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Pathogenic mycobacteria, including Mycobacterium tuberculosis and Mycobacterium bovis, cause significant morbidity and
mortality worldwide. However, the vaccine strain Mycobacterium bovis BCG, unlike virulent strains, triggers extensive apopto-
sis of infected macrophages, a step necessary for the elicitation of robust protective immunity. We here demonstrate that M. bo-
vis BCG triggers Toll-like receptor 2 (TLR2)-dependent microRNA-155 (miR-155) expression, which involves signaling cross talk
among phosphatidylinositol 3-kinase (PI3K), protein kinase C� (PKC�), and mitogen-activated protein kinases (MAPKs) and
recruitment of NF-�B and c-ETS to miR-155 promoter. Genetic and signaling perturbations presented the evidence that miR-
155 regulates PKA signaling by directly targeting a negative regulator of PKA, protein kinase inhibitor alpha (PKI-�). Enhanced
activation of PKA signaling resulted in the generation of PKA C-�; phosphorylation of MSK1, cyclic AMP response element
binding protein (CREB), and histone H3; and recruitment of phospho-CREB to the apoptotic gene promoters. The miR-155-
triggered activation of caspase-3, BAK1, and cytochrome c translocation involved signaling integration of MAPKs and epigenetic
or posttranslational modification of histones or CREB. Importantly, M. bovis BCG infection-induced apoptosis was severely
compromised in macrophages derived from miR-155 knockout mice. Gain-of-function and loss-of-function studies validated
the requirement of miR-155 for M. bovis BCG’s ability to trigger apoptosis. Overall, M. bovis BCG-driven miR-155 dictates cell
fate decisions of infected macrophages, strongly implicating a novel role for miR-155 in orchestrating cellular reprogramming
during immune responses to mycobacterial infection.

Pathogenic mycobacteria, including Mycobacterium tuberculo-
sis, Mycobacterium bovis, etc., are the major cause of morbidity

and mortality across the world, and in this regard, the fate of the
infected host macrophages, significant effectors of innate immu-
nity, could act as a rate-limiting step in ensuing immunity (29, 32,
47, 52, 55). Interestingly, avirulent pathogenic mycobacteria, in-
cluding the vaccine strain M. bovis BCG, unlike virulent M. tuber-
culosis, cause extensive apoptosis of infected macrophages, which
suggests a significant contribution of the apoptosis process to the
initiation and subsequent amplification of innate as well as adap-
tive immune responses (33).

Among various cues that could lead to apoptosis of host cells,
the initiation of the apoptotic machinery by posttranscriptional
mechanisms assumes significant importance (37). Among post-
transcriptional control mechanisms, microRNAs (miRNAs) are
suggested to regulate several cellular processes, as they can regu-
late the expression profiles of 20 to 30% of genes in the human
genome (2, 21). miRNAs are evolutionary conserved, non-pro-
tein-coding, single-stranded 20- to 22-nucleotide RNA molecules.
miRNAs constitute an endogenous class of regulatory RNA mol-
ecules that regulate target mRNA either by translational repres-
sion or by degradation (2, 10, 18). The target mRNA silencing is
brought about by loading mature miRNA onto the RNA-induced
silencing complex (RISC), which results in the target mRNA’s
silencing through mRNA cleavage or translational repression (20,
35, 48). These attributes often act as key regulators of various
cellular processes like cell proliferation (26, 69, 71), differentiation
(56, 59), autophagy (22, 27), and apoptosis (12, 31, 58). Impor-
tantly, recent studies have revealed the central role of miRNAs in
innate immune responses to pathogens and a variety of stimuli

(30, 60–62). Though much about the miRNAs’ synthesis and their
mode of action is known, the molecular basis of the regulation and
function of specific miRNAs and their roles during immunologi-
cal processes such as apoptosis await further investigations.

In this perspective, various effectors of host immunity are
known to be regulated by several miRNAs, and a prominent one
among them, miRNA-155 (miR-155), often exhibits crucial roles
during innate or adaptive immune responses (54, 64, 66). Signif-
icantly, miR-155 is known as a prototype multifunctional miRNA
(17) and is recognized for its inducible expression in activated T
cells, macrophages, and dendritic cells (DCs) (4, 67). Interest-
ingly, miR-155 null mice exhibit a marked deficiency in various
cell types, and ex vivo experiments demonstrate polarization of T
cells toward a Th2 phenotype and severe compromise in the de-
velopment of germinal centers and B-cell compartments or effi-
cacy of humoral immunity in miR-155 null mice (54, 64). Recent
reports have suggested novel roles for miR-155 in Th1 or Th17
differentiation during microbial infections as well as augmented
expression of miR-155 in T cells during pathogenic microbial
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challenge (43, 49). Further, induced expression of miR-155 by
lipopolysaccharide (LPS)-mediated Toll-like receptor 4 (TLR4)
triggering resulted in modulation of interleukin-1 (IL-1) signaling
events in human monocyte-derived DCs. Similarly, miR-155 trig-
gered downregulation of PU.1, thus affecting the expression of
DC-SIGN in human DCs (15). In regard to parameters associated
with disease and immunity, miR-155 is implicated in autoim-
mune disorders like rheumatoid arthritis and acts as an important
regulator of the oncogenic process by negatively regulating sup-
pressor of cytokine signaling 1 (SOCS1) in breast cancer (28,
36, 40).

In view of the above observations, we set out to unravel the
molecular mechanisms contributing toward M. bovis BCG-spe-
cific miR-155 expression, principally with regard to the role of
miR-155 during M. bovis BCG-mediated apoptosis of macro-
phages. The present investigation demonstrates that M. bovis
BCG-mediated TLR2 stimulation triggers augmented expression
of miR-155 in macrophages. Significantly, induced expression of
miR-155 involved integrated signaling cross talk among the mem-
bers of phosphatidylinositol 3-kinase (PI3K), protein kinase C�
(PKC�), and mitogen-activated protein kinase (MAPK) path-
ways, which resulted in the participation of NF-�B and c-ETS in
transcriptional activation of miR-155 promoter. Further, M. bovis
BCG-triggered miR-155 modulated the expression of apoptosis
effectors including PUMA, NOXA, BID, BIM, BAK1, and SMAC,
thus leading to apoptosis of infected macrophages. Importantly,
M. bovis BCG infection-induced apoptosis was severely compro-
mised in macrophages derived from miR-155 knockout mice
compared to wild-type (WT) mice. We present the evidence that
miR-155 regulates protein kinase A (PKA) signaling by directly
targeting a negative regulator of PKA, protein kinase inhibitor-
alpha (PKI-�). Consequently, enhanced activation of PKA signal-
ing directs the generation of PKA C-�, phosphorylation of MSK1,
cyclic AMP response element binding protein (CREB), and his-
tone H3. Importantly, miR-155-driven PKA signaling resulted in
the activation of apoptotic effectors, active caspase-3, and BAK1
and the cytosolic translocation of cytochrome c, which involved
signaling integration among members of MAPKs and epigenetic
or posttranslational modification of histones or CREB. Thus, aug-
mented PKA signaling by M. bovis BCG-driven miR-155 dictates
cell fate decisions of infected macrophages, emphasizing a novel
role for miR-155 in host immunity to mycobacterial infections.

MATERIALS AND METHODS
Cell culture, mice, and bacteria. The RAW 264.7 mouse macrophage cell
line was cultured in Dulbecco’s modified Eagle medium (DMEM)
(Gibco-Invitrogen, United States) supplemented with 10% heat-inacti-
vated fetal calf serum (FCS) (Sigma-Aldrich, St. Louis, MO), and the
cultures were incubated at 37°C in 5% CO2. Macrophages were obtained
from peritoneal exudates of C57BL/6 wild-type or TLR2�/� mice and
were maintained in DMEM. Bone marrow cells were isolated from femur
bones of C57BL/6 wild-type or miR-155�/� mice and cultured in DMEM
with 10% FCS and 10% L929 cell-conditioning medium as a source of
macrophage colony-stimulating factor (M-CSF) to differentiate into bone
marrow-derived macrophages (BMDM). After 7 days, BMDM were used
for different experiments. All studies involving mice were carried out after
approval from the Institutional Ethics Committee for animal experimen-
tation as well as from the Institutional Biosafety Committee. M. bovis BCG
Pasteur 1173P2 was grown in Middlebrook 7H9 broth to log phase and
then aliquoted, following which it was stored at �70°C. Representative
vials were thawed, and the mycobacterial cells’ viability was then assessed

by plating on Middlebrook 7H10 agar plates. For all experiments macro-
phages were infected with M. bovis BCG at a multiplicity of infection
(MOI) of 10.

Treatment with pharmacological reagents. All pharmacological re-
agents were obtained from Calbiochem (San Diego, CA) and were recon-
stituted in sterile dimethyl sulfoxide (DMSO) (Sigma-Aldrich). In all ex-
periments, the following inhibitors were used 60 min before experimental
treatments: Myr-PKI-� (1 �M), H89 (10 �M), KT5720 (10 �M),
LY294002 (50 �M), wortmannin (10 �M), rapamycin (100 nM), PKC�
inhibitor (50 �M), PKC� inhibitor (20 �M), PKC� inhibitor (10 �M),
PKCε inhibitor (50 �M), PKC� inhibitor (5 �M), SB203580 (20 �M),
U0126 (10 �M), SP600125 (50 �M), RAF1 inhibitor (2 �M), manumycin
(10 �M), BAY 11-7082 (20 �M). DMSO (1%) was used as a vehicle
control. A tested concentration of inhibitors was used after careful titra-
tion experiments assessing the viability of the macrophages by the MTT
[3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] assay.

Reagents and antibodies. General laboratory reagents were pur-
chased from Sigma-Aldrich (St. Louis, MO) and Merck, Germany. Cell
culture media were obtained from Gibco-Invitrogen. Fetal bovine serum
was obtained from Sigma-Aldrich. Cell culture antibiotics were purchased
from Sigma-Aldrich. Anti-PKI-� (H-55) and anti-BAK1 (H-211) anti-
bodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA).
Anti-MyD88 (D80F5), anti-cytochrome c, anti-caspase-3, anti-PKA C-�,
anti-Ser376 phospho-MSK1, anti-Ser133 phospho-CREB, anti-Ser10 phos-
pho-histone H3, anti-Thr202/Tyr204 phospho-ERK1/2, and anti-Thr180/
Tyr182 phospho-p38 MAPK antibodies were purchased from Cell Signal-
ing Technology (Danvers, MA). Anti-proliferating cell nuclear antigen
(PCNA) antibody was purchased from Calbiochem, and anti-�-actin an-
tibody (AC-15) was procured from Sigma-Aldrich.

PKI-� 3=UTR-�miR-155. The miR-155 target site in the 3= untrans-
lated region (UTR) of PKI-� WT plasmid was mutated by nucleotide
replacements by site-directed mutagenesis using the megaprimer inverse
PCR method. The forward primer comprised the desired mutation, and
respective reverse primers were used to generate the megaprimer. The
megaprimer was used in turn to amplify the entire plasmid.

Luciferase assays. For luciferase analysis, RAW 264.7 mouse macro-
phages were cultured in 60-mm dish plates containing 800 �l of DMEM
(Gibco-Invitrogen). Each reporter vector (5 �g) plus 5 �g of �-galactosi-
dase vector and/or 20 �M miRIDIAN miR-155 mimic (Dharmacon, La-
fayette, CO) or 20 �M miR-155 inhibitor (Dharmacon) or 100 �M miR-
155 small interfering RNAs (siRNAs) or respective control mimics or
inhibitors or siRNAs (Ambion, Grand Island, NY) were then added to 300
�l of DMEM containing 5 �l of DharmaFECT 4 (Dharmacon), tubes were
incubated for 30 min at room temperature, and the mixture was added to
each plate. After 36 h of transfection, cells were lysed in reporter lysis
buffer (Promega, USA) and assayed for luciferase activity. The results
were normalized for transfection efficiencies by assay of �-galactosidase
activity.

miR-155 detection. For detection of miR-155 by real-time quantita-
tive reverse transcriptase PCR (RT-PCR), total RNA was isolated from
macrophages using the TRI reagent (Sigma-Aldrich) according to the
manufacturer’s protocol. Real-time quantitative RT-PCR for miR-155
was done using TaqMan miRNA assays (Applied Biosystems, Foster City,
CA) as per the manufacturer’s instructions. U6 snRNA was used for nor-
malization.

miR-155 expression analysis in vivo. For in vivo expression analysis
of miR-155, 104 M. bovis BCG cells or phosphate-buffered saline (PBS) as
vehicle control was injected intravenously into the tail vein of mice. Each
in vivo experiment involved 6 to 8 animals per group. After 7 days of
infection, mice were sacrificed and spleen and lymph nodes were col-
lected. Alternatively, mice were infected intraperitoneally with 106 M.
bovis BCG cells for 12 h. Total RNA was isolated from macrophages using
the TRI reagent according to the manufacturer’s instructions, and expres-
sion levels of miR-155 were analyzed by real-time quantitative RT-PCR.
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Tuberculosis patients and healthy individuals. The study population
was comprised of healthy individuals (n � 6) and pulmonary tuberculosis
patients (n � 11) reporting to the National Institute of Mental Health and
Neurosciences, Bangalore, India. Radiological and clinical examinations
were performed on each of the subjects under study to confirm active
tuberculosis in pulmonary tuberculosis patients and to exclude individu-
als with active tuberculosis disease in the group of healthy individuals. The
study subjects had given written consent, and the study was approved by
the Institutional Bioethics Committee.

Real-time quantitative RT-PCR. Macrophages were treated as de-
scribed above, peripheral blood mononuclear cells (PBMCs) from healthy
subjects and tuberculosis patients were isolated, and total RNA was iso-
lated using TRI reagent in accordance with the manufacturer’s instruc-
tions. A real-time quantitative RT-PCR was performed using the SYBR
green PCR mixture (KAPA Biosystems, Woburn, MA) for quantification
of Puma, Noxa, Bid, Bim, Bak1, Smac, and Gapdh, which was used as
internal control. Primer sequences used in the study were as follows:

Puma forward, 5=-AGCAGCACTTAGAGTCGCC-3=, Puma reverse, 5=-
CCTGGGTAAGGGGAGGAGT-3=; Noxa forward, 5=-GCAGAGCTACC
ACCTGAGTTC-3=, Noxa reverse, 5=-CTTTTGCGACTTCCCAGGCA-
3=; Bid forward, 5=-GCCGAGCACATCACAGACC-3=, Bid reverse, 5=-TG
GCAATGTTGTGGATGATTTCT-3=; Bim forward, 5=-ATGGCAAAGCA
ACCTTCTGAT-3=, Bim reverse, 5=-GCTCTGTCTGTAGGGAGGTAG
G-3=; Bak1 forward, 5=-GTTTTCCGCAGCTACGTTTTT-3=, Bak1
reverse, 5=-GCAGAGGTAAGGTGACCATCTC-3=; Smac forward, 5=-GC
TGAGATGACTTCAAAACACCA-3=, Smac reverse, 5=-TGAATGTGATT
CCTGGCGGTT-3=; Gapdh forward, 5=-GAGCCAAACGGGTCATCATC
T-3=, Gapdh reverse, 5=-GAGGGGCCATCCACAGTCTT-3=.

ChIP assays. Chromatin immunoprecipitation (ChIP) assays were
carried out following a protocol provided by Upstate Biotechnology (Lake
Placid, NY) with modifications. Macrophages were transfected with miR-
155 mimic or miR-155 inhibitor oligonucleotides or respective controls.
After 48 h of transfection, macrophages were left uninfected or infected
with M. bovis BCG for 8 h. The cells were fixed with 1.42% formaldehyde

FIG 1 M. bovis BCG induces upregulation of miR-155 expression. (A) Mouse peritoneal macrophages were infected with M. bovis BCG, and expression
of miR-155 was assayed by real-time quantitative RT-PCR. (B) miR-155 promoter activity was measured by transient transfection of RAW 264.7 macrophages
with miR-155 promoter-luciferase construct prior to the addition of M. bovis BCG stimulation (data are means 	 SE, n � 3). (C) Macrophages were transfected
with miR-155 indicator or renilla plasmid (pRL-SV40) prior to M. bovis BCG infection. The luciferase activity of miR-155 indicator was assayed. Data are
means 	 SE, n � 3. (D) Macrophages were cotransfected with the control vector alone (pPRIME-CMV-GFP) or miR-155 (pPRIME-CMV-GFP-miR-155) or
pPRIME-CMV-GFP-miR-146a overexpression plasmids along with the miR-155 indicator construct. The luciferase assay was performed 48 h posttransfection.
Data are means 	 SE, n � 3. (E) C57BL/6 mice were intraperitoneally infected with 106 M. bovis BCG bacilli for 12 h, while control mice were injected with PBS.
Macrophages were harvested, and total RNA was isolated to estimate the total expression level of miR-155 (data are means 	 SE; n � 8 for PBS-injected mice,
and n � 8 for M. bovis BCG-infected mice). (F and G) In vivo expression of miR-155 was analyzed by injecting M. bovis BCG or PBS as vehicle control into the
tail vein of mice. On the seventh day, mice were sacrificed and spleen (F) and lymph nodes (G) were removed for expression analysis of miR-155 (data are
means 	 SE; n � 6 for PBS-injected mice, and n � 8 for M. bovis BCG-infected mice). (H) Comparison of miR-155 expression profiles in PBMCs from
pulmonary tuberculosis patients and from healthy individuals as assayed by real-time quantitative RT-PCR. (data are means 	 SE; n � 6 for healthy individuals,
and n � 11 for TB patients). Med, medium; *, P 
 0.05 versus control; **, P 
 0.05 versus miR-155 indicator control.
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for 15 min at room temperature followed by inactivation of formaldehyde
with 125 mM glycine. Nuclei were isolated from macrophages, and
chromatin was sheared using a cup sonicator (Sonics and Materials,
Inc., Bozeman, MT). Chromatin extracts containing DNA fragments
with an average size of 500 bp were immunoprecipitated using anti-
Ser133 phospho-CREB antibody. Purified DNA was analyzed by a real-
time quantitative RT-PCR using the SYBR green PCR mixture. Regions
with the phospho-CREB binding site in mouse Puma, Noxa, Bid, Bim,
Bak1, and Smac promoters were amplified using the following primer
pairs: Puma forward, 5=-GTGTGACCCAGTGAGCC-3=, Puma reverse,
5=-ACGCTCAGACTAACGGACT-3=; Noxa forward, 5=-GTCTCGAGAC
CTGCTCC-3=, Noxa reverse, 5=-CTCTCTGTTCAGGCGC-3=; Bid for-
ward, 5=-GCATCTCTGATAGGGCCGAT-3=, Bid reverse, 5=-AGGAAGG
TACACCCGGAAC-3=; Bim forward, 5=-TGTGCGCTCTTGTAGCG-3=,
Bim reverse, 5=-GCCGTCCCAATCAATGTT-3=; Bak1 forward, 5=-GTTT
TACTGTTGTCTGGCGG-3=, Bak1 reverse, 5=-GCCTACACAGTTGAAT
GATGG-3=; Smac forward, 5=-ATGGCCAACAACCAGCCA-3=, Smac re-

verse, 5=-GAGTCGTCGACCTCCGTC-3=; 28S rRNA forward, 5=-CTGG
GTATAGGGGCGAAAGAC-3=, and 28S rRNA reverse, 5=-GGCCCCAA
GACCTCTAATCAT-3=. All results were normalized either by respective
input values or by amplification of 28S rRNA. All ChIP experiments were
repeated at least three times.

Immunoblotting analysis. Macrophages were harvested after treat-
ment, washed with ice-cold PBS, and lysed in buffer (50 mM Tris-HCl, pH
7.4, 1% Nonidet P-40, 0.25% sodium deoxycholate, 150 mM NaCl, 1 mM
EDTA, 1 mM phenylmethylsulfonyl fluoride [PMSF], 1 �g/ml each apro-
tinin, leupeptin, and pepstatin, 1 mM Na3VO4, 1 mM NaF). The total
amount of protein was quantified, and equal amounts of proteins were
resolved in 12% SDS-polyacrylamide gel and transferred to polyvi-
nylidene difluoride membranes (Millipore, Billerica, MA). Membranes
were blocked with 5% nonfat dried milk in Tris-buffered saline-Tween-20
(TBST) and probed with a primary antibody overnight at 4°C. After
washings with TBST, membranes were probed with target-specific pri-
mary antibody followed by horseradish peroxidase-conjugated sec-

FIG 2 M. bovis BCG-triggered activation of TLR2 signaling instructs macrophages to induce miR-155 expression. (A) WT or TLR2�/� macrophages were
infected with M. bovis BCG or left uninfected. Expression of miR-155 was analyzed by real-time quantitative RT-PCR after 12 h of infection (n � 3). (B)
Macrophages were pretreated with PI3K pathway inhibitors (LY294002, wortmannin, or rapamycin), and after M. bovis BCG infection miR-155 expression was
analyzed by real-time quantitative RT-PCR. DMSO was used as vehicle control (n � 3). (C) Pretreatment of macrophages with specific pharmacological
inhibitors of various PKC isoforms followed by real-time quantitative RT-PCR analysis of miR-155 expression upon M. bovis BCG infection (n � 3). (D)
Real-time quantitative RT-PCR analysis of M. bovis BCG-triggered expression of miR-155 in macrophages that were pretreated with inhibitors U0126 (ERK1/2),
SB203580 (p38), SP600125 (JNK1/2), manumycin (RAS), and RAF1 inhibitor (RAF1) (n � 3). (E) Macrophages were pretreated with Bay 11-7082 prior to M.
bovis BCG infection, and expression levels of miR-155 were assayed by real-time quantitative RT-PCR (n � 3). (F, G, and H) Macrophages were transfected with
WT miR-155 promoter-luciferase construct or mutant promoter-luciferase plasmids for NF-�B (F), c-ETS (G), and AP-1 (H) binding sites. Later, cells were left
uninfected or infected with M. bovis BCG for 12 h followed by evaluation by luciferase reporter assay (n � 3). RLU, relative luciferase units; Med, medium; WT,
wild type; TLR2�/�, TLR2 knockout; *, P 
 0.05 versus control; **, P 
 0.05 versus M. bovis BCG-infected miR-155 promoter-luciferase. For all panels, data are
means 	 SE.
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ondary antibody (Jackson Immunologicals, West Grove, PA). Blots
were developed with an enhanced chemiluminescence detection sys-
tem (Perkin Elmer Bioscience, Waltham, MA) in accordance with the
manufacturer’s protocol.

Nuclear and cytosolic subcellular fractionation. Macrophages were
harvested after respective experimental treatments and gently resus-
pended in buffer A (10 mM HEPES, pH 7.9, 10 mM KCl, 0.1 mM EDTA,
0.1 mM EGTA, 1 mM dithiothreitol [DTT], and 0.5 mM PMSF). After
incubation on ice for 15 min, cell membranes were disrupted with 10%
NP-40. Cytosolic extract was separated from nuclei and mitochondria by
centrifugation at 13,000 rpm for 15 min at 4°C. Nuclei were lysed with
buffer C (20 mM HEPES, pH 7.9, 0.4 M NaCl, 1 mM EDTA, 1 mM EGTA,
1 mM DTT, and 1 mM PMSF), and nuclear protein extract was collected
after centrifugation at 13,000 rpm for 20 min at 4°C. The nuclear and
cytosolic fractions were resolved on denaturing polyacrylamide gel, and
further processing was done as mentioned in “Immunoblotting analysis.”

Macrophage cell viability assay. Macrophages were transfected with
the miR-155-overexpressing construct (pPRIME-CMV-GFP-miR-155)
or with the control vector (pPRIME-CMV-GFP) and/or infected with M.
bovis BCG for 96 h. Macrophage cell viability was assayed by trypan blue
staining. Briefly, trypan blue was mixed with treated or infected macro-

phages at a final concentration of 0.04%, the mixtures were incubated for
3 min, and the dye-excluding (viable) and the stained (nonviable) cells
were counted microscopically.

Detection of apoptosis induction in macrophages. Macrophage
apoptosis upon M. bovis BCG infection was evaluated by augmented ex-
pression of proapoptotic genes, activation of caspase-3, cytosolic translo-
cation of cytochrome c, annexin V staining, sub-G1 analysis, and DNA
content analysis. Total cell lysate (for caspase-3 activation) or cytosolic
fractions (for cytochrome c translocation) of macrophages that were ei-
ther infected with M. bovis BCG or transfected with miRNA-155 mimics
or miRNA-155 inhibitors were resolved onto SDS-PAGE gel and probed
with respective antibodies to assess activation of caspase-3 or transloca-
tion of cytochrome c. For measurement of apoptosis using annexin V
staining, the apoptotic population of macrophages was determined utiliz-
ing the annexin V-fluorescein isothiocyanate (FITC) kit (Miltenyi Bio-
tech, United States) in accordance with the manufacturer’s instructions.
The data were analyzed by confocal microscopy. In an independent set of
experiments, macrophages were stained with propidium iodine (PI), and
the sub-G1 population and total DNA content were determined by flow
cytometry and confocal microscopy, respectively.

FIG 3 Enforced expression of miR-155 augments macrophage apoptosis. (A) miR-155 was overexpressed in RAW 264.7 macrophages by transfecting pPRIME-
CMV-GFP-miR-155 plasmid. Control cells were transfected with pPRIME-CMV-GFP. Macrophage viability was estimated by trypan blue staining (data are
means 	 SE, n � 12). (B) Macrophages were treated as described for panel A and infected with M. bovis BCG for 96 h. Intracellular survival of M. bovis BCG was
assayed by estimating CFU for miR-155 overexpressed macrophages and for vector-transfected control macrophages. Data are means 	 SE, for 6 separate
experiments. (C) Kinetics of viability of macrophages transfected with miR-155 overexpression plasmid during infection with M. bovis BCG (data are means 	
SE, n � 12). (D) Kinetics of proapoptotic gene expression over 8 h after M. bovis BCG infection of macrophages (data are means 	 SE, n � 3). (E) Western blot
analysis of cleavage of caspase-3, BAK1, and cytochrome c in macrophages with infection with M. bovis BCG for 6 h. �-Actin served as loading control, and blots
are representative of 2 separate experiments.

miR-155 Induces Macrophage Apoptosis

June 2012 Volume 32 Number 12 mcb.asm.org 2243

http://mcb.asm.org


Mycobacterial viability assay. Macrophages were transfected with the
miR-155 overexpressing construct (pPRIME-CMV-GFP-miR-155) or
with the control vector (pPRIME-CMV-GFP) for 36 h, cells were infected
with M. bovis BCG at a MOI of 10 for 24 h, and over the next 72 h cells were
maintained in antibiotic-containing medium. Intracellular mycobacteria
were harvested by lysing macrophages, and cell lysate was plated onto
Middlebrook 7H10 agar plates. Total CFU were counted, and the CFU
results from macrophages overexpressing miR-155 were compared with
those from control macrophages.

Statistical analysis. Levels of significance for comparison between
samples were determined by the Student t test distribution. The data in
the graphs are expressed as means 	 standard errors (SE). Graphpad
Prism 3.0 software (GraphPad software, La Jolla, CA) was used for all
statistical analyses.

RESULTS
miR-155 is upregulated in response to M. bovis BCG infection.
We first examined the expression levels of miR-155 triggered
upon infection of macrophages with M. bovis BCG, and real-time
quantitative RT-PCR demonstrated a significant increase in miR-
155 expression (Fig. 1A). Our objective to study miR-155 derived
from the following observations. The global expression analysis of
miRNAs of macrophages infected with M. bovis BCG revealed
upregulation of many miRNAs, including miR-155 (data not

shown). In addition, reports have suggested that miRNA-155
could act as an initial immune sensor, which possibly modulates
both innate and adaptive immune responses to a wide variety of
infections or cancers (16, 19, 54, 64, 68). In addition to real-time
quantitative RT-PCR, M. bovis BCG infection significantly en-
hanced the miR-155 promoter activity as shown in Fig. 1B. Fur-
ther, experiments with specific miRNA indicator plasmids were
utilized, in which miRNA binds to the complementary sequence
fused to green fluorescent protein (GFP). As demonstrated in Fig.
1C, infection with M. bovis BCG clearly triggered induced selective
expression of miR-155 in macrophages as evaluated by a marked
inhibition of luciferase activity of the miR-155 indicator plasmid.
However, luciferase activity remained unperturbed in controls.
For additional validation, expression plasmids for miR-155 or
miR-146a were cotransfected in RAW 264.7 macrophages with
miR-155 indicator plasmid. Interestingly, GFP luciferase activity
was markedly reduced only in the cells expressing miR-155, thus
confirming the specificity and substantiating infection-induced
expression of miR-155 (Fig. 1D).

In order to bring relevance to the biology of mycobacterial
infection in vivo, a suggested murine model to study systemic in-
fection-triggered inflammation was utilized (11, 51). In this per-

FIG 4 M. bovis BCG triggers apoptosis of infected macrophages. (A) Macrophages were infected with M. bovis BCG for indicated times. After infection, cells were
washed with PBS and stained with annexin V-FITC for 30 min followed by fixation in 3.7% paraformaldehyde. The cells were analyzed by confocal microscopy.
The representative images are shown. Data are representative of 4 separate experiments. (B) Quantification of mean fluorescence intensities of panel A confocal
images (data are means 	 SE, n � 4). (C and D) After infection, macrophages were fixed with 70% ethanol to leak out apoptotic DNA fragments and total DNA
content was visualized by confocal microscopy after staining cells with PI. Shown are a representative of 3 independent experiments (C) and quantification of the
same (D). (E) Macrophages were infected with M. bovis BCG for indicated times, fixed in 70% ethanol, stained with PI, and analyzed by flow cytometry. A
representative result of 3 experiments is shown. The sub-G1 subpopulation is indicated by M1, and the percentage of total cells undergoing apoptosis is indicated.
Med, medium; BF, bright field; PI, propidium iodide.
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spective, mice were infected with M. bovis BCG intraperitoneally
or intravenously, and as shown in Fig. 1E, F, and G, M. bovis BCG
triggered robust expression of miR-155 in vivo in peritoneal mac-
rophages, spleen, and lymph nodes. Accordingly, PBMCs derived
from pulmonary tuberculosis patients exhibited augmented ex-
pression of miR-155 compared to controls (Fig. 1H).

M. bovis BCG-triggered TLR2-PI3K-PKC�-MAPK signaling
regulates induced expression of miR-155. TLR2 receptor engage-
ment by M. bovis BCG elicits a gamut of cellular immune re-
sponses that comprise a wide spectrum of signaling cascades, in-
cluding PI3K signaling (5, 8, 9, 24). PI3K signaling exerts
significant effects on cell fate decisions by diligently regulating a
wide range of cellular genes such as apoptotic or antiapoptotic
genes, transcription factors, etc. Further, we and others have dem-
onstrated the activation of PI3K signaling in host cells upon infec-
tion with pathogenic mycobacteria (6, 7, 44, 45). Here, we inves-
tigated whether M. bovis BCG-triggered activation of PI3K could
regulate induced expression of miR-155. As shown in Fig. 2A and
Fig. S1A in the supplemental material, disruption of TLR2 recep-

tor triggering by utilization of macrophages from TLR2 null mice
or overexpressed TLR2 dominant negative construct (TLR2 DN)
abrogated M. bovis BCG’s ability to induce miR-155 expression.
Further, signaling perturbations either by dominant negative con-
structs or by pharmacological inhibitors to members of the PI3K
pathway, LY294002, wortmannin (p85 PI3K), and rapamycin
(mTOR), significantly attenuated M. bovis BCG-triggered miR-
155 expression (Fig. 2B; see Fig. S1B in the supplemental mate-
rial). Accordingly, M. bovis BCG infection triggered the phos-
phorylation of p85 subunit of PI3K, 4EBP1, and other important
members of the PI3K pathway (see Fig. S1C in the supplemental
material).

Among many signaling kinases, PKC operates as regulatory
kinase by modulating downstream signaling cascades, including
activation of MAPK. Thus, PKC considerably modulates the tran-
scriptome profile of the wide variety of immune cells; and signif-
icantly, regulatory functions within immune cells often require
strong collaboration between PI3K and PKC activity (24, 45). In
this perspective, pharmacological inhibition of PKC strongly in-

FIG 5 miR-155 modulates effectors of apoptosis. (A) miR-155�/� or WT bone marrow-derived macrophages (BMDM) were infected with M. bovis BCG, and
the expression profiles of proapoptotic genes were assayed using real-time quantitative RT-PCR. Data represent fold changes over uninfected cells. *, P 
 0.05
versus WT M. bovis BCG-infected BMDM (data are means 	 SE, n � 5). (B) The role of miR-155 in modulating expression of proapoptotic genes was validated
by transfection of miR-155 in RAW 264.7 macrophages, and real-time quantitative RT-PCR was performed to monitor the changes in expression levels of
proapoptotic genes (data are means 	 SE, n � 3). (C) miR-155 activity was silenced using miR-155 siRNA prior to M. bovis BCG infection, and expression of
proapoptotic genes was analyzed by real-time quantitative RT-PCR (data are means 	 SE, n � 3). *, P 
 0.05 versus control siRNA-transfected and M. bovis
BCG-infected macrophages. (D) Activation of caspase-3, cytosolic translocation of cytochrome c, and expression of BAK1 in miR-155�/� or WT BMDM were
assayed using Western blotting after infection with M. bovis BCG. A representative result of 3 experiments is shown. (E) miR-155 and miR-146a were
overexpressed in macrophages, and activation of apoptosis was assayed by monitoring cleavage of caspase-3. �-Actin served as loading control, and blots are
representative of 3 separate experiments. (F) miR-155 mimics were transfected into macrophages, and activation of apoptosis was monitored. (G) Macrophages
were transfected with either control siRNA or miR-155 siRNA and then infected with M. bovis BCG. Cleaved caspase-3, BAK1, and cytochrome c protein levels
were monitored by Western blotting. Western blots are representative of 3 independent experiments. Med, medium; WT, wild type; miR-155�/�, miR-155
knockout.
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hibited M. bovis BCG-induced miR-155 expression (Fig. 2C). Im-
portantly, inhibition of PKC� activity among various isoforms
either by specific pharmacological inhibitor or by overexpression
of dominant negative mutants of PKC� abolished M. bovis BCG
infection-induced expression of miR-155 (Fig. 2C; see Fig. S1D in
the supplemental material). Inhibition of PI3K activity strongly
reduced the M. bovis BCG-mediated activation of PKC� (Fig.
S1E). In accordance with previous observations, inhibition of
PKC� reduced infection-triggered activation of ERK1/2 and p38
MAPKs (Fig. S1F). Similarly, inhibition of RAS, RAF1, and mem-
bers of MAPKs, namely, ERK1/2 and p38 MAPKs, by means of
either pharmacological inhibitors or dominant negative con-
structs significantly compromised M. bovis BCG-triggered miR-
155 expression (Fig. 2D; see Fig. S1G in the supplemental mate-
rial).

Several genes involved in immunity contain cis-acting consen-
sus elements for various transcription factors, including NF-�B,
and transcriptional expression often involves specific recruitment
of transcription factors to the promoters of target genes. Notably,
NF-�B among many transcription factors often acts as “gain con-
trol” for a wide range of signaling events in many cell types (41). In
this regard, BAY 11-7082, a specific inhibitor of I�B-� phosphor-
ylation, markedly diminished induced expression of miR-155 ex-
pression (Fig. 2E). We explored the roles for NF-�B, c-ETS, and
AP-1 during M. bovis BCG-induced miR-155 expression in mac-
rophages. In this context, we utilized miR-155 promoter con-

structs that lack binding sites for each of these transcription fac-
tors. As shown in Fig. 2F, G, and H, M. bovis BCG challenge fails to
trigger activity of miR-155 promoter deletion constructs that lack
binding sites for either NF-�B or c-ETS, but not AP-1. Promi-
nently, interference in the PI3K, PKC�, or MAPK activity reversed
M. bovis BCG-mediated nuclear translocation of NF-�B (data not
shown). These results strongly advocate for a multichotomous
nature of M. bovis BCG-driven signaling, in which PI3K, PKC�,
MAPK, and NF-�B-c-ETS integrate to arbitrate induced miR-155
expression.

miR-155 is required for M. bovis BCG-mediated apoptosis of
macrophages. We investigated the effects of enforced expression
of miR-155 in RAW 264.7 macrophages. As shown in Fig. 3A and
B, ectopic expression of miR-155 resulted in loss of viability of
macrophages with a concomitant increase in intracellular M. bovis
BCG CFU compared to vector controls. Significantly, apoptosis of
macrophages by enforced expression of miR-155 could be further
augmented by infection with M. bovis BCG in a time-dependent
manner (Fig. 3C). Validating the occurrence of apoptosis, inves-
tigation of kinetics and expression patterns of various proapop-
totic genes demonstrated that M. bovis BCG triggered upregula-
tion of transcript levels of PUMA, NOXA, BID, BIM, BAK1, and
SMAC in macrophages as early as 4 h postinfection (Fig. 3D). One
of the hallmarks of apoptosis is the loss of integrity of the mito-
chondrial outer membrane, a significant event resulting in the
release of cytochrome c, which culminates in the activation of

FIG 6 miR-155 is an indispensable mediator of apoptosis. (A and B) Macrophages were transfected with either control mimics or miR-155 mimics, and
induction of apoptosis was monitored by annexin V-FITC staining by confocal microscopy. The quantification of apoptosis cells was evaluated from 4 separate
experiments (B). (C and D) miR-155 was knocked down using miR-155-specific siRNA, and induction of apoptosis was monitored as described for panel A and
quantified. A representative result of 4 experiments is shown (D). (E and F) Macrophages were transfected with miR-155 inhibitor oligonucleotides prior to M.
bovis BCG infection. The effects of M. bovis BCG infection and the role of miR-155 inhibitor on M. bovis BCG-induced apoptosis were analyzed by confocal
microscopy. Quantitative analysis was performed (F). A representative result of 4 experiments is shown. Med, medium; BF, bright field.
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caspases. In this regard, infection of macrophages with M. bovis
BCG triggered the release of cytochrome c in a time-dependent
manner with a concomitant increase in BAK1 expression or
caspase-3 processing, a necessary prerequisite for generation of
active caspase-3 (Fig. 3E).

The activation of apoptosis effectors led to a significant in-
crease in apoptosis as assayed by annexin V staining (Fig. 4A and
B) and to loss of small DNA fragments as assayed for total DNA
content using PI staining (Fig. 4C and D). Further, the proportion
of the sub-G1 population in M. bovis BCG-infected macrophages
increased in a time-dependent manner (Fig. 4E).

In order to further strengthen and validate our observations,
we utilized miR-155 null macrophages. As shown in Fig. 5A and
D, M. bovis BCG infection-induced apoptosis was severely com-
promised in bone marrow-derived macrophages (BMDM) de-
rived from miR-155 knockout mice compared to the apoptosis in

WT mice, as analyzed by the expression levels of proapoptotic
genes as well as the reduced activation of caspase-3 and BAK1
expression and the release of cytochrome c. We performed gain-
of-function and loss-of-function studies to validate the role of
miR-155 during M. bovis BCG infection of macrophages. Signifi-
cantly, enforced expression of miR-155 resulted in augmented
expression of PUMA, NOXA, BID, BIM, BAK1, and SMAC tran-
scripts in macrophages (Fig. 5B; see Fig. S2A and B in the supple-
mental material). Importantly, repression of M. bovis BCG-trig-
gered miR-155 expression, either by miR-155 specific small
interfering RNA (siRNA) or by miR-155 inhibitor (anti-miR-155
oligonucleotide), but not controls, considerably reduced the tran-
scripts levels of PUMA, NOXA, BID, BIM, BAK1, and SMAC (Fig.
5C; see Fig. S2C, D, E and S3A in the supplemental material).
Notably, ectopic expression of miR-155, but not miR-146a, trig-
gered activation of apoptotic cascades in macrophages as evi-

FIG 7 M. bovis BCG-induced miR-155 targets PKI-�. (A) Kinetics for PKI-� as assayed by Western blotting after M. bovis BCG infection of macrophages. The
quantification of the same is shown (data are means 	 SE, n � 3). (B) Macrophages were stimulated with addition of M. bovis BCG at various MOI (5, 10, 20,
and 50) and assayed for PKI-� protein levels using Western blotting. Blots were quantified and represented as shown (data are means 	 SE, n � 3). (C) M. bovis
BCG-triggered miR-155 expression was silenced by transfecting macrophages with miR-155 inhibitor. PKI-� protein levels were monitored in uninfected and
infected macrophages. A representative result of 3 experiments is shown. (D) Macrophages were transfected with miR-155 mimic or a control mimic, and
expression of PKI-� protein was analyzed by Western blotting. A representative result of 3 experiments is shown. (E) PKI-� 3=UTR WT or PKI-� 3=UTR-�miR-
155 luciferase plasmids or vector control pRL-SV40 was transfected into macrophages prior to infection with M. bovis BCG. Luciferase activities were monitored
by reporter luciferase assay (data are means 	 SE, n � 3). (F) Macrophages were cotransfected with miR-155 overexpressing plasmid (pPRIME-CMV-GFP-
miR-155) and PKI-� 3=UTR WT or PKI-� 3=UTR-�miR-155 plasmids, and luciferase activities were measured. Data are means 	 SE of 3 separate experiments.
(G) miR-155 was overexpressed in macrophages by transfecting miR-155 mimic along with PKI-� 3=UTR WT or PKI-� 3=UTR-�miR-155 luciferase plasmids,
and the ability of miR-155 to target PKI-� 3=UTR was assayed by luciferase reporter assay. Data represent means 	 SE, n � 3. (H) The effect of miR-155 on PKI-�
was validated by cotransfection of PKI-� 3=UTR luciferase plasmid with miR-155 inhibitor prior to M. bovis BCG infection. Data are means 	 SE of 3 separate
experiments. RLU, relative luciferase units; Med, medium; *, P 
 0.05 versus PKI-� 3=UTR luciferase control.
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denced by the generation of active caspase-3 (Fig. 5E and Fig.
S2A). Further, enforced expression of miR-155 by miR-155 mimic
validated the key role of miR-155 in activation of apoptosis (Fig.
5F and Fig. S2B). Accordingly, miR-155 siRNA or miR-155 inhib-
itor blocks M. bovis BCG-induced activation of apoptotic effectors
(Fig. 5G and Fig. S3B) as well as apoptosis (Fig. 6A, B, C, D, E, and
F), thus strongly assigning a considerable role for miR-155 in in-
fection-triggered apoptosis of macrophages. The specificity of
tested miR-155 inhibitor was confirmed by derepression of
MyD88 protein, a known miR-155 target, as well as by decreased
miR-155 promoter luciferase activity (see Fig. S3C and D in the
supplemental material).

miR-155 targets PKI-�, a negative regulator of PKA. The ac-
tivation of chronic inflammation during infection with patho-
genic microbes often involves not only an unrestrained migration
of immune cells including macrophages and a rapid enrichment
of the proinflammatory cytokine milieu but also the rapid multi-
plication and dissemination of infected microbes by speedy apop-
tosis of infected macrophages. In this complex settings of bidirec-
tional signaling between host and pathogen, activation of specific

host signaling pathways that regulate expression of apoptotic or
antiapoptotic genes will be a crucial determinant of cell fate deci-
sions. Protein kinase A (PKA) is one of the rate-limiting signaling
components that control multiple facets of immune responses,
including DC maturation, antigen processing and presentation,
T-cell proliferation, and effector functions, among others. Impor-
tantly, contributions to polarizing effects on macrophages by var-
ious stimuli are reported to involve the participation of miR-155.
In this perspective, extensive bioinformatics analyses as well as a
recent study by Fassi Fehri et al. (19) have suggested that protein
kinase inhibitor-alpha (PKI-�) is a target for miR-155 and that
miR-155 targets an 8-mer site located at positions 442 to 448 or
449 to 455 at the end of mouse or human, respectively, PKI-�
3=-UTR. Notably, PKI-� is a well-known endogenous inhibitor of
PKA activity (14). Thus, we aimed to carry out an integrated in-
vestigation on the interaction of miR-155 and PKA signaling
events. As a first step, we assessed the PKI-� protein expression
levels in macrophages challenged with M. bovis BCG. Data de-
picted in Fig. 7A and B clearly demonstrate a time- and dose-
dependent decrease of PKI-� expression upon infection with M.

FIG 8 miR-155 activates PKA signaling. (A) Macrophages were stimulated by infection with M. bovis BCG, and the kinetics of PKA signaling activation was
analyzed by Western blotting. Generation of PKA catalytic subunit � (PKA C-�) and phosphorylation of MSK1, CREB, and histone H3 are shown. Western blots
are representative of 3 independent experiments. (B) Pretreatment of macrophages with myristoylated protein kinase A inhibitor peptide (Myr-PKI-�) prior to
M. bovis BCG infection abrogates activation of PKA signaling. Western blots are representative of 3 independent experiments. (C) Macrophages were treated with
H89 (MSK1 inhibitor) or KT5720 (PKA inhibitor) prior to M. bovis BCG stimulation. After 6 h of infection, cytosolic and nuclear fractions were separated and
activation of histone H3 was assayed using Western blotting. Blots represent means of 3 separate experiments. (D) miR-155 or miR-146a was overexpressed in
macrophages, and activation of PKA signaling was assayed by Western blotting. Western blots are representative of 3 independent experiments. (E) Macrophages
were transfected with miR-155 mimic or control mimic, and activation of the PKA pathway was monitored as described for panel A. (F) M. bovis BCG-induced
expression of miR-155 was nullified by transfecting miR-155 inhibitor prior to M. bovis BCG infection, and the regulation of the PKA pathway was monitored
as described above. Western blots are representative of 3 independent experiments. �-Actin was used as loading control and DMSO as vehicle control. Med,
medium.
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bovis BCG. Importantly, M. bovis BCG-mediated decrease in
PKI-� protein could be reversed by ectopic expression of miR-155
inhibitor compared to control (Fig. 7C). Similarly, enforced ex-
pression of miR-155 mimic strongly reduced the basal expression
level of PKI-� protein (Fig. 7D). Accordingly, M. bovis BCG in-
fection or enforced expression of miR-155 by overexpression plas-
mid or mimics significantly reduced the luciferase activity of a
PKI-� 3=UTR construct compared to that of a pRL-SV40 vector
control. However, mutation of the miR-155 target site in 3=UTR
of PKI-� WT plasmid abrogated M. bovis BCG’s ability to reduce
PKI-� 3=UTR activity, thus demonstrating the miR-155-depen-
dent repression of PKI-� (Fig. 7E, F, and G). Consequently, the
miR-155 inhibitor, but not the control oligonucleotide, nullified
M. bovis BCG’s ability to reduce the luciferase activity of the PKI-�
3=UTR construct (Fig. 7H).

miR-155 regulates PKA signaling and macrophage apopto-
sis. PKA is one of the effector kinases that regulate a wide array of
cellular responses (63). cAMP binding to PKA results in the re-
lease of two catalytic subunits (C), and PKA C-� mediates activa-
tion of MAPKs in the cytosol or activation of CREB (cAMP re-
sponse element binding protein) in the nucleus. Activation of
MSK1 by MAPKs regulates induced expression of various im-

mune genes through the involvement of phosphorylated CREB
binding to CRE at promoters of target genes or chromatin modi-
fications by phosphorylation at Ser10 of histone H3 (3, 53).

The PKA signaling is tightly regulated by PKI-�, a strong in-
hibitor of cAMP-dependent PKA activity, and PKI-� executes its
inhibitory effects by high-affinity binding to free catalytic subunit
as well as exporting nuclear catalytic subunit to the cytoplasm (13,
34). Interestingly, skeletal muscles derived from PKI-� null mice
exhibited diminished levels of activation of transcription factor
CREB (23). In this regard, we explored whether miR-155, by mod-
ulating PKI-� levels, regulates M. bovis BCG’s ability to activate
PKA signaling. As shown in Fig. 8A, infection of mouse peritoneal
macrophages with M. bovis BCG induced the activation of PKA
signaling as evidenced by the generation of PKA C-� and the
phosphorylation of MSK1, CREB, and histone H3. Significantly,
treatment of macrophages with Myr-PKI-�, an analogue of en-
dogenous PKI-�, significantly diminished M. bovis BCG-medi-
ated activation of PKA, MSK1, CREB, or histone H3 (Fig. 8B).
Pharmacological inhibition of MSK1 (H89) or PKA (KT5720)
activity markedly reduced M. bovis BCG-triggered histone H3
Ser10 phosphorylation (Fig. 8C). In order to further characterize
the contribution of miR-155 in governing the expression of apop-

FIG 9 miR-155 recruits phospho-CREB to the promoters of apoptotic genes. (A) The 2-kb upstream nucleotide sequences of apoptotic genes Puma, Noxa, Bid,
Bim, Bak1, and Smac were analyzed for phospho-CREB binding consensus sequences using the MatInspector program. (B) The chromatin immunoprecipitation
(ChIP) assay was performed to analyze phospho-CREB (pCREB) recruitment to the promoters of proapoptotic genes upon M. bovis BCG stimulation of
macrophages (data are means 	 SE, n � 3; *, P 
 0.05 versus IgG pulldown). (C) miR-155 was ectopically overexpressed in macrophages, and nuclear
translocation of pCREB to the promoters of proapoptotic genes was observed by ChIP assay. Data are means 	 SE, n � 3; *, P 
 0.05 versus control mimic). (D)
miR-155 inhibitor oligonucleotides were used to abolish M. bovis BCG-induced miR-155 activity, and the ChIP assay was done to analyze the total recruitment
of pCREB to the promoters of proapoptotic genes as indicated (*, P 
 0.05 versus M. bovis BCG). Data are means 	 SE of 3 separate experiments.
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totic genes, we investigated the histone H3 Ser10 phosphorylation
upon enforced expression of miR-155 in macrophages. Accord-
ingly, enforced expression of miR-155, but not miR-146a, resulted
in generation of PKA C-� as well as activation of MSK1, CREB, or
histone H3 (Fig. 8D and E and data not shown). On the contrary,
inhibition of miR-155 expression by anti-miR-155 oligonucleo-
tide inhibitor, but not by control oligonucleotide, resulted in a
marked inhibition in the ability of M. bovis BCG to trigger PKA
signaling (Fig. 8F).

For further validation, we identified many sites for phospho-
CREB binding consensus in 2-kb upstream nucleotide sequences
of promoters of PUMA, NOXA, BID, BIM, BAK1, and SMAC
genes (Fig. 9A). Accordingly, we carried out chromatin immuno-
precipitation analysis, which revealed that infection with M. bovis
BCG or enforced expression of miR-155 results in significant re-
cruitment of phospho-CREB at the sites of selected apoptotic gene
promoters in vivo (Fig. 9B and C). Corroborating this observation,
miR-155 inhibitor treatment prior to M. bovis BCG infection
blocked the recruitment of phospho-CREB to the promoters of
PUMA, NOXA, BID, BIM, BAK1, and SMAC genes (Fig. 9D).
These findings advocate miR-155 as a molecular switch that reg-
ulates M. bovis BCG-mediated macrophage apoptosis. These re-

sults also validate a significant role for miR-155 in regulation of
PKA signaling during mycobacterial infection of macrophages.

cAMP-driven PKA signaling is known to exert differential ef-
fects in effectuating either cellular survival or apoptosis of cells
under various environmental cues. In this complex scenario, re-
ports have indicated that PKA signaling could drive apoptosis of
lymphoid cells that involve mitochondrion-mediated cascades,
thus suggesting the interplay of multitudes of genes with a net-
work of cellular pathways (42, 70). In this regard, M. bovis BCG-
driven expression of apoptotic genes Puma, Noxa, Bid, Bim, Bak1,
and Smac in macrophages could be effectively blocked by phar-
macological inhibition of PKA (Myr-PKI-� or KT5720) (Fig.
10A). Accordingly, M. bovis BCG-triggered activation of apop-
totic effectors, active caspase-3, BAK1 expression, or cytosolic
translocation of cytochrome c could be abolished by inhibition of
PKA or MSK1 (Fig. 10B). As described earlier, elevated levels of
PKA signaling could differentially control the downstream effec-
tor kinases, including MAPKs, thus tightly regulating the epige-
netic or posttranslational modification of histones or CREB (see
Fig. S4A, B, C, D, and F in the supplemental material). In this
regard, pharmacological inhibition of MSK1 (H89), ERK1/2
(U0126), p38 (SB203580), or JNK1/2 (SP600125) markedly re-

FIG 10 M. bovis BCG-triggered miR-155 employs PKA signaling to modulate macrophage apoptosis. (A) Macrophages were treated with PKA specific
inhibitors, Myr-PKI-� and KT5720, prior to M. bovis BCG stimulation. Changes in the proapoptotic gene expression profile were monitored by real-time
quantitative RT-PCR analysis (data are means 	 SE, n � 3). (B) Abrogation of PKA or MSK1 activity by pretreatment of macrophages with Myr-PKI-� or
KT5720 or H89 prior to M. bovis BCG infection led to inhibition of caspase-3 cleavage and BAK1 and cytochrome c expression. DMSO served as vehicle control.
Western blots are representative of 3 experiments. (C) Abrogation of MSK1 kinase activity by H89 inhibits M. bovis BCG-triggered expression of proapoptotic
genes. Data represent means 	 SE of 3 independent experiments. (D) Pretreatment of macrophages with a set of MAPK specific inhibitors prior to M. bovis BCG
stimulation suppressed M. bovis BCG-triggered expression of proapoptotic genes in macrophages. Data are means 	 SE of 3 separate experiments. (E) MAPKs
play a crucial role in M. bovis BCG-induced apoptosis as analyzed by treating macrophages with pharmacological inhibitors of MAPKs and assaying cleavage of
caspase-3 and protein expression levels of BAK1 and cytochrome c. Western blots are representative of 3 experiments. Med, medium; *, P 
 0.05 versus M. bovis
BCG stimulation.
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duced M. bovis BCG’s ability to trigger apoptotic effectors PUMA,
NOXA, BID, BIM, BAK1, and SMAC (Fig. 10C and D). Conse-
quently, pharmacological inhibitor intervention identified in-
volvement of MAPKs during M. bovis BCG-triggered activation of
caspase-3, BAK1 expression, or cytosolic translocation of cyto-
chrome c (Fig. 10E).

DISCUSSION

In the present study, we demonstrate that M. bovis BCG infection-
triggered expression of miR-155 in macrophages required the in-
volvement of TLR2-mediated signaling events. The induced ex-
pression of miR-155 involved extensive signaling cohorts and
cross talk among PI3K, PKC�, and MAPK cascades. Our data
support the evidence that miR-155 modulates PKA signaling, as
PKI-�, a negative regulator of PKA signaling, is a direct target of
posttranscriptional repression by miR-155. Prominently, miR-
155-driven PKA signaling resulted in activation of apoptotic ef-
fectors, thus providing a molecular basis for M. bovis BCG’s ability
to induce apoptosis of macrophages.

The variable efficacy of the currently utilized vaccine M. bovis
BCG has been attributed to various parameters associated with
host-M. bovis BCG interactions. As mentioned, one such critical
component is suggested to involve M. bovis BCG’s ability to in-
duce apoptosis of infected macrophages (57). Overexpression of
miR-155 in dendritic cells increases apoptosis, and dendritic cells
from miR-155 knockout mice were less apoptotic than those from

WT mice (39, 65). M. bovis BCG-triggered caspase-dependent
apoptosis during infection leads to the release of its antigens in the
form of apoptotic blebs, which effectively culminates in activation
of T cells by DC-mediated cross-priming (1, 46). Thus, apoptosis
and cross-priming act as rate-limiting steps in the initiation of
robust cellular immunity. In contrast, mycobacterium-mediated
apoptosis of infected macrophages eventually leads to dissemina-
tion of the pathogen, tipping the balance of host immunity in
favor of mycobacteria. These observations eloquently suggest a
critical role for macrophage apoptosis in deciding the fate of my-
cobacterial infection.

In spite of noteworthy advancements, extensive understanding
of the molecular mechanisms that govern M. bovis BCG-mediated
apoptosis of host cells remains a challenge. Importantly, the con-
tributory role, if any, of miRNA-mediated posttranscriptional re-
pression of the cellular genes involved in host cells’ apoptotic ma-
chinery is still unclear. For example, miR-155 is known to target
suppressor of cytokine signaling 1 (SOCS1) in Treg cells, conse-
quently regulating overall T-cell homeostasis. SOCS1 is impli-
cated for its vital role in tumor necrosis factor alpha (TNF-�)- or
reactive oxygen species (ROS)-triggered apoptosis in various cell
types (25, 50). Further, evidence from studies on breast cancer
cells implies that the single nucleotide mutation in the miR-155
binding site of the SOCS1 3=UTR resulted in significant ameliora-
tion of miR-155-mediated regulation of breast tumor cells (28).

Notably, in order to establish correlations with clinical mani-

FIG 11 Model depicting miR-155-mediated modulation of macrophage apoptosis. M. bovis BCG induces the upregulation of miR-155 by triggering the
TLR2/PI3K pathway. PKC� and RAS-RAF1-MAPKs play vital roles in M. bovis BCG-induced miR-155 expression through transcriptional factors NF-�B and
c-ETS. Induced miR-155 targets PKI-�, a negative regulator of PKA signaling, resulting in the robust activation of the PKA signaling pathway. Overall, miR-155
induces the upregulation of proapoptotic genes by modulating PKA signaling, resulting in macrophage apoptosis.
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festations during tuberculosis infection in vivo, we were able to
detect significant expression of miR-155 levels in PBMCs of pul-
monary tuberculosis patients. Accordingly, in vivo challenge with
M. bovis BCG resulted in robust expression of miR-155 in perito-
neal macrophages, spleen, or lymph nodes of infected mice. The in
vivo augmented expression of miR-155 clearly signifies its role in
influencing the pathophysiological attributes of tuberculosis. As
shown, an elaborate signaling cross talk among the members of
PI3K, PKC�, and MAPK pathways is involved during infection-
triggered expression of miR-155. It is well known that TLR2 re-
ceptor engagement by M. bovis BCG triggers an array of cellular
reprogramming genes, which culminates in the apoptosis of in-
fected macrophages (38). In this regard, perturbations leading to
loss-of-function or gain-of-function experiments implied a criti-
cal role for miR-155 during M. bovis BCG-triggered apoptosis of
macrophages by regulating apoptotic effectors PUMA, NOXA,
BID, BIM, BAK1, and SMAC. Further, we show that miR-155
contributes to M. bovis BCG’s ability to trigger apoptosis by di-
rectly targeting PKI-�, a negative regulator of PKA signaling in
macrophages. This results in enhanced activation of PKA signal-
ing, which acts as a prominent driving force in apoptosis of mac-
rophages. Importantly, miR-155 effectively contributed to loss of
viability of macrophages with a concomitant increase in M. bovis
BCG CFU. Apoptosis of macrophages by enforced expression of
miR-155 could be further potentiated by infection with M. bovis
BCG. We also show that the induction of miR-155 results in epi-
genetic or posttranslational modification of histones or CREB,
thus contributing to cellular reprogramming of various immune
genes (Fig. 11).

Overall, our study demonstrates a new programming frame-
work that orchestrates cellular signaling networks during M. bovis
BCG-driven miR-155 expression, which acts as a crucial regulator
of cell fate decisions of infected macrophages. These findings im-
plicate a novel role for miR-155 in programming gene expressions
during immune responses that regulate the pathogenesis of tuber-
culosis.
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