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Bromodomain-containing factor Brd4 has emerged as an impor-
tant transcriptional regulator of NF-κB–dependent inflammatory
gene expression. However, the in vivo physiological function of
Brd4 in the inflammatory response remains poorly defined. We
now demonstrate that mice deficient for Brd4 in myeloid-lineage
cells are resistant to LPS-induced sepsis but are more susceptible to
bacterial infection. Gene-expression microarray analysis of bone
marrow-derived macrophages (BMDMs) reveals that deletion of
Brd4 decreases the expression of a significant amount of LPS-induced
inflammatory geneswhile reversing the expression of a small subset
of LPS-suppressed genes, including MAP kinase-interacting serine/
threonine-protein kinase 2 (Mknk2). Brd4-deficient BMDMs display
enhanced Mnk2 expression and the corresponding eukaryotic trans-
lation initiation factor 4E (eIF4E) activation after LPS stimulation,
leading to an increased translation of IκBα mRNA in polysomes.
The enhanced newly synthesized IκBα reduced the binding of NF-
κB to the promoters of inflammatory genes, resulting in reduced
inflammatory gene expression and cytokine production. By modu-
lating the translation of IκBα via the Mnk2–eIF4E pathway, Brd4
provides an additional layer of control for NF-κB–dependent inflam-
matory gene expression and inflammatory response.
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The inducible transcription factor NF-κB plays a key role in
regulating the inflammatory and immune responses in mam-

mals (1, 2). The prototypical NF-κB complex, the heterodimer of
p50 and RelA, is sequestered in the cytoplasm by its assembly with
its inhibitor IκBα (1, 2). Upon stimulation, IκB kinase complex is
activated and phosphorylates IκBα, leading to the degradation of
IκBα, the nuclear translocation of NF-κB complex, and the acti-
vation of NF-κB target genes (1–3). Importantly, one of NF-κB
target genes is its inhibitor, IκBα. The resynthesized IκBα enters
the nucleus, where it removes the NF-κB from the DNA and
terminates activated NF-κB (1, 2, 4). The resynthesis of IκBα
therefore creates a negative feedback regulation of NF-κB sig-
naling, preventing sustained NF-κB activation and prolonged
inflammatory response.
In addition to the negative feedback regulation from resyn-

thesized IκBα, the NF-κB–mediated inflammatory response is
subjected to many layers of regulation, including transcriptional,
translational, and posttranslational regulation (5–8). Recent studies
demonstrate that selective translational control of gene expression
plays an important regulatory role in the inflammatory response (7,
9). The eukaryotic translation initiation factor eIF4E has been
shown to be the node of the translational control of immune re-
sponse via the mTOR signaling pathway or the MAPK–Mnk1–
Mnk2–eIF4E pathway (9). Upon LPS stimulation, eIF4E can be
activated via its phosphorylation at S209 by Mnk1/2 (10). The
phosphorylated eIF4E then activates the translation of mRNA of
inflammatory genes, including IRF8 (11, 12). Interestingly, the
translation of IκBα is also regulated by the phosphorylation and

activation of eIF4E at S209 (13). Mutation of S209 of eIF4E to
alanine suppresses the translation of IκBα mRNA and enhances
the transcription activity of NF-κB, which promotes the pro-
duction of inflammatory cytokines (13). These studies highlight
the importance of Mnk1/2–eIF4E–mediated translation control in
the innate immune response. However, the detailed mechanism by
which the Mnk1/2–eIF4E pathway is regulated in response to LPS
stimulation remains unclear.
Brd4 has recently emerged as a key transcription regulator of NF-

κB–dependent inflammatory gene expression by activating CDK9 of
P-TEFb (positive transcription elongation factor b) to facilitate the
RNAPII-dependent transcription elongation (14–17). Inhibition of
Brd4 by small molecules suppresses NF-κB–dependent in-
flammatory gene expression and LPS-induced sepsis (16, 18–
20). Brd4 also has been shown to regulate inflammatory gene
expression by facilitating the transcription of enhancer RNA and
super-enhancer formation (14, 16, 18). All these studies demonstrate
the important role of Brd4 in inflammatory gene expression. How-
ever, the in vivo physiological function of Brd4 in inflammatory and
immune response remains elusive because of the lack of Brd4-KO
mice (21). Using tissue-specific Brd4 conditional-knockout (CKO)
mice, we demonstrate here that Brd4 is critically involved in the NF-
κB–mediated innate immune response. In response to LPS, deletion
of Brd4 in myeloid-lineage cells leads to the sustained expression of
Mknk2 and the enhanced activation of eIF4E, which stimulates the
translation of IκBα, leading to the reduced inflammatory gene ex-
pression and inflammatory response.

Significance

We generated myeloid lineage-specific Brd4 conditional-knockout
mice and demonstrated the critical role of Brd4 in the innate im-
mune response in vivo. Brd4 CKO mice were resistant to LPS-
induced sepsis but were more susceptible to bacterial infection.
Deletion of Brd4 in macrophages decreased the TLR-mediated
inflammatory cytokine expression. We also uncovered a mech-
anism by which Brd4 regulates the NF-κB signaling via initiation
of translation. In response to LPS stimulation, deletion of Brd4 in
macrophages led to the sustained expression of Mknk2 and the
enhanced activation of eIF4E, which stimulates the translation of
IκBα mRNA, resulting in decreased NF-κB–dependent inflammatory
gene expression and compromised innate immune response.
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Results
Mice with Myeloid Lineage-Specific Deletion of the Brd4 Gene Are
Resistant to LPS-Induced Septic Shock. To determine the in vivo
inflammatory function of Brd4, we generated Brd4-CKO mice
using the Cre-loxP system (Fig. 1 A and B). Brd4 flox mice (Brd4f/f,
designated hereafter as “WT” mice) were bred with LysM-Cre
mice to generate myeloid lineage-specific deletion of Brd4 mice
(Brd4f/f, lysMcre/cre, hereafter designated as “KO” mice) (Fig. 1C).
Mice carrying Brd4f/f and LysM-Cre (Brd4f/f, lysMcre/cre) were born
at the expected Mendelian ratio and developed normally when
housed in a pathogen-free facility. Immunoblotting confirmed the
tissue-specific deletion of Brd4 in macrophages, including perito-
neal and bone marrow-derived macrophages (BMDMs) (Fig. 1C).
To determine the potential role of Brd4 in inflammatory re-

sponse, we first challenged WT and Brd4-KO mice with LPS to
induce septic shock. WT mice were vulnerable to LPS, and most
died within 3 d after i.p. injection of LPS (Fig. 1D). In contrast,
most Brd4-KO mice were resistant to LPS and survived after 3 d
(Fig. 1D). This observation suggests that the deletion of Brd4 in
myeloid-lineage cells has a protective role against LPS-induced
sepsis. When we measured the serum levels of proinflammatory
cytokines that are believed to participate in the pathogenesis of

LPS, we found that levels of IL-12, IL-23, and IFN-γ were notably
decreased in Brd4-KO mice (Fig. 1E). Together, these data sug-
gest that the deletion of Brd4 in myeloid-lineage cells reduced the
LPS-induced inflammatory response.

Brd4-KO Mice Displayed Reduced Lung Inflammation and Injury. LPS-
induced sepsis is often associated with acute lung inflammation
and lung injury (22–24). We next evaluated the lung inflammation
and injury in LPS-challenged WT and Brd4-KO mice and ob-
served that LPS-induced lung inflammation was reduced and
resulted in less tissue destruction in KO mice (Fig. 2A). When we
measured the myeloid-lineage immune cells in lung, we noticed no
significant change in alveolar macrophages in the WT and KO
mice after LPS challenge (Fig. 2B). However, the number of
neutrophils was significantly reduced in KO mice after LPS
challenge (Fig. 2B). The neutrophil-associated myeloperoxidase
(MPO) activity was also decreased in the lung of KO mice (Fig. 2C).
These results suggest a reduced recruitment of neutrophils to in-
flamed lung. Compared with WT mice, the KO mice also displayed
reduced lung injury accompanied by less apoptotic cells (Fig.
2D). Supporting the reduced inflammation in the lung of KO
mice, the proinflammatory cytokine genes, including Il12b, Ifng,
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Fig. 1. Mice with deletion of Brd4 in myeloid-lineage cells are resistant to LPS-induced septic shock. (A) Schematic representation of the endogenous Brd4
locus, targeting vector, locus following homologous recombination, FLP-mediated deletion of the neomycin resistance cassette, and Cre-mediated deletion of
start codon-containing exon 3. (B) Genotyping the allele with loxP sites using the DNA templates isolated from mice tails. The upstream loxP site was am-
plified with the primers F3 and R3; the 485-bp band indicates the allele with loxP sites, and the 361-bp band indicates the WT allele. The downstream loxP site
was amplified with the primers F1 and R1; the 582-bp band indicates the allele with loxP sites, and the 430-bp band indicates the WT allele. (C) The Brd4 KO in
macrophages was verified at the protein level with the peripheral macrophages isolated from the peritoneal cavity (Left) and the BMDMs (Right). (D) Mice
lacking myeloid Brd4 are more resistant to LPS-induced endotoxic shock than WT mice. Mice (n = 7–10) were monitored for survival after an i.p. challenge
with a high dose of LPS (30 mg/kg, Escherichia coli O111:B4). The statistical significance was evaluated using the log-rank test. (E) Brd4 KO decreased the LPS-
induced serum levels of IL-12, IL-23, and IFN-γ. ELISA of IL-12, IL-23, and IFN-γ in WT or Brd4-KO mice serum was assessed 2 h (IL-23), 6 h (IL-12), and 16 h (IFN-γ)
after i.p. injection with LPS. The statistical significance was evaluated using a t test (*P < 0.05).
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Il17a, and Ccl17, were consistently reduced (Fig. 2E). Together,
these data suggest that Brd4 in macrophages serves as a positive
regulator of inflammatory gene expression and LPS-induced
immune response in vivo. The reduced inflammatory response
in Brd4-KO mice might account for the resistance of these mice
to LPS-induced sepsis.

Macrophage Brd4 Is Essential for Toll-Like Receptor Signaling and
Antibacterial Response. LPS and other pathogen-associated mo-
lecular patterns (PAMPs) initiate innate immune response through
pattern-recognition receptors, including Toll-like receptors (TLRs)
and NOD-like receptors, and activate NF-κB for inflammatory
gene expression (25, 26). Because Brd4 is a key transcriptional
regulator of NF-κB target genes, we next assessed the potential
role of Brd4 in the TLR-mediated inflammatory response. We
stimulated the BMDMs isolated from WT or KO mice with li-
gands of different TLRs (TLR1–TLR9) and measured the pro-
duction of TNF-α and IL-6. Although different ligands stimulated
the production of TNF-α and IL-6 to different levels in WT
BMDMs, their production was consistently decreased in Brd4-
deficient cells (Fig. 3 A and B), indicating that the function of
Brd4 is not limited to the TLR4 signaling pathway.
The production of inflammatory mediators in response to mi-

crobial product is important for efficient pathogen clearance. We
challenged the WT and KO mice with bacteria to address whether
declined inflammatory response in Brd4-KO mice could result in a
defect when fighting bacteria. We first examined the response of

BMDMs from WT and KO mice to group B Streptococcus (GBS)
infection. The expression of inflammatory genes, including Il6,
Il23a, Il1a, and Il12b, was generally down-regulated in Brd4-
deficient BMDMs after GBS infection (Fig. 3C). Unlike the re-
sponses to LPS, Brd4-KO mice were much more vulnerable to
GBS infection and died rapidly within 2 d, whereas some of WT
mice survived for several days (Fig. 3D). The increased sensitivity
of KO mice to GBS infection might result from the compromised
innate immune response to clear bacteria in vivo. In support of
this idea, we observed a marked elevation of bacterial burden in
various tissues, including lung, spleen, and liver, of Brd4-KO mice
(Fig. 3E). Brd4-KO mice also displayed more severe lung in-
flammation (Fig. 3F). Together, these results support the notion
that Brd4 is critically involved in the innate immune response
against bacterial infection.

BMDMs from Brd4-KO Mice Showed Decreased Expression of Genes
Involved in Inflammatory Response. Inhibition of BET family pro-
teins by small molecules such as JQ1 and I-BET has been shown
to down-regulate the expression of inflammatory genes selec-
tively (16, 19, 20). To understand better the specific contribution
of Brd4 in LPS-stimulated gene expression, we performed gene-
expression microarray analysis using RNA isolated from WT and
Brd4-deficient BMDMs stimulated or not stimulated by LPS.
The overall gene-expression patterns between WT and Brd4-
deficient BMDMs revealed a strong similarity after LPS stimu-
lation (correlation of 0.8681, P < 0.0001) (Fig. 4A), indicating
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Fig. 2. Brd4-CKO mice display decreased LPS-induced lung inflammation and injury. (A) Histological analysis of lungs of WT or Brd4-CKO mice injected with
or without LPS (30 mg/kg) for 24 h, assessed by microscopy of sections stained with H&E. (Original magnification, 40×). (B) Decreased LPS-induced neutrophil
recruitment in lung tissue of Brd4-CKO mice. WT or Brd4-CKO mice were i.p. injected with or without LPS (5 mg/kg) for 24 h. Lung tissues were isolated to
count alveolar macrophages (F4/80+, CD11chigh, CD11blow) and neutrophil (CD11bhigh, Ly6Ghigh) by flow cytometry. (C) Reduced MPO activity in lung tissue of
Brd4-CKO mice after LPS treatment. Lung tissues fromWT or Brd4-CKO mice were collected after 24 h treatment with LPS (5 mg/kg) to assess MPO activity (n =
6). (D, Left) Reduced apoptosis in lung tissues of Brd4-CKO mice after LPS treatment. TUNEL assay of lung sections from mice i.p. injected with LPS (30 mg/kg)
for 24 h. (Right) Numbers of apoptotic cells were counted from lung tissues of the LPS-treated WT or Brd4-CKO mice. Data represent the average of TUNEL-
positive cells in each microscope area at a magnification of 20×; at least 10 fields were counted per section. (E) Real-time PCR analysis of Il12b, Ifng, Il17a, and
Ccl17 expression in lung tissues from WT and Brd4-CKO mice treated or not treated with LPS (30 mg/kg) for 6 h. Results are presented relative to those of
untreated WT mice. Data are representative of two independent experiments. ns, not significant. *P < 0.05, **P < 0.01, ****P < 0.0001.
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that deletion of Brd4 has a highly selective, but not a global, effect
on the gene expression in macrophages. Among all the genes with
altered transcription, we identified genes in which, after 4 h LPS
stimulation, mRNA levels were up- or down-regulated more than
twofold (P < 0.05) in the Brd4-deficient BMDMs as compared
with the levels in WT cells (Fig. 4B). A total of 1,632 genes were
induced and 1,414 genes were suppressed by more than twofold
by LPS; deletion of Brd4 resulted in the down-regulation of 90 of
the LPS-induced genes and the up-regulation of 5 of the LPS-
suppressed genes (Fig. 4B).
Consistent with the previous finding that Brd4 acts as both a

coactivator and corepressor for gene expression (16), many genes
were either up-regulated or down-regulated in Brd4-deficient
BMDMs (Fig. 4 C andD). Functional enrichment analysis revealed
a highly significant enrichment in Brd4-deficient cells of down-
regulated genes involved in immune system processes, including
cytokines and chemokines (Fig. 4 E and F), whereas the up-
regulated genes were enriched in the assembly of macromolecule
complex and chromatin (Fig. 4E). The down-regulated expression
of cytokines and chemokines, including Il6, Il1a, Il12b, and Cxcl9,
was further confirmed by quantitative RT-PCR (Fig. 4G). Similar
results were obtained by ELISA assessing the amount of secreted

IL-6, IL-1α, and IL-12 (Fig. 4H). Collectively, these findings
demonstrate that Brd4 acts as a positive regulator to stimulate the
expression of genes involved in immune response.

Brd4 Regulates the Expression of Mknk2 to Modulate the Resynthesis
of IκBα. Although Brd4 deficiency reduced the expression of a
significant number of genes, the expression of 33 genes was higher
in Brd4-deficient BMDMs than in WT cells (Fig. 4). Brd4 deficiency
resulted in the up-regulation of five of the LPS-suppressed genes;
Mknk2, which encodes the Mnk2 kinase, was one of these genes
(Fig. 5A). The expression ofMknk2 was down-regulated by LPS in a
time-dependent manner in WT BMDMs (Fig. 5B). In contrast,
Mknk2 expression was much more sustained in Brd4-deficient cells
after LPS stimulation. LPS barely affected the expression of Mknk2
in Brd4-deficient cells (Fig. 5B). Interestingly, unlike Mknk2, the
expression of Mknk1 was down-regulated by LPS in both WT and
Brd4-deficient BMDMs (Fig. S1). These data suggest that depletion
of Brd4 abolishes the LPS-induced suppression of Mknk2 but not
Mknk1 expression.
Mnk2 and Mnk1 are protein kinases that are directly phos-

phorylated and activated by ERK or p38 MAP kinases and have
been implicated in the regulation of protein synthesis through
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E3996 | www.pnas.org/cgi/doi/10.1073/pnas.1700109114 Bao et al.

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 D
ec

em
be

r 
14

, 2
02

1 

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1700109114/-/DCSupplemental/pnas.201700109SI.pdf?targetid=nameddest=SF1
www.pnas.org/cgi/doi/10.1073/pnas.1700109114


www.manaraa.com

their phosphorylation of eIF4E at S209 (10, 27, 28). When we
examined the activation of Mnk2 in LPS-treated BMDMs, we
found that the cellular levels of Mnk2 decreased with the LPS
stimulation in WT BMDMs (Fig. 5C and Fig. S2A), consistent
with the reduced mRNA in LPS-treated cells (Fig. 5B). In Brd4-
deficient BMDMs, however, the level of Mnk2 remained the same
or was slightly enhanced after LPS treatment (Fig. 5C and Fig.
S2A). When we examined phosphorylated Mnk2, the active form
of Mnk2, we noticed that Mnk2 was activated 10 min after LPS
stimulation and that the activation was diminished after 60 min
(Fig. 5C and Fig. S2B). In Brd4-deficient cells, the phosphoryla-
tion of Mnk2 appeared earlier and was enhanced (Fig. 5C). The

enhanced Mnk2 activation was associated with the elevated
phosphorylation of eIF4E in Brd4-deficient cells (Fig. 5C and Fig.
S2C). Interestingly, both ERK and p38 were similarly activated in
WT and Brd4-deficient BMDMs (Fig. S3), excluding the possi-
bility that the enhanced Mnk2 phosphorylation and activation is
caused by the increased ERK or p38 activation. Together, these
data demonstrate that Brd4 regulates the activation of Mnk2 and
eIF4E through a mechanism independent of the activation of its
upstream kinases.
eIF4E has been shown to regulate the translation of IκBα, the

negative regulator of NF-κB (13), actively, raising the possibility
that the translation of IκBα in response to LPS stimulation might
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be affected in Brd4-deficient cells. Changes in the translation ini-
tiation can be monitored via ribosome-bound mRNAs separated
by sucrose density gradient centrifugation (29). When we isolated
and analyzed ribosome fractions of LPS-treated WT or Brd4-
deficient BMDMs, we observed similar patterns in the polysome
profiles (Fig. 5D). Therefore, the deletion of Brd4 does not seem
to have a global effect on the translation. However, the mRNA
levels of IκBα gene (Nfkbia), but not Nfkbib, Nfkbie, or Bcl-3,
isolated from the polysomes of the Brd4-deficient cells after 1 h of
LPS stimulation were significantly higher than in the WT cells
(Fig. 5E and Fig. S4). Notably, without LPS stimulation, the levels
of IκBα mRNA isolated from the polysomes of the Brd4-deficient
cells were the same as found in WT cells (Fig. S5). In addition, the

levels of IκBα mRNA remained the same in WT and Brd4-
deficient BMDMs after LPS stimulation (Fig. 5F). Collectively,
these data demonstrate that Brd4 is actively involved in the
resynthesis of IκBα but has no effect on the synthesis of basal level
of IκBα and the LPS-induced transcription of IκBα.
Because LPS-induced IκBα resynthesis was increased in Brd4-

deficient BMDMs, we then compared the cellular IκBα levels
in WT and Brd4-deficient BMDMs after LPS stimulation. As
expected, cytoplasmic IκBα was degraded and resynthesized in
WT BMDMs after LPS treatment, and the levels of IκBα were
inversely associated with the levels of nuclear RelA (Fig. 5G). In
Brd4-deficient cells, the levels of IκBα were similar to levels in
WT cells before LPS treatment, and IκBα was similarly degraded

LPS (min)

1 2 3 4

1 2 3 4 5 6 7 8

5 6 7 8 9 10 11 12

0 5 10 15 30 60 0 5 10 15 30 60

IB:α-TubulinTubulin

p-eIF4E

p-Mnk2

Mnk2

IB:α-p-Mnk2

IB:α-Mnk2

eIF4E

IB:α-p-eIF4E

IB:α-eIF4E

KO

1

WT

LPS 
(min)

LPS 
(min)

0 20 60 24
0

0 20 60 24
0

0 20 60 24
0

0 20 60 24
0

KOWT

KO

KO234567891011121234567891011

40S 60S

80S

40S 60S

80S

12

WT

WT

R
el

at
iv

e 
m

R
N

A
 le

ve
ls

   
(a

ct
in

 n
o

rm
al

iz
ed

)

LPS (h)

1 2 3 4 5 6 7 8

IB:α-IκBα

IB:α-IκBα

IB:α-RelA

IB:α-HDAC1

IB:α-Tubulin

IB:α-RelA

IB:α-HDAC1

IB:α-Tubulin
Nuc.

Cyt.

26
0

A

WT

WT

KO

KO

WT
KO

0 1
0

5

10

15

20

25

 

   
R

el
at

iv
e 

m
R

N
A

 le
ve

ls
 in

 
p

o
ly

so
m

e 
(a

ct
in

 n
o

rm
al

iz
ed

)

WT
KO

polysome

Sedimentation Sedimentation

polysome

0

1

2

3

4

Nfkbia Nfkbia

NF-κB

Oct1

R
el

at
iv

e 
m

R
N

A
 le

ve
ls

   
(a

ct
in

 n
o

rm
al

iz
ed

)

LPS (h) 0 0.5 1 2 4
0.0

0.5

1.0

1.5

2.0

IκBα

LPS

MNK2eIF4E BRD4BDs

IκBα mRNA

TRANSLATION

TRANSCRIPTIONp50 RelA

κB

0.0

0.1

0.2

0.3

0.4

0.01

0.02

0.03

0.04
Il12b

0.2

0.4

0.6

0.01

0.02

0.03
Il23a

0.1

0.2

0.3

0.4

0.02

0.04

0.06

0.08

0.10
Il6

Il12b Il23a Il6

Ctr LPS Ctr LPS Ctr LPS

Ctr LPS Ctr LPS Ctr LPS

***

*** *** **

*** **

R
el

A
 e

nr
ic

hm
en

t
   

  (
%

 o
f i

np
ut

)
R

N
A

P
II 

en
ri

ch
m

en
t

   
   

 (%
 o

f i
np

ut
)

-1.2 +1.2

KO
5.39

Fold

Psd3
4.57Mknk2
2.35Pdgfa
2.01Rassf2
2.01Nek6

WT

?p

0.000.00 0.00

0.00.0

A

D E F

G

I
J

H

B C

Fig. 5. (A) Heat map representation of relative expression level (scaled Z-score) of the LPS-suppressed genes whose expression was up-regulated in the Brd4-
deficient BMDMs after LPS stimulation. Fold-change values of KO versus WT are listed. (B) WT or Brd4-deficient BMDMs were stimulated with LPS (100 ng/mL)
for the indicated period of time, and the expression of Mknk2 was analyzed by real-time PCR. (C) WT or Brd4-deficient BMDMs were stimulated with LPS
(100 ng/mL) for the indicated time point, followed by immunoblotting with the indicated antibodies. (D) Representative polysome profiles obtained by
sucrose density gradient (10–50%) centrifugation from WT or Brd4-deficient BMDMs after 1 h LPS stimulation. (E) Levels of Nfkbia mRNA from polysomal
fractions were analyzed by real-time PCR. Data are representative of three independent experiments. (F) WT or Brd4-deficient BMDMs were stimulated with
LPS (100 ng/mL) for 1 h, and the relative levels of Nfkbia mRNA were analyzed by real-time PCR. (G) WT or Brd4-deficient BMDMs were treated with LPS
(100 ng/mL) for the indicated time periods, and the cytoplasmic (Cyt.) and nuclear (Nuc.) extracts were immunoblotted for the levels of IκBα and RelA.
HDAC1 and tubulin were used as nuclear or cytoplasmic protein controls, respectively. IB, immunoblot. (H) WT or Brd4-deficient BMDMs were stimulated with
LPS (100 ng/mL) for the indicated time periods. Whole-cell lysates were prepared, and the DNA-binding activity of NF-κB was assessed by EMSA. (I) WT or Brd4-
deficient BMDMs were stimulated with LPS (100 ng/mL) for 1 h, and ChIP assays were performed using antibodies against RelA and RNAPII and probed for the
promoters of Il12b, Il23a, and Il6. Results are shown as the mean ± SD of three independent experiments; **P < 0.01, ***P < 0.001. (J) Schematic model for
Brd4 regulation of the NF-κB target gene expression via Mnk2–eIF4E pathway-dependent translational control of IκBα resynthesis.

E3998 | www.pnas.org/cgi/doi/10.1073/pnas.1700109114 Bao et al.

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 D
ec

em
be

r 
14

, 2
02

1 

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1700109114/-/DCSupplemental/pnas.201700109SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1700109114/-/DCSupplemental/pnas.201700109SI.pdf?targetid=nameddest=SF5
www.pnas.org/cgi/doi/10.1073/pnas.1700109114


www.manaraa.com

after LPS treatment (Fig. 5G). However, the levels of the
resynthesized IκBα after 1 h of LPS stimulation were increased
in Brd4-deficient cells compared with WT cells (Fig. 5G and Fig.
S6). These data are consistent with the enhanced IκBα mRNA
isolated from the polysomes of LPS-treated Brd4-deficient cells
(Fig. 5E), confirming that Brd4 deletion indeed enhances the
LPS-induced resynthesis of IκBα.

Enhanced IκBα Resynthesis Reduces the Binding of NF-κB to the
Promoters of Inflammatory Genes. De novo synthesized IκBα is
known to enter the nucleus and remove promoter-associated
NF-κB complex, creating a negative feedback regulation of the
NF-κB–dependent immune response (3, 4, 30). When we com-
pared the LPS-induced DNA-binding activity of NF-κB by EMSA
in WT and Brd4-deficient BMDMs, we observed the enhanced
binding of NF-κB to DNA in response to LPS stimulation inWT cells
(Fig. 5H). However, LPS-inducedDNA-binding activity of NF-κBwas
decreased in Brd4-deficient cells (Fig. 5H), likely reflecting the en-
hanced IκBα resynthesis (Fig. 5G). Next, we measured LPS-induced
NF-κB binding on specific promoters of inflammatory genes by ChIP
to determine whether the resynthesized IκBα and the associated re-
duced DNA-binding activity of NF-κB might contribute to the re-
duced gene expression in Brd4-deficient cells. In WT BMDMs, LPS
stimulated the recruitment of RelA and RNAPII to the promoters of
inflammatory genes, including Il12b, Il23a, and IL6, indicating the
active NF-κB–dependent transcription in response to LPS (Fig. 5I).
Conversely, in Brd4-deficient cells, the recruitment of NF-κB and
RNAPII to the promoters was significantly down-regulated (Fig. 5I).
Collectively, these data clearly demonstrate that resynthesized IκBα
removes NF-κB from the promoters of its target genes, resulting in
the reduced RNAPII recruitment, compromised gene transcription,
and possibly the overall reduced inflammatory response in the
Brd4-KO mice.

Discussion
Small molecules targeting BET family proteins possess an anti-
inflammatory effect (31, 32). However, these inhibitors target all
BET family proteins, including Brd2, Brd3, and Brd4. The exact
contribution of each BET protein to the innate immune response
in vivo remains undetermined. In this study, to gain insight into
the biological role of Brd4 in the immune response, we generated
Brd4-CKO mice, specifically deleting Brd4 in myeloid-lineage
cells. These CKO mice showed compromised innate immune re-
sponse in vivo with decreased inflammatory gene expression in
response to LPS stimulation and bacterial infection (Figs. 1–3),
supporting a role of Brd4 in innate immune response. Further-
more, we found that Brd4 deficiency in macrophages led to the
enhanced IκBα resynthesis via the Mnk2–eIF4E translation
pathway (Fig. 5J). The enhanced IκBα expression diminished
NF-κB’s binding to the promoters of NF-κB target genes (Fig. 5J).
Therefore, our study not only defines the role of Brd4 in the in-
nate immune response but also reveals a mechanism by which
Brd4 regulates inflammatory gene expression and the inflammatory
response via translation.
Deletion of Brd4 in myeloid-lineage cells reduced the vulnera-

bility of mice to LPS-induced sepsis resulting from the compro-
mised innate immune response (Figs. 1 and 2). Similar resistance
to sepsis was found in mice treated with the BET inhibitor I-BET
(20). Additionally, many LPS-induced inflammatory genes down-
regulated in Brd4-deficient BMDMs were also inhibited by I-BET
(20). Therefore, Brd4 might be the major target of BET inhibitors
for their antiinflammatory effects. The reduced innate immune
response likely hampered the CKO mice’s ability to clear bacteria,
as evidenced by the increased numbers of GBS in various tissues,
making these mice more susceptible to bacterial infection (Fig. 3).
It must be noted that GBS are Gram-positive bacteria, so how
Brd4-KO mice respond to pathogenic Gram-negative bacteria is
not clear. Mice with impaired TLR4 signaling have been shown to

be resistant to LPS-induced sepsis but to be highly susceptible to
infection with Gram-negative bacteria (33, 34). It is possible that
Brd4-KO mice will be more susceptible to pathogenic Gram-
negative bacteria infection, as they are to Gram-positive bacte-
ria, because TLR4 signaling was impaired in Brd4-deficient
BMDMs (Figs. 3 and 4).
Macrophages play an essential role in the innate immune re-

sponse by releasing the proinflammatory mediators, including
cytokines and chemokines, via TLRs in response to various
PAMPs (35, 36). Expression of proinflammatory cytokines and
chemokines was significantly down-regulated in Brd4-deficient
BMDMs and in the lung of Brd4-KO mice after LPS stimulation
(Figs. 2E and 4), indicating that Brd4 is actively involved in the
TLR4-mediated immune response. After LPS challenge, the
number of alveolar macrophages in the lung of Brd4-KO mice was
comparable to that in WTmice (Fig. 2B). However, the number of
neutrophils was significantly decreased in Brd4-KO mice (Fig. 2B),
suggesting a potential defect in LPS-induced recruitment and ac-
cumulation of neutrophils in the lung of Brd4-KO mice. This de-
fect likely results from the reduced chemokine production by
macrophages in Brd4-KO mice. In addition to neutrophils, the
activity of other immune cells might be affected by the reduced
cytokine production from Brd4-deficient macrophages. Compared
with WTmice, Brd4-KO mice had reduced serum IFN-γ after LPS
challenge (Fig. 1E). IFN-γ is produced mainly by T cells and NK
cells in response to cytokines, including IL-12 and IL-23 (37). The
reduced production of IL-12 and IL-23 from Brd4-deficient mac-
rophages might affect the responses from T and NK cells, leading
to reduced IFN-γ production. Therefore, the compromised in-
flammatory responses in Brd4-KO mice might represent combined
immunological defects from various immune cells, which are ac-
tivated by inflammatory mediators from macrophages during the
initiation of the innate immune response.
In addition to LPS, the production of proinflammatory cyto-

kines was down-regulated when Brd4-deficient BMDMs were
treated with other TLR ligands, including dsDNA and ssRNA
(Fig. 3 A and B). These data suggest that Brd4 might have a more
generalized regulatory role in the innate immune response,
fighting not only the bacterial infection but also the viral infection.
In line with this notion, Brd4 has been shown to be involved in the
virus-induced expression of IFN-stimulated genes by facilitating
CDK9-mediated transcription elongation (38, 39). The availability
of these CKO mice might allow future research on dissecting the
different functions of Brd4 in the immune response elicited by
various pathogen challenges.
Regulation of the immune response occurs at multiple levels,

including transcriptional and posttranscriptional levels (3, 4).
Recent studies indicate that immune response can also be reg-
ulated at the level of translation (7, 9). eIF4E has been shown to
be the node for translational control of immune response and is
modulated by two different signaling pathways (7, 9). The activity
of eIF4E can be regulated by its interaction with 4E-BP in the
mTOR pathway or through its phosphorylation at S209 by Mnk1/2
(7). Mnk2 appears to be the dominant player in the activation of
eIF4E and the corresponding enhanced IκBα translation in Brd4-
deficient cells, because there was no significant difference in
LPS-induced mTOR activation inWT and Brd4-deficient BMDMs
(Fig. S7). In addition, although the transcription of both Mknk2
and Mknk1 was down-regulated in response to LPS in a time-
dependent manner in WT BMDMs, LPS-induced suppression
was relieved only for Mknk2 in Brd4-deficient cells (Fig. 5B and
Fig. S1). Importantly, similar results could be found from I-BET–
treated BMDMs (20). LPS suppressed the expression of Mknk1
andMknk2, but the suppression was relieved forMknk2 only when
the cells were pretreated with I-BET (Fig. S8). These findings
further support the notion that Brd4 is involved in the LPS-
induced suppression of Mknk2 expression. However, the detailed
mechanism for this suppression is not known and merits further
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investigation. One possibility is that Brd4 might recruit a repressor
to suppress Mknk2 expression. Such a mechanism has been
reported for Brd2-mediated transcriptional repression of PPARγ
(40). It is also possible that Brd4 indirectly regulates the tran-
scription ofMknk2 via posttranscriptional mechanism by activating
the expression of noncoding RNAs.
Stimulus-dependent IκBα degradation and resynthesis are

known to be tightly controlled and to play a key role in the ini-
tiation and termination of the innate immune response because
dysregulation of these processes leads to inflammatory diseases (3,
4). Although IκBα is a NF-κB target gene, the transcription of
IκBα does not seem to be regulated by Brd4, because the tran-
scription of IκBα remained the same in both WT and Brd4-
deficient cells with or without LPS stimulation (Fig. 5F). Interestingly,
LPS-induced IκBα resynthesis is regulated by Brd4 via the Mnk2–
eIF4E pathway. In response to LPS, the transcription of Mknk2 was
suppressed in a Brd4-dependent manner (Fig. 5B). Without Brd4,
LPS-suppressed Mknk2 expression was relieved, and Mnk2 and
eIF4E were hyperactivated in response to LPS stimulation, leading to
the enhanced translation of IκBα and reduced NF-κB activity (Fig. 5
G and H). It must be noted that this regulation applies to the
resynthesis of IκBα only when the Mnk2 is activated by LPS. Without
LPS stimulation, levels of IκBα mRNA isolated from polysomes
remained unchanged in WT and Brd4-deficient BMDMs (Fig. S5).
Further supporting a role of Mnk2 in the resynthesis of IκBα, we
found that treatment of Brd4-deficient BMDMs with the
Mnk2 inhibitor cercosporamide (27), which inhibited phosphoryla-
tion of eIF4E (Fig. S9A), suppressed LPS-induced IκBα resynthesis
accompanied by increased nuclear RelA (Fig. S9B). Consistently,
we observed an enhanced NF-κB target gene expression in Brd4-
deficient BMDMs treated with cercosporamide in response to LPS
stimulation (Fig. S9C).
LPS-induced genes can be divided into two categories, primary

response genes (PRGs) and secondary response genes (SRGs),
and many of these LPS-inducible genes are NF-κB–regulated in-
flammatory genes (41). NF-κB is recruited to the promoters of
PRGs and SRGs in two different phases, with a rapid recruitment
to the promoters of PRGs and a late recruitment to the promoters
of SRGs (42). Induction of PRGs has been shown to be regulated
at the level of transcriptional elongation and mRNA processing
through the signal-dependent recruitment of CDK9 (17). Brd4 is
recruited to the promoters of inflammatory genes via acetylated
NF-κB or histones and regulates the NF-κB–dependent in-
flammatory gene expression by activating CDK9 (14–17). Therefore,
Brd4 deficiency would have a direct effect on the recruitment of
CDK9, leading to the reduced transcription elongation for the
PRGs. In addition, the enhanced IκBα resynthesis in LPS-stimulated
Brd4-deficient cells removed NF-κB from DNA or prevented its
binding to DNA, affecting the expression of late-response NF-κB
target genes, which require stimulus-dependent modifications

in chromatin structure (41). As such, the down-regulated gene
expression in Brd4-deficient BMDMs might reflect the combined
effects from the diminished CDK9 recruitment and transcription
elongation of the primary response genes and the reduced NF-κB–
DNA binding for the transcription of secondary-response genes.
Consistent with this notion, we found a significant enrichment of
NF-κB target genes, both PRGs and SRGs, among genes whose
transcripts were down-regulated more than twofold (P < 0.05)
in Brd4-deficient BMDMs (P = 4.8e-17, hypergeometric test)
(Fig. S10).
In summary, our study provides clear evidence that Brd4 has an

essential role in the innate immune response. We also identified a
mechanism involving protein translation for Brd4-mediated in-
flammatory gene expression. The Brd4 CKO mice provide unique
tool, allowing us to analyze further the tissue-specific role of Brd4
in various pathophysiological conditions, including inflammatory
diseases and cancer. Various BET inhibitors are undergoing clin-
ical trials for the treatment of cancer (32). However, because of the
potential negative effects of these inhibitors on the innate immune
response against bacterial and likely viral infection, treatment of
patients with BET inhibitors should be undertaken with caution.

Materials and Methods
Mice. C57BL/6 mice were purchased from Harlan, Inc. LysM-Cre transgenic
mice were obtained from the Jackson Laboratory. Mice were kept under
specific pathogen-free conditions at the animal facilities of University of
Illinois Urbana–Champaign (UIUC). For all experiments, sex- and age-matched
mice were used. All animal experiments were approved by the UIUC
Institutional Animal Care and Use Committee.

LPS-Induced Septic Shock. Mice were injected i.p. with LPS (30 mg/kg weight)
and monitored for 3 d. Whole-blood samples were taken, and sera were
prepared by centrifugation for 5 min at 3,000 × g after incubation at room
temperature for 30 min.

Statistical Analysis. An unpaired t test was used to compare the difference
between two groups in the experiments, excluding the survival curves. A
log-rank test was used to compute P values to compare the Kaplan–Meier
survival curves of WT and Brd4-KO mice stimulated with LPS or infected with
bacteria. Differences with a P value less than or equal to 0.05 were consid-
ered statistically significant.

Microarray. Total results of the microarray study are shown in Dataset S1, and
the list of Brd4-regulated genes after LPS stimulation is shown in Dataset S2.

More detailed information on the materials, methods, and associated
references can be found in SI Materials and Methods.
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