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Down-regulation of miR-144 after Mycobacterium tuberculosis infection promotes
inflammatory factor secretion from macrophages through the Tpl2/ERK pathway
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Abstract: Pulmonary tuberculosis is one of the deadliest human diseases and mainly occurs when the immune system is impaired. MicroRNAs
(miRNAs) have a critical role in regulating innate and adaptive immunity. Based on previous reports that Mycobacterium tuberculosis (M.tb)
can modulate host cell miRNA expression, this study aimed to investigate expression changes in miR-144 and miR-144 regulate macrophage
function via targeting of tumor progression locus 2 (Tpl2, also named MAP3KS) and extracellular signal-regulated kinase (ERK) signaling. I
examined the miRNA expression profile of M.tb—infected monocyte-derived macrophages (MDMSs) by gene expression profiling and quantitative
real-time PCR (qRT-PCR). miR-144 is obviously down-regulated in MDMs infected with M.tb and directly binds to the 3’-UTR of Tpl2, acting
as a negative regulator. Moreover, inhibiting miR-144 or over-expression of Tpl2 can activate the ERK signaling pathway by inducing ERK1/2
phosphorylation. At the same time, TNF-0, IL-1f and IL-6 secretion were significantly accelerated. Taken together, these results suggest that
miR-144 is expressed at a low level in M.tb—infected MDMs and acts as a negative regulator for Tpl2 target, which is closely connected with

ERK signaling that regulates inflammatory factor secretion.
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Introduction

Pulmonary tuberculosis, caused by M.tb infection, is
one of the most common chronic infectious diseases in
the world. The world health organization (WHO) has
reported that one third of people all over the world are
infected with M.tb (1, 2). M.tb is the causative agent
of tuberculosis and can survive and persist in the hu-
man host in the face of a robust immune response (3).
Macrophages, as inherent immune cells, are among the
frontline defenders against invading organisms, inclu-
ding bacterial infections such as M.tb.

miRNAs are an endogenous, non-coding and abun-
dant class of small (18-25 nucleotides) RNAs that func-
tion as gene regulators (4). They generally act by media-
ting post-transcriptional regulators of gene expression
or degradation of target mRNAs that have widespread
effects on downstream pathways (5, 6). miRNAs spe-
cifically combine with the 3’ untranslated regions
(3'-UTRs) of target mRNAs to trigger degradation or
translation inhibition, participating in the inflammation
response, tumorigenesis, and other biological processes
(7, 8). miRNAs have been recognized as a new class
of genes involved in human tumorigenesis and have
recently been shown to be diagnostic, prognostic and
therapeutic biomarkers. Several studies have identified
miRNAs (miR-146, miR-29a, miR-21, miR-34 etc.)
that were significantly altered and have the potential
to affect immune function in human macrophages and
T cells of patients with tuberculosis (9-11). MiR-144,
a broadly conserved miRNA was first shown to be an
apoptosis suppressor in various tumor cell lines (12,
13). It was revealed that miR-144 can directly inhibit
expression of the autophagy-related gene Atgd4a and
participate in the regulation of the autophagy process in
RAW264.7 cells after Bacilli Calmette-Guerin (BCG)

stimulation (14). Manipulation of host miRNA expres-
sion may be another mechanism by which M.tb is able
to subvert immune detection and persist intracellularly
within macrophages (10, 15).

Tpl2 is a member of the mitogen activated protein
kinase (MAPK) family of serine/ threonine kinases and
mediates Toll-like receptor activation of ERK-1/2 MAP
kinases (16). Tpl2 activation is currently understood to
be induced downstream of various innate cellular recep-
tors such as cytokine receptors, growth factors, death re-
ceptors and toll-like receptors (17, 18). ERK-1/2 induc-
tion has been shown to be critical for the transcription
and production of the pro-inflammatory cytokines IL-1f
and TNF-a in monocytic cell lines and has also been
implicated in prominent inflammatory diseases (19, 20).
So I supposed that whether there was a miRNA to regu-
late inflammatory cytokines of macrophages through
Tpl2 gene or ERK signaling.

Based on this research background, I analyzed pos-
sible immunoregulation mechanisms of miR-144 and
the Tpl2/ERK pathway in M.tb-infected macrophages. It
was showed in this study that infection of macrophages
with M.tb results in low level expression of miR-144
and secretion of pro-inflammatory cytokines. miR-144
directly binds to the 3'-UTR of Tpl2, a key component
in ERK signaling, to regulate the macrophage response
to M.tb infection.
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Materials and Methods

Cell separation and culture

The study was approved by the ethics committee
of institution (code 2014075) and informed consent
was obtained from the participants. Blood was obtai-
ned from healthy, purified protein derivative—negative
human volunteers to obtain MDMs as described in the
literature (21, 22). Briefly, MDMs were isolated from
blood by Fycoll-Paque plus density gradient centrifuga-
tion (Amersham Biosciences, Sweden) at 1800 rpm for
30 min. They were then cultured in RPMI 1640 medium
(Carlsbad, CA, USA) supplemented with 20% (v/v) hu-
man serum albumin (Invitrogen, CA, USA) for 5 d at 37
°C in a 5% CO, atmosphere to allow the differentiation
of monocytes into MDMs. MDMs were then collected
and cultured for infection experiments. HEK293 cells
were maintained in RPMI 1640 media supplemented
with 10% (v/v) fetal bovine serum (FBS, Carlsbad, CA,
USA) at 37 °C in a 5% CO, atmosphere.

M.tb infection of MDMs

MDMs were incubated with a M.tb H, R (ATCC,
Manassas, VA) suspension in cell culture plates at a
multiplicity of infection of 5:1 in RPMI 1640 medium
containing 0.4% human serum albumin for 4 h at 37
°C in a 5% CO, atmosphere after shaking to ensure
equal dispersion of bacteria (23). In addition, I sti-
mulated MDMs with paraformaldehyde (PFA)-killed
M.tb. MDMs were resupplied with RPMI 1640 medium
containing 5% human serum albumin for the subsequent
experiments after washing with serum-free RPMI 1640
medium to remove excess bacteria. All experiments
were completed in biosafety laboratory provided by
tuberculosis control and prevention hospital of Shaanxi
province where [ worked.

NanoString nCounter miRNA expression profiling

RNA was isolated by the Trizol method (Invitrogen,
CA, USA) and microRNA profiling analysis was per-
formed by KangCheng Biosciences (Shanghai, China).
Briefly, total RNA was extracted from 24 and 72 h
M.tb—infected MDMs according to the Trizol reagent
instructions (Invitrogen, CA, USA). The concentration
of the RNA was determined using a ND-1000 micro-
spectrophotometer (NanoDrop Technologies, Wilming-
ton, DE). I prepared small RNAs according to the ma-
nufacturer’s instructions by ligating a specific DNA tag
(miR-tag) onto the 3’end of each mature miRNA with a
bridge oligomer. Excess tags were removed by restric-
tion digestion. Hybridization reactions were incubated
at 64 °C for 18 h. The nCounter Digital Analyzer was
used to count individual fluorescent barcodes and to
quantify the target miRNA molecules present in each
sample.

Quantitative real-time PCR (qRT-PCR)

Total RNA was extracted as described previously
(24, 25). RNA quantity and quality were evaluated
using a NanoDrop 2000 spectrophotometer (NanoDrop
Technologies, Wilmington, DE). mRNA expression was
analyzed by real-time PCR using primers synthesized
by the Shanghai Sangon Biological Engineering and
Technology Service (Shanghai, China). Briefly, 20 pl

reactions containing 50 ng of total RNA, 10 pl of 2x
SYBR Green PCR Master Mix, 6.25 U of AMYV reverse
transcriptase, 10 U of RNase inhibitor and 0.1 mM of
primers were subjected to one cycle of 95 °C for 10 min
followed by 40 cycles of 95 °C for 15 s, 56 °C for 30 s
and 72 °C for 45 s (Applied by Biosystems, CA, USA).
The expression of genes in all groups was calculated
using the 2-24¢ method (26). All experiments were re-
peated three times independently.

Transfection of MDMs

miR-144 mimic and inhibitor (Qiagen, Valencia,
CA, USA) were used to overexpress and inhibit miR-
144, respectively. A non-targeting scrambled small in-
terfering RNA of Tpl2 (Tpl2-siRNA; Qiagen, Valencia,
CA, USA) was used to silence Tpl2. MDMs were trans-
fected with miR-144 mimic, inhibitor and Tpl2-siRNA
using the Lipofectamine 2000 transfection reagent (In-
vitrogen, Carlsbad, CA, USA) according to the manu-
facturer’s protocol, together with the negative controls.
Cells were then incubated at 37 °C in a 5% CO, atmos-
phere for 48 h.

Vector construction and luciferase reporter assays

The 3'-UTR of Tpl2 was PCR amplified from human
genomic DNA, and cloned downstream of the firefly lu-
ciferase coding region of the pMIR-GLOTM Luciferase
vector (Promega, CA, USA). The recombinant vector
was named pMIR-Tpl2. Mutations in miR-144 binding
sites were introduced by site-directed mutagenesis and
the resulting vector was named pMIR-Tpl2-mut. Cells
were seeded into 24-well plates and cotransfected with
200 ng of pMIR-Tpl2 or pMIR-Tpl2-mut vector and
miR-144 mimic or control mimic, and the pRL-TK plas-
mid (Promega, Madison, WI) which is used as internal
normalization. after 36 h, cells were harvested and lysed
using the lysis buffer (Promega). The luciferase reporter
gene assay was implemented using the Dual-Luciferase
Reporter Assay System (Promega, Shanghai, China)
according to the manufacturer's instructions.

Western blot analysis

MDMs were respectively transfected with miR-144
inhibitor, miR-144 mimic or Tpl2-siRNA (Qiagen) and
stimulated with U0126 (Beyotime, Beijing, China),
which can suppress ERK phosphorylation. Then MDMs
were lysed in cell lysis buffer containing protease inhi-
bitor (Shanghai, China). Protein concentrations were
measured using the BCA protein assay kit (Thermo
Scientific, Logan, UT, USA). Equal amounts of protein
were separated on 12%—15% SDS-PAGE and transfer-
red to a PVDF membrane (Millipore, USA). The mem-
branes were incubated with primary antibodies, inclu-
ding anti-miR-144 (1/1000; Santa Cruz, CA, USA),
anti-Tpl2 (1/1000; Santa Cruz, CA, USA), anti-ERK
(Cell Signaling Technology, CA, USA) and anti-B-actin
(Kangcheng, Shanghai, China) at 4 °C overnight. The
membranes were then incubated with secondary antibo-
dies for 1 h at room temperature. ImagelJ software was
used to analyze the protein band intensities.

Enzyme-linked immunosorbent assay (ELISA)
TNF-a, IL-6 and IL-1p production in cell superna-
tants was measured using ELISA kits (Boster, Wuhan,
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Figure 1. Human macrophage miRNAs altered by M.tb infection. Compared with the control group, miRNA expression changes in MDMs

caused by M.tb infection after 24 h (A) and 72 h (B) were detected using the NanoString nCounter miRNA Expression Assay. *P<0.05 versus
control group.

China) according to the manufacturer’s instructions. ficantly up-regulated, whereas five miRNAs were sup-

pressed in response to M.tb infection, compared with
Statistical analysis the control group (Fig. 1A). At 72 h post infection, there

All data were processed using SPSS13.0. For statis- were twenty-five differentially expressed miRNAs: nine

tical analysis, quantitative data from at least three expe- were up-regulated and sixteen were distinctly down-re-
riments were compared and are expressed as the mean + gulated, relative to the control group (Fig. 1B). Notably,
SD. Analysis of variance (ANOVA) was used for com- all eleven miRNAs altered at 24 h post infection were
parison among groups. P < 0.05 was considered to be also changed at 72 h, with similar patterns. Taken toge-
statistically significant. ther, these findings indicated that miRNAs might play a

critical role in M.tb infection.
Results

miR-144 expression is increased in MDMs infected
Identification of miRNAs that are differentially ex- with M.tb
pressed during M.tb infection From recent reports and our miRNA expression pro-

To identify the human macrophage miRNAs with filing results it was clear that miR-144 expression was

altered expression during M.tb infection, I performed obviously reduced on M.tb infection. I further verified
miRNA expression profiling in MDMs after infection this using qRT-PCR and the data showed that miR-144
with the virulent standardized strain M.tb H, R using was markedly decreased in MDMs 24 and 72 h after
the NanoString nCounter miRNA Expression Assay. | M.tb infection (Fig. 2A). Furthermore, I detected Tpl2
chose 24 h and 72 h post infection time points based protein expression by western blot and It was enhanced
in the report of Bin Ni et al. that 24 h represented the (Fig. 2B). Because 72 h post infection is the time at
phase of entry and acclimatization to the intracellular which M.tb is undergoing early rounds of replication
environment, and 72 h represented the phase of intracel- in our model (23), we investigated whether replicating
lular replication (23). At 24 h six miRNAs were signi- M.tb is required. Treatment of MDMs with PFA-fixed
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Figure 2. expression of miR-144 and Tpl2 during M.tb infection or treatment with PFA-killed M.tb. miR-144 expression was detected using
gqRT-PCR (A). Tpl2 expression was detected by westrn blot(B). The PFA+M.tb group contained MDMs treated with PFA-fixed M.tb, which is no
longer able to replicate. The statistical analysis was based on three independent experiments. Data are represented as the mean + SD. **P<0.01
and *P<0.05 versus control group.
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Figure 3. miR-144 directly targets the Tpl2 3’-UTR. (A) The miR-144 binding site was predicted in the 3'-UTR of Tpl2 mRNA. (B) Relative
luciferase activity of HEK293 cells transfected with either the Tpl2-wt or the Tpl2-mut plasmid along with miR-144 mimic or miR-144 inhibitor
was determined. Luciferase activity was normalized to the total protein amount in each group. Data are represented as the mean + SD. *P<0.05

versus control group.

M.tb, which can no longer replicate but possesses an
intact cell wall structure, also significantly suppressed
miR-144 expression and improved Tpl2 protein expres-
sion as shown in Fig. 2A and Fig. 2B. This suggested
that M.tb cell-wall components were sufficient to inhi-
bit miR-144 and increase Tpl2 expression in MDMs,
consistent with previous studies (23).

miR-144 directly binds to the 3’-UTR of Tpl2

Using the bioinformatics software programs miR-
base and Targetscan we identified Tpl2 as a putative
target of miR-144 (Fig. 3A). To confirm whether miR-
144 directly targeted the 3'-UTR of Tpl2 I constructed
luciferase reporter vectors containing the wild type (wt)
or mutated (mut) potential binding sequence in the Tpl2
3'-UTR. The wild type Tpl2 (Tpl2-wt) and mutant Tpl2
(Tpl2-mut) vectors were co-transfected with miR-144
mimic, miR-144 control mimic, miR-144 inhibitor or

control inhibitor into HEK293 cells. The results in Fig.
3B show that luciferase activity in Tpl2-wt and miR-
144 inhibitor co-transfected cells was significantly
enhanced, compared with control inhibitor co-transfec-
ted cells. Meanwhile, the Tpl2-wt and miR-144 mimic
co-transfection cells were showed an obvious decrease
in luciferase activity (Fig. 3C). Moreover, there was
no significant difference in luciferase activity between
cells co-transfected with Tpl2-mut with miR-144 mi-
mic and Tpl2-mut with miR-144 inhibitor (Fig. 3B and
3C). These data provide evidence that miR-144 alters
the Tpl2 protein level by directly targeting Tpl2 mRNA
through binding sites in the Tpl2 3’-UTR.

Down-regulation of miR-144 increases Tpl2 expres-
sion

Tpl2 expression was noticeably increased in MDMs
at 72 h post infection as shown in Fig. 4A and Fig. 4B.

C

500-
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(percent of control)
H

TpI2 expression

Relative protein expression

Figure 4. Down-regulation of miR-144 induces Tpl2 over-expression. Relative mRNA and protein expression of Tpl2 in MDMs by M.tb infec-
tion were determined by qRT-PCR (A) and western blot (B). Relative mRNA and protein expression of Tpl2 after transfected with miR-144
inhibitor (C, D) or mimic (E, F) were quantified. The statistical analysis was based on three independent experiments. Data are represented as the
mean + SD. **P<0.01 and *P<0.05 versus control group.
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A B

p-ERK1/2

Figure 5. miR-144 regulates cytokine secretion from MDMs via the Tpl2-ERK pathway. Secretion of TNF-a, IL-1f and IL-6 were detected in
MDMs by ELISA after M.tb infection (A), or differentially co-transfected with miR-144 inhibitor and miR-144 mimic, or co-cultured with U0126
(E). Detection of p-ERK1/2 protein in MDMs with M.tb infection (B) or silencing Tpl2 gene(C), or respectively co-transfected with miR-144
inhibitor and miR-144 mimic (D). The statistical analysis was based on three independent experiments. Data are represented as the mean + SD.

*P<0.05 versus control group.
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In order to further verify whether Tpl2 is target gene of
miR-144, 1 transfected cells with miR-144 inhibitor or
mimic and measured the Tpl2 expression level. miR-
144 inhibitor caused an obvious increase in mRNA and
protein expression of Tpl2 (Fig. 4C and 4D), while the
miR-144 mimic had the opposite effect (Fig. 4E and
4F), revealing an inverse correlation between Tpl2 and
miR-144 expression.

miR-144 regulates cytokines secretion via the Tpl2-
ERK1/2 pathway

Early studies have shown that ERK signaling can
regulate the production of multiple cytokines in macro-
phages (19, 27). I detected the production of cytokines
after infection with M.tb, and found that secretion of
TNF-a, IL-1p and IL-6 was especially increased (Fig.
5A). Numerous studies have reported that activation of
ERK depends on Tpl2 in macrophages (19, 28). Tpl2
was silenced using Tpl2-siRNA in MDMs, and found
that knockdown of Tpl2 repressed ERK1/2 phospho-
rylation (Fig. 5B) in comparison with control cells. Ad-
ditionally, miR-144 inhibitor activated ERK1/2 phos-
phorylation and heightened TNF-o, IL-1pB, and IL-6
production; miR-144 mimic had the opposite effect
(Fig. 5C and 5D). Furthermore, I explored the effect
of ERK1/2 signaling on cytokine secretion in MDMs.
As shown in Fig. 5D, U0126, an ERK inhibitor, restrai-
ned TNF-a, IL-1p and IL-6 production. All these data
suggested that cytokine secretion from M.tb-infected
MDMs was due to up-regulation of Tpl2 and p-ERK1/2
protein expression.

Discussion

M.tb is an ancient organism and a host-adapted in-
tracellular pathogen of macrophages (29). Host immu-
nity against M.tb is complex and different innate and
adaptive immune components are crucial for protection
against the disease. Macrophages are the first line of
defense against the infection, but M.tb can persist and

replicate within infected macrophages (30). A complex,
evolutionally adaptive relationship exists between M.tb
and the host during which M.tb evades and subverts the
immune response mounted by the macrophage.

Recent years have witnessed a spate of investigation
on the dysregulation and roles of miRNAs during bac-
terial infections (31), including M.tb (32, 33). Resear-
chers have found that many miRNAs exhibit abnormal
expression in the blood of TB patients (33). Several
important miRNAs are potential therapeutic targets for
M.tb infection, such as miR-146a, miR-21, and miR-155
among others (34, 35). To our knowledge, the function
of miR-144 in human macrophages with M.tb infection
has not been reported. This study emphasizes the effects
of M.tb infection on macrophage miRNAs using a pure
primary human macrophage model. I have identified
25 miRNAs differentially expressed in primary human
macrophages during infection with M.tb, and miR-144
was markedly reduced. In addition, M.tb cell-wall com-
ponents were sufficient to reduce miR-144 in MDMs.

Target gene prediction based on computational ap-
proaches reveals hundreds of genes that might be regu-
lated by miR-144 including Tpl2, and almost all of them
have not been validated. The MAP kinase Tpl2 has been
previously identified as a host defense molecule against
M.tb. It can switch inflammatory signals through di-
verse receptors in human macrophages, including cyto-
kine receptors. It has been reported that Tpl2 plays a
role in regulating the function of innate immune cells
(36). Over-expression of Tpl2 in immune cells links the
kinase with several crucial biochemical pathways. For
example, Tpl2 over-expression in T cells led to the acti-
vation of nuclear factor of activated T cells and the pro-
duction of interleukin-2 (IL-2), both of which are potent
mediators of T-cell function and proliferation. I showed
in this study that miR-144 directly binds to the 3'-UTR
of Tpl2. Following infection of macrophages with M.tb,
the Tpl2 gene was rapidly expressed and down-regula-
tion of miR-144 also significantly elevated Tpl2 expres-
sion (16, 30).
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Importantly, activation of Tpl2 has also been shown
to be induced by pro-inflammatory cytokines during
Toxoplasma gondii infection, and genetic ablation of
Tpl2 caused mice to become more susceptible to the
parasite (37). Recently it has been reported that Tpl2
can promote secretion of cytokines via ERK1/2 phos-
phorylation and is a signaling molecule that participates
in the immune response (36, 38). ERK1/2 signaling has
been shown to regulate the production of several cyto-
kines, including IL-12, IL-10, and type I-IFN (39, 40).
These pro-inflammatory factors can undermine the im-
mune response to M.tb infection and lead to spreading
of the infection (41). The data demonstrated that TNF-a,
IL-1pB, IL-6 were significantly promoted and down-re-
gulation of miR-144 significantly activated the Tpl2/
ERK pathway to promote secretion of pro-inflammatory
factors during M.tb infection. These findings are similar
to results from previous reports suggesting that TPL-2/
ERK was a positive regulator of TNF-a, IL-6, and IL-1§
following M.tb infection of macrophages. Therefore |
examined the role of miR-144 in M.tb infection, provi-
ding a mechanism for the observations.

In summary, I showed that miR-144 in innate im-
mune cells plays an important role in controlling intra-
cellular bacterial infections caused by M.tb. miR-144
was a direct negative regulator of Tpl2 and played a
crucial role in regulating inflammatory factors TNF-a,
IL-1p and IL-6 via targeting of the Tpl2/ERK pathway.
Therapeutically, The findings raise the possibility of
using miR-144 as a novel therapeutic agent to suppress
the Tpl2/ERK signaling pathway in order to prevent
pro-inflammatory factor secretion from macrophages
infected with M.tb.
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