important immunomodulator, which played a role in the
negative role in TLR/MyD88 signaling pathway in macrophages. In
response to BCG or LPS stimulation, the activated TLR signalingmight
trigger inflammatory responses by elevating expression of MyD88 a
mechanism of reducing miR‐149 expression in macrophages.

miR‐149 NEGATIVELY REGULATES TLR‐TRIGGERED
INFLAMMATORY RESPONSE IN MACROPHAGES
To assess whether miR‐149 was involved in the regulation of TLR/
MyD88 triggered inflammatory response against microbial infection,
lentiviral vector expressing miR‐149 and control vector, LV‐miR‐149
and LV‐NC were generated and used for infection of RAW264.7 cells,
and the production of pro‐inflammatory factors NF‐kB1, TNF‐a, and
IL‐6 were evaluated in the infected cells. The results showed in
Figure 2 and Table II demonstrated that the infection of LV‐miR‐149
increased miR‐149 expression by 48‐fold in RAW264.7 cells, in
comparison with the LV‐NC infected cells (Fig. 2A); and the BCG or
LPS induced productions of transcription factor NF‐kB1 (Fig. 2B) and
pro‐inflammatory cytokines TNF‐a (Fig. 2C) and IL‐6 (Fig. 2D) were
dramatically inhibited by the overexpression of miR‐149 at the
mRNA level, as well as at the protein level in macrophage RAW264.7
cells. These data suggested that miR‐149might play a negative role in
the TLRs/NF‐kB pathway, which sequentially down‐regulated the
expressions of its downstream pro‐inflammatory mediators.

miR‐149 DOWN‐REGULATES MYD88 IN MACROPHAGES AT THE
POST‐TRANSCRIPTIONAL LEVEL
We next investigated the potential targets by which miR‐149
modulates the TLR/MyD88 pathway in regulating the inflammatory
response in macrophages. RAW264.7 cells were infected with LV‐NC,
LV‐miR‐149, and the total RNA and proteins were harvested at 24 h
postinfection. Interestingly, miR‐149 showed an inability to alter

TABLE I. Primers Used for Quantitative RT‐PCR

Primers Sequence (50–30) Annealing, Tm (°C) Amplicon size (bp)

b‐Actin F: 50‐TTGTTACCAACTGGGACG‐30 66 214
R: 50‐CCAGAGGCATACAGGGAC‐30

MyD88 F: 50‐CACTCGCAGTTTGTTGGATG ‐30 58 185
R: 50‐CCACCTGTAAAGGCTTCTCG‐30

IL‐6 F: 50‐TGCCTTCTTGGGACTGAT‐30 60 183
R: 50‐TTGCCATTGCACAACTCTTT‐30

TNF‐a F: 50‐CCAGACCCTCACACTCAGAT‐30 56 187
R: 50‐GACAAGGTACAACCCATCG‐30

NF‐kb1 F: 50‐TGCCAAAGAAGGACACGACAG‐30 62 150
R: 50‐GCCACCAGCAGCAGCAGACAT‐30

miR‐149 F: 50‐ACACTCCAGCTGGCTCTGGCTCCGTGTCTTC‐30 56 63
R: 50‐CTCAACTGGTGTCGTGGA‐30

U6 F: 50‐CTCGCTTCGGCAGCACA‐30 51 90
R: 50‐AACGCTTCACGAATTTGCGT‐30
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MyD88 expression at mRNA level in these cells (Fig. 3A,C), however,
it demonstrated a capacity to down‐regulate MyD88 protein
expression by 0.2‐fold as compared with the LV‐NC control
(Fig. 3B). These data indicated that miR‐149 had a potential to
regulate immune response in macrophages through a mechanism in
part by post‐transcriptionally down‐regulating MyD88 expression.

MYD88 IS A TARGET OF miR‐149
Bioinformatic analysis using of miRanda (http://www.microrna.org/),
PicTar (http://pictar.bio.nyu.edu/) and TargetScan (http://www.
targetscan.org/) data bases revealed that a putative miR‐149 binding
site harbored in the 30‐UTR of MyD88 (Fig. 4A). To verify whether
miR‐149 is capable of targeting this potential site of MyD88,
luciferase pMIR‐report vectors containing either 30‐UTR for MyD88
or mutated 30‐UTR for MyD88, were generated (Fig. 4A). In order to
achieve high transfection efficiency, 293T cells were co‐transfected
with pSicoR/miR‐149 and the pMIR‐report vector containing 30‐UTR
or mutated 30‐UTR of MyD88, and a Luciferase reporter assay was
performed at 24 h post‐transfection. The luciferase assay demon-
strated that the introduction of miR‐149 was able to significantly
repress the luciferase activity of 293T cells transfected with pMIR‐
report vector containing wild type 30‐UTR of MyD88, but not those
transfected with the mutated 30‐UTR containing vector (Fig. 4B).
This result suggested that miR‐149 might inhibit MyD88 protein
expression by directly targeting the 30‐UTR of MyD88 mRNA at post‐
transcriptional level.

DISCUSSION

In the present study, we reported a potential mechanism of miR‐149
in regulation of TLR triggered inflammatory response against BCG and
LPS in murine macrophage RAW264.7 cells. Our results demonstrated
that abundant miR‐149 was in the macrophage RAW264.7 cells; the
addition of BCG or LPS dynamically reduced the miR‐149 expression,
along with a substantial increase of MyD88 expression in the cells;
forced overexpression of miR‐149 in RAW264.7 cells was associated
with a significant decrease of MyD88 protein expression, as well as a
reduction of the production ofNF‐kB 1, TNF‐a, and IL‐6 in response to
BCG infection or LPS stimulation; moreover, miR‐149 was able to
directly target the 30‐UTR ofMyD88mRNA and post‐transcriptionally
regulated MyD88 protein expression. These data suggested that miR‐
149 might be an important modulator that played a negative role in
TLR/MyD88 pathway inmacrophages against mycobacteria infection,
at least in part through a mechanism of targeting MyD88.

miRNAs have been demonstrated to play important roles in
regulating TLR signaling at different levels by targeting multiple
molecules involved in this pathway, including the expression of TLRs,
adaptors and mediators of TLR signal pathway, and TLR‐activated
transcription factors [O0Neill et al., 2011]. For example, TLR4 was
regulated by members of the let‐7 miRNA family. The induction of
let‐7e expression could decrease the TLR4 expression on the cell
surface of in liver‐derived cholangiocytes [Chen et al., 2007].
miR‐155 was found to be able to negatively regulate TLR signaling

Fig. 1. Dynamic changes of miR‐149 andMyD88 in macrophage RAW264.7 cells against BCG and LPS. A–D: Murine macrophage RAW264.7 cells were infected with BCG at MOI
of 10 (A,C) or stimulated with LPS at concentration of 1mg/ml (B,D) for indicated times. The expression of miR‐149 (A,B) and MyD88 (C,D) were determined by a qRT‐PCR assay.
The expression was normalized to the expression of U6 for miR‐149 (A,B) or b‐actin for MyD88 (C,D) in each samples. Data are expressed as the mean� SD (n¼ 9). All of the data
shown above are representative of three independent experiments. �P< 0.05.
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Fig. 2. The role of miR‐149 in regulation of TLR‐triggered inflammatory responses in macrophages against BCG and LPS. A: Overexpression of miR‐149 in RAW264.7 cells
infected with lentiviral vectors determined by a qRT‐PCR assay. B–D: The expressions of NF‐kB1 (B), TNF‐a (C) and IL‐6 (D) in lentiviral LV‐miR‐149 or LV‐NC infected macrophage
RAW264.7 cells in response to BCG infection (left panel in B, C, and D) or LPS stimulation (right panel in B, C, and D) at indicated time points were determined by a qRT‐PCR assay.
�Compared with the control group, P< 0.05. Results represented the mean� SD from three independent triplicated experiments (N¼ 9).

TABLE II. Concentration of IL‐6 and TNF‐a in the Supernatant of Culture Determined by ELISAa

Stimulator Infection

IL‐6 concentration (ng/L) TNF‐a concentration (ng/L)

6 h 12 h 24 h 6 h 12 h 24 h

BCG LV‐NC 1,789.6� 93.6 3,246.5� 102.0 3,848.3� 129.1 1,468.8� 61.6 3,345.6� 138.3 3,916.4� 147.8
LV‐miR‐149 853.7� 33.8� 1,246.8� 96.1� 1,562.8� 61.7� 843.7� 29.7� 1,456.8� 126.7� 1,693.8� 74.7�

LPS LV‐NC 1,564.5� 41.0 3,142.7� 87.1 4,613.8� 55.4 2,164.5� 105.3 3,847.8� 130.2 5,013.7� 84.8
LV‐miR‐149 934.6� 39.1� 1,064.8� 66.9� 2,289.5� 55.5� 967.5� 76.6� 1,535.7� 48.8� 2,364.6� 143.5�

�P< 0.05 versus respective control values.
aThe data represented the mean� SD of nine samples from three independent experiments.

924 miR-149 REGULATES INFLAMMATORY RESPONSES JOURNAL OF CELLULAR BIOCHEMISTRY



pathway by targeting some key some signaling molecules including
MyD88 [Tang et al., 2010]. Inhibition of miR‐155 in dendritic cells
(DCs) resulted in up‐regulated expression of components in the
p38 mitogen‐activated protein kinase (mAPK) pathway [Ceppi

et al., 2009]. NF‐kB is the most important transcription factor in
the TLR signaling pathway. miR‐9, the TLR‐responsive miRNA has
been shown an ability to directly target NF‐kB1 mRNA [Bazzoni
et al., 2009]; and.miR‐210 also has been demonstrated to be induced

Fig. 3. miR‐149 directly target MyD88 in RAW264.7 cells at the post‐transcriptional level. A: The expression of MyD88 mRNA was detected by qRT‐PCR in the RAW264.7 cells
infected with LV‐miR‐149 or LV‐NC. B: The expression of MyD88 was detected by immunoblotting using against anti‐MyD88 antibody in the RAW264.7 cells, less abundant
MyD88 protein was determined in cells overexpressingmiR‐149. C: The transcripts ofMyD88 determined by a qRT‐PCR in BCG or LPS treated RAW264.7 cells showed an inability of
miR‐149 to alter MyD88 expression at mRNA level.
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by LPS and able to target NF‐kB1 mRNA [Qi et al., 2012]. Similarly,
some miRNAs have been revealed abilities to directly target pro‐
inflammatory mediators. For instance, miR‐365 and miR‐142‐3p
were demonstrated to target IL‐6 mRNA, and were capable of
reducing the endotoxin‐induced mortality in mice [Sun et al., 2011;
Xu et al., 2011], while miR‐29was able to suppress immune responses
against intracellular pathogens by targeting IFN‐g [Ma et al., 2011].
In this study, we found that miR‐149 was capable of negatively
regulating inflammatory response in macrophage RAW264.7 cells
against BCG infection or LPS stimulation, partially through a
mechanism of directly targeting MyD88 in the TLR/NF‐kB pathway.

Both BCG and LPS can activate TLR/MyD88 signaling pathway
and promote the expression of pro‐inflammatory cytokines. In this
study, RAW264.7 cells exposed to BCG exhibited a dynamic of mRNA
expressions of NF‐kB1, TNF‐a, and IL‐6 (Fig. 2), along with the
increased expression of MyD88 and decreased expression of miR‐149
with the time (Fig. 1). Such finding may imply an ability of BCG to
inhibit miR‐149 expression in macrophage, and consequentially
elevate the MyD88 protein expression, which in turn, increase the
expression of pro‐inflammatory cytokines in response to BCG
infection (Fig. 2). Of note, in the presence of BCG or LPS, the pro‐
inflammatory factors of MyD88 downstream genes were stimulated
at the early time points regardless of the transfection of plasmid
expressing miR‐149. However, the expressions were gradually
declined with the time, and eventually switched to an inhibitory
expression at late time points. The blunted response might imply that
the accumulated overexpression of miR‐149 efficiently targeted the

MyD88, which in turn inhibited the expression of its downstream
genes, such as NF‐kB 1, TNF‐a, and IL‐6, even in the presence of TLR
ligands BCG or LPS. This finding clearly suggested that miR‐149
played a negative role in the TLR/NF‐kB pathway in macrophages.

Several lines of evidence have suggested that miR‐149 plays
multiple roles in the cell proliferation, as well as pathogenesis of
including tumors, and infectious diseases [Hariharan et al., 2005; Li
et al., 2011; Luo et al., 2011; Chen et al., 2012; Pan et al., 2012;
Dominguez, 2013; Lai et al., 2013; Wang et al., 2013]. However,
whethermiR‐149 plays a regulatory role in immune responses has not
been extensively demonstrated. Schnitger et al. demonstrated that
miR‐149 was one of most up‐regulated miRNAs in bone marrow
derived macrophages in response to Listeria monocytogenes infection
[Schnitger et al., 2011]. Interestingly, the study reported by Schniter
et al. demonstrated a MyD88 dependent up‐regulation of miR‐149 in
macrophages in response to L. monocytogenes infection, which
differed from the finding in the present study that BCG down‐
regulated miR‐149 expression in the murine macrophage RAW264.7
cell line. Two possibilities might cause the discrepancy: firstly
primary macrophages were used in the study performed by Schniter
et al., which a macrophage transformed cell line (RAW264.7) was
employed in this study; secondly, L. monocytogenes is a Gram‐

positive bacterium, the cell wall ofM. tuberculosis has characteristics
of both Gram‐positive and negative, despite both of them are
intracellular pathogens [Fu and Fu‐Liu, 2002]. On the other hand, a
significantly decreased miR‐149 was detected in peripheral blood of
patients with active Crohn0s disease [Wu et al., 2011]. In this study, we
also found that miR‐149 was able to negatively regulate TLR‐
triggered inflammatory cytokine production probably through a
mechanism of directly targeting MyD88 involved in the TLR/NF‐kB
pathway in alveolar macrophages. We have thus for the first time
identified a novel mechanism by which the TLR‐mediated miR‐149
reduction regulates the inflammatory responses in macrophage
against mycobacteria infection, and the infection of BCG or LPS
stimulation was able to down‐regulate miR‐149 expression in
RAW264.7 cells. However, whether this down‐regulation of miR‐149
was MyD88 dependent need to be further determined by using gain‐
and/or loss‐function approaches.
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