
Polycomb-mediated loss of microRNA let-7c
determines inflammatory macrophage polarization via
PAK1-dependent NF-jB pathway
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Serine/threonine kinase family members p21-activated kinases (PAKs) are important regulators of cytoskeletal remodeling and
cell motility in mononuclear phagocytic system, but their role in macrophage differentiation and polarization remains obscure.
We have shown here that inflammatory stimuli induced PAK1 overexpression in human and murine macrophages. Elevated
expression of PAK1 contributed to macrophage M1 polarization and lipopolysaccharide (LPS)-induced endotoxin shock. We
further observed that epigenetic loss of microRNA let-7c due to enhancer of zeste homolog 2 (EZH2) upregulation determined
PAK1 elevation and inflammatory phenotype in M1 macrophages. EZH2/let-7c/PAK1 axis promotes macrophage M1 polarization
via NIK-IKK-NF-jB signaling. Moreover, pharmacological and genetic ablation with EZH2/let-7c/PAK1 axis blunted inflammatory
phenotype in M1 macrophages. Critically, either myeloid-restricted PAK1 deletion (PAK1Lyz2cre) or pharmacological and genetic
ablation with EZH2/let-7c/PAK1 signal resulted in resistance to LPS-induced endotoxin shock via blunting macrophage M1
polarization. PAK1, therefore, is an essential controller of inflammatory macrophage polarization, regulating immune responses
against pathogenic stimuli.
Cell Death and Differentiation (2015) 22, 287–297; doi:10.1038/cdd.2014.142; published online 12 September 2014

Macrophages are key heterogeneous population of immune
cells to the initiation, progression, and resolution of inflamma-
tion, with diverse functionally polarized subtypes involved at
each step.1,2 Polarized macrophages is often simplified into
two broad opposing categories: classical activated macro-
phages, termed M1, induced by microbial ligands and
cytokines such as lipopolysaccharide (LPS) and interferon-g
(IFN-g) or granulocyte–macrophage colony-stimulating factor
(GM-CSF), and alternative activated macrophages, termed
M2, as a result of exposure to IL-4, IL-13, IL-10, glucocorti-
coids, and immune complexes plus TLR ligands.3–5 While M1
macrophages produce pro-inflammatory mediators such as
tumor necrosis factor-a (TNF-a), IL-6, IL-12, IL-23, and NO,
and have a role in killing intracellular microorganisms, M2
macrophages produce anti-inflammatory mediators such as
IL-4, IL-5, IL-10, and IL-13, and are important in atopic
disease, parasite response, and tumor progression.6–8 The
diverse polarized phenotypes of M1–M2macrophages can, to
some extent, be dynamically reversed in vitro and in vivo.1

Moreover, pathology is frequently associated with dynamic
changes of macrophage polarization, with M1 macrophages
implicated in initiating and sustaining acute inflammation and
M2 macrophages associated with resolution or smoldering
chronic inflammation.9–12 Thus, macrophage polarization is

an important component of many disease states, including
infection, insulin resistance, atherosclerosis, cancer, and
autoimmune disease.3,13–15 The identification of molecular
mechanisms underlying macrophage plasticity and polariza-
tion provides a basis for macrophage-centered diagnostic and
therapeutic strategies.
A network of signaling molecules, transcription factors, and

epigenetic regulators underlies the different forms of macro-
phage polarization. Canonical IFN regulatory factor (IRF)/
STAT signaling pathways are activated by IFNs and TLR
signaling to skew macrophage function toward the M1
phenotype (via IRF3, IRF5, IRF8, and STAT1) or by IL-4, IL-
13, and IL-10 to skew toward the M2 phenotype (via IRF4,
STAT3, and STAT6).13,16,17 Suppressors of cytokine signal-
ing 1 (SOCS1), SOCS2, and SOCS3 have been identified as
key diametric regulators of macrophage polarization by
regulating cytokine–STAT signaling.18,19 Downstream of, or
in parallel with, the IRF/STAT/SOCS pathway, a panel of
transcription factors orchestrates diametrical macrophage
polarization. The transcription factor NF-kB pathway and
MAPK signal are considered crucial orchestrators for inflam-
matory macrophage polarization.10,11,20 The nuclear recep-
tors PPARg and PPARd, Krüppel-like factor 4 (KLF4), KLF2,
c-Myc, c-Myf, p50 NF-kB homodimers, and HIF-2a are
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implicated in M2 macrophage polarization.1 Besides, epige-
netic regulators and noncoding RNAs also participate in
directing macrophage polarization. Histone demethylase
jumonji domain containing-3 (JMJD3) and histone deacety-
lase 3 (HDAC3) have been identified as epigenetic accel-
erator and brake for M2 macrophage polarization,
respectively.17,21 MicroRNAs (miRNAs) including miR-155,
miR-125, miR-146, miR-9, miR-21, miR-147, miR-223, miR-
187, miR-378-3p, miR-511-3p, miR-19a-3p, miR-124, and
let-7c were recently identified as diverse orchestrators of
macrophage polarization.22,23

The p21-activated kinase (PAK) family of serine/threonine
kinases defines an evolutionally conserved crucial convergent
signaling nodule that participates in pleiotropic physiological
processes including cytoskeleton dynamics and cell motility,
survival, mitosis, transcription, and translation.24 On the basis
of structural and functional similarities, the six members of
PAK family are classified into two groups with three members
in each group.25 In contrast to constitutively active group II
PAKs (PAK4–6), group I PAKs (PAK1–3) relay signals from
Rho GTPase family members cell division cycle 42 and Rac1
to downstream signaling events via activating additional
kinases and other effectors by phosphorylating them at
specific serine or threonine residues or through protein–
protein interactions.26 Group I PAKs have been identified as
crucial regulators in immune responses and viral infec-
tions.27,28 The Akt family members of serine/threonine
kinases including Akt1 and Akt2 have been found to
diametrically orchestrate diverse macrophage polarization
via miR-155-mediated C/EBPb signal regulation.29,30

Although our previous findings indicated the crucial role of
PAK1 in anoikis resistance and hepatoma progression,31 the
potential significance of PAKs family in macrophage polariza-
tion remains far from fully understood.

In the present study, we found that PAK1 overexpression
was induced in macrophages challenged with inflammatory
stimuli, and provided evidence for enhancer of zeste homolog
2 (EZH2)-mediated loss of let-7c that determines inflamma-
tory macrophage polarization via PAK1-dependent NF-kB
activation. More importantly, we demonstrated that genetic
and pharmacological elimination of EZH2/let-7c/PAK1 signal
conferred mice with resistance to LPS via blunting macro-
phage M1 polarization. Our data suggest that activation of
PAK1 signals defines commitment to the macrophage lineage
by driving inflammatory macrophage polarization and by
highlighting the potential for therapeutic interventions via
modulation of EZH2/let-7c/PAK1 axis.

Results

Elevated expression of PAK1 in inflammatory polarized
macrophages. The inflammatory macrophages have long
been known to be induced by LPS alone or in concert with
cytokines such as IFN-g or GM-CSF. Treatment of macro-
phages with well-established inflammatory stimuli (LPS plus
IFN-g) resulted in upregulation of PAK1 mRNA expression
compared with no significant changes of PAK2–6 gene
expression in RAW264.7 cells (Figure 1a), thioglycollate-
elicited mouse peritoneal macrophages (PMs; Figure 1b),
and mouse bone marrow-derived macrophages (BMDMs;
Figure 1c). Immunoblotting analysis indicated significant
elevated PAK1 protein levels in murine BMDMs after LPS
plus IFN-g treatment (Figures 1d and e). Similar effects on
PAK1 expression were also obtained in THP1 cells and
primary human macrophages treated with LPS plus IFN-g
(Figures 1f and g). To account for possible differences in
protocols for the in vitro differentiation of macrophages, we
analyzed the amount of PAK1–6 in macrophages treated

Figure 1 PAK1 expression is augmented by inflammatory stimuli in macrophages. (a–c) PAK1 mRNA levels were assessed by real-time PCR and normalized to GAPDH
in RAW264.7 cells (a), mouse PMs (b), and BMDMs (c) after 12 h of stimulation with LPS (50 ng/ml) plus IFN-g (20 ng/ml). (d and e) PAK1 protein levels were analyzed by
immunoblot and normalized to GAPDH in murine BMDMs after LPS plus IFN-g stimulation (d). Graphical representation of band intensities was shown in e. (f and g) PAK1
mRNA levels were quantified by real-time PCR and normalized to GAPDH in THP1 cells (f) or GM-CSF-differentiated primary human macrophages (g) stimulated with LPS
plus IFN-g for 12 h. Data are from four independent experiments (a–c and e–g; mean±S.E.M.) or one experiment representative of four independent experiments with similar
results (d). ***Po0.001
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with GM-CSF and found that these were similar to those in
LPS plus IFN-g-treated cells (Supplementary Figures 1a–e).
These results led to the hypothesis that PAK1 elevation
induced by inflammatory stimuli might function as a facilitator
of inflammatory macrophage polarization.

PAK1 controls M1 macrophage-associated genes. To
investigate the role of PAK1 in macrophage activation, we
profiled the gene expression of wild-type and PAK1-deficient
BMDMs stimulated with LPS plus IFN-g, which induces the
expression of key M1 macrophage-associated proteins, such
as TNF-a, IL-6, IL-12, and iNOS. We confirmed efficient
deletion of PAK1 in BMDMs from PAK1-deficient mice by
assessing the expression of PAK1 mRNA (Supplementary
Figure 2a). We found that PAK1 controlled the expression of
M1 macrophage-associated genes including TNF-a, IL-6, IL-
12a, IL-12b, MCP-1, and Nos2 (Figure 2a). To assess
the functional and the physiological relevance of PAK1-
mediated regulation of M1 macrophage-associated genes,

we examined the in vivo expression of M1-associated cytokines
in the myeloid compartment under conditions of inflamma-
tion. Real-time PCR and immunoblot analysis confirmed
specific ablation of PAK1 expression in macrophages
isolated from myeloid-restricted PAK1-deficient (FKO) mice,
but not from control (FWT) mice (Supplementary Figures 2b
and c). Endotoxin-induced model of sepsis with a lethal dose
of LPS intraperitoneally (i.p.) injection showed that FKO mice
were resistant to LPS lethality, whereas FWT mice suc-
cumbed within 30 h (Figure 2b). More importantly, murine
serum amounts of inflammatory cytokines including TNF-a,
IL-6, IL-12, and MCP-1 were significantly lower in FKO mice
compared with FWT mice after LPS challenge for 6 h
(Figure 2c). Similar effects on mRNA levels of aforemen-
tioned inflammatory cytokines were observed in murine PMs
obtained from FKO mice compared with FWT mice after LPS
challenge for 6 h (Figure 2d). Moreover, inflammatory stimuli-
induced inflammatory cytokines production, such as TNF-a,
IL-6, IL-12, IL-1b, MCP-1, and nitrite, were alleviated in

Figure 2 PAK1 controls the expression of prototypical M1 macrophage-associated genes. (a) TNF-a, IL-6, IL-12a, IL-12b, MCP-1, and Nos2 mRNA levels were quantified
by real-time PCR and normalized to GAPDH in BMDMs obtained from PAK1-deficient (PAK1-KO) mice and their wild-type (WT) littermates (controls) and stimulated for 0–6 h
(horizontal axes) with LPS (50 ng/ml) plus IFN-g (20 ng/ml). (b) Kaplan–Meier survival analysis within 50 h for myeloid-specific PAK1-deficienct (FKO) mice and wild-type
(FWT) mice (n¼ 12 per group) after lethal dose LPS challenge with 6 mg/kg i.p. injection. (c) Serum amounts of TNF-a, IL-6, IL-12p40, and MCP-1 were quantified by ELISA in
FKO mice and FWT mice (n¼ 12 per group) after lethal dose LPS challenge for 6 h. (d) Expression levels of TNF-a, IL-6, IL-12b, and MCP-1 were quantified by real-time PCR
and normalized to GAPDH in PMs obtained from FKO mice and FWT mice after LPS challenge for 6 h. (e) Supernatant amounts of TNF-a, IL-6, IL-12p40, IL-1b, MCP-1, and
nitrite were quantified by ELISA in PMs obtained from FKO and FWT mice after LPS plus IFN-g stimulation for 12 h. Data are representative of six experiments
(a; mean±S.E.M.), three independent experiments (e; mean±S.E.M.), or one experiment (b; n¼ 12 mice per group), or are pooled from 8 to 12 independent experiments
(c and d). **Po0.01 and ***Po0.001
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murine PMs obtained from FKO mice compared with FWT

mice (Figure 2e). These results showed that PAK1 was
essential for the expression of genes characteristic of the
core M1 macrophage response in vitro and for the
manifestation of key myeloid effector functions in vivo.

PAK1 mRNA is a novel bona fide target of let-7c. To
further define molecular mechanism for PAK1 elevation
induced by inflammatory stimuli, we revealed that 30UTR of
PAK1 gene significantly increased in M1 macrophages
(Figure 3a and Supplementary Figure 3a). MiRNAs are a
class of noncoding small RNAs that bind to the 30UTR of
target genes, thereby inhibiting their expression through
repressing mRNA translation and/or inducing degradation of
target gene transcripts.32 We then screened inflammatory
stimuli-treated RAW264.7 cells using real-time PCR to
identify the possible miRNAs that might modulate PAK1
expression. In a screening for 18 potential miRNAs targeting
30UTR of PAK1 mRNA, we observed significantly sup-
pressed let-7c RNA levels in inflammatory stimuli-treated
RAW264.7 cells (Figure 3b and Supplementary Figure 3b).
The PAK1 30UTR has conserved sites complementary to the
let-7c RNA (Figure 3c), leading us to suspect that disrupting
let-7c regulation of PAK1 might lead to increased expression
of PAK1 in M1 macrophages. Consistent with this idea,
introducing let-7c mimics repressed the wild type but not
mutant type of PAK1 30UTR activity in a dose-dependent
manner (Figure 3d). To further validate PAK1 as a legitimate

target of let-7c, we examined the expression of the
endogenous PAK1 when let-7c expression or deletion was
manipulated. Introduction of let-7c mimics (Figure 3e and
Supplementary Figure 3c) and AS-let-7c oligos (Figure 3f
and Supplementary Figure 3d) into RAW264.7 cells sig-
nificantly reduced and increased PAK1 mRNA levels,
respectively. These data strongly suggested that decreased
let-7c expression might lead to PAK1 upregulation in M1
macrophages.

EZH2 suppresses let-7c expression in inflammatory
polarized macrophages. Since previous study unraveled
suppressive effect of PcG repressor complex subunit EZH2
on several miRNAs including let-7c,33 we hypothesized that
epigenetic repressor EZH2 might have crucial role in M1
stimuli-induced loss of let-7c. Immunoblotting analysis
showed substantially increased EZH2 protein levels in
RAW264.7, PM, and BMDM cells upon inflammatory
stimulation (Figure 4a). To further determine the suppressive
role of EZH2 and its catalytic product trimethylation of lysine
27 of histone H3 (H3K27me3) on let-7c, the enriched DNA
from the immunoprecipitates was quantified by real-time
PCR using primers spanning the let-7c upstream regions
(Figure 4b). Enrichment of EZH2 (Figure 4c) and H3K27me3
(Figure 4d) was found to be associated with the let-7c
upstream region in RAW264.7, PM, and BMDM cells upon
LPS plus IFN-g stimulation. Moreover, real-time PCR and
CHIP experiments showed that specific shRNA against

Figure 3 PAK1 mRNA is identified as a bona fide target of let-7c in M1 macrophages. (a) Luciferase activities for transfected PAK1 30UTR were measured and normalized
to Renilla luciferase activities in RAW264.7 cells after LPS plus IFN-g stimulation. (b) Relative levels of potential miRNAs targeting PAK1 mRNA were measured by real-time
PCR and normalized to U6 levels in RAW264.7 cells after LPS plus IFN-g stimulation. (c) Schematic showing putative let-7c binding sites in the wild-type (WT) PAK1 30UTR
(PAK1-30UTR-WT) sequence and the mutant construct (PAK1-30UTR-MT) with the putative target sequences mutated. (d) Luciferase activities for transfected PAK1-30UTR-
WT and PAK1-30UTR-MT were measured and normalized to Renilla luciferase activities at 24 h in HEK293T cells cotransfected with increasing amounts of let-7c mimics.
(e and f) PAK1 mRNA levels were assessed by real-time PCR and normalized to GAPDH in RAW264.7 cells transfected with increasing amounts of let-7c mimics (e) and
AS-let-7c oligos (f) after stimulated with LPS plus IFN-g for 12 h. Data are from at least four independent experiments (a, b, and d–f; mean±S.E.M.). *Po0.05, **Po0.01,
and ***Po0.001
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EZH2 (Figure 4e), miR-101 as a well-established miRNA
targeting EZH234 (Figure 4f), and 3-deazaneplanocin A
(DZNep) as a global histone methylation inhibitor
(Figure 4g) restored let-7c expression accompanied with
decreased enrichment of H3K27me3 on let-7c upstream
region in M1 macrophages. These results identified EZH2 as
an epigenetic suppressor for let-7c expression in M1
macrophages.

EZH2/let-7c/PAK1 axis determines inflammatory macro-
phage phenotype. We next examined whether EZH2/let-7c/
PAK1 signal determines inflammatory phenotype in M1
macrophages. In parallel with substantially elevated let-7c
and suppressed PAK1 levels by real-time PCR analysis
(Supplementary Figures 4a–c), both EZH2 deletion with
EZH2–shRNA and EZH2 blockade with DZNep induced
significant decreased inflammatory phenotypic cytokines
including TNF-a, IL-6, IL-12, IL-1b, RANTES, and MCP-1
by ELISA analysis in RAW264.7 cells treated with LPS plus

IFN-g (Figure 5a). Moreover, compared with no substantial
effect on EZH2 levels, let-7c restoration with let-7c mimics and
suppression with AS-let-7c oligos induced, respectively,
decreased/increased PAK1 levels by real-time PCR analysis
(Supplementary Figures 4d–f) and decreased/increased
inflammatory phenotypic cytokines including TNF-a, IL-6, IL-
12, IL-1b, RANTES, and MCP-1 by ELISA analysis in
RAW264.7 cells treated with LPS plus IFN-g (Figure 5b).
Similar effects on EZH2 and PAK1 levels by real-time PCR
analysis (Supplementary Figures 4g–i) and inflammatory
phenotypic cytokines by ELISA analysis (Figure 5c) were
observed after introduction with a lentiviral Tet-On vector to
overexpress inducibly let-7c upon Dox exposure and a
lentiviral vector expressing a let-7c ‘sponge’ to suppress let-
7c expression, respectively, in RAW264.7 cells treated with
LPS plus IFN-g. Critically, in parallel with no substantial effects
on EZH2 and let-7c levels by real-time PCR analysis
(Supplementary Figures 4j–l), PAK1 knockdown with PAK1–
shRNA, inactivation with kinase dead mutant PAK1-K299R,

Figure 4 EZH2 mediates epigenetic suppression of let-7c transcription in M1 macrophages. (a) EZH2 protein levels were analyzed by immunoblot and normalized to
GAPDH in RAW264.7 cells, PMs, and BMDMs after stimulated with LPS plus IFN-g or GM-CSF for 24 h. (b) Schematic showing genomic location of let-7c and the
upstream regions used for ChIP-PCR are indicated as short black lines. (c and d) Enrichment of EZH2 (c) and H3K27me3 (d) at indicated locations upstream of let-7c were
quantified by ChIP-PCR and normalized to IgG in RAW264.7 cells, PMs, and BMDMs after LPS plus IFN-g stimulation. (e–g) Expression levels of EZH2 and let-7c (left
panel) were quantified by real-time PCR and normalized to GAPDH and U6, respectively, and enrichment of H3K27me3 in upstream region of let-7c (right panel) were
quantified by ChIP-PCR and normalized to IgG in LPS plus IFN-g-treated RAW264.7 cells after EZH2–shRNA introduction (e), miR-101 transfection (f), and DZNep
treatment (g). Data are representative results obtained from at least three independent experiments (a and c–g; mean±S.E.M.). *Po0.05, **Po0.01, and ***Po0.001,
NS, not significant
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and inhibition with allosteric inhibitor PAK inhibitor III (IPA3)
significantly reversed inflammatory phenotypic cytokines by
ELISA analysis in RAW264.7 cells treated with LPS plus
IFN-g (Figure 5d). Collectively, these findings demonstrated
that EZH2/let-7c/PAK1 axis orchestrates inflammatory pheno-
type in M1-polarized macrophages.

PAK1 promotes inflammatory macrophage polarization
via NIK-IKK-NF-jB activation. Previous studies indicating
PAK1-mediated NF-kB activation35 and well-established role
of NF-kB in macrophage polarization36 led us suspect the
potential participation of NF-kB signal in PAK1-induced
inflammatory macrophage polarization. Luciferase reporter
assay showed that PAK1 knockdown with PAK1–shRNA,
PAK1 inhibition with IPA3, and PAK1 inactivation with PAK1-
K299R reversed NF-kB activation, in contrast to facilitation of
NF-kB activation due to PAK1 activation with PAK1-WT and
constitutive active mutant PAK1-T423E in RAW264.7 cells
challenged with LPS plus IFN-g (Figures 6a and b). Similar
effects of PAK1 inactivation with PAK1-K299R and PAK1
activation with PAK1-WT and PAK1-T423E on TNF-a
production were observed by ELISA analysis in RAW264.7
cells challenged with LPS plus IFN-g (Figure 6c). Moreover,
blockade of NF-kB activation with PDTC, Bay 11–7082, and
IkBa-SR notably suppressed NF-kB activity and TNF-a
production mediated by PAK1 activation with PAK1-T423E
(Figures 6d–g). Further analysis of potential roles for

upstream molecules of NF-kB signal, such as NIK, MEKK1,
IKKa, and IKKb, in PAK1-mediated NF-kB activation showed
that shRNA-mediated knockdown of NIK, IKKa, or IKKb, but
not MEKK1, could pronouncedly block NF-kB activity and
TNF-a production mediated by PAK1 activation with PAK1-
T423E (Figures 6h and i). The phosphorylation status of
nuclear NF-kB determines its association with CBP/p300 or
HDAC-1 during NF-kB-dependent transcription.37 ChIP
analysis showed that PAK1 inactivation with PAK1-K299R
reversed enrichment of epigenetic activators including CBP/
p300 and H3K4me3, and epigenetic suppressors comprising
HDAC-1, H3K27me3, and H3K9me3, whereas PAK1
activation with PAK1-T423E facilitated enrichment of
aforementioned epigenetic regulators on TNF-a upstream
regions in RAW264.7 cells incubated with LPS plus IFN-g
(Figures 6j–n). These data suggested that PAK1 might
promote inflammatory macrophage polarization via NIK-IKK-
NF-kB signal-mediated transcriptional activation of pheno-
typic markers.

Blockade of EZH2/let-7c/PAK1 signal confers LPS
resistance. To define the crucial role of myeloid EZH2/
let-7c/PAK1 signal for inflammatory macrophage polarization
in vivo, LPS lethality and serum amounts of inflammatory
cytokines were monitored after EZH2/let-7c/PAK1 signal
intervention in endotoxin-induced murine sepsis model.
Regulatory effect on EZH2, let-7c, and PAK1 expression in

Figure 5 EZH2/let-7c/PAK1 axis facilitates macrophage M1 polarization. (a–d) Supernatant amounts of TNF-a, IL-6, IL-12p40, IL-1b, RANTES, and MCP-1 were
quantified by ELISA in LPS plus IFN-g-treated RAW264.7 cells after EZH2–shRNA introduction or DZNep treatment (a), LPS plus IFN-g-treated RAW264.7 cells after let-7c
mimics or AS-let-7c oligos introduction (b), LPS plus IFN-g-treated RAW264.7 cells after let-7c sponge lentivirus introduction or RAW264.7 Tet-on-let-7c cells with or without
Dox treatment (c), and LPS plus IFN-g-treated RAW264.7 cells after PAK1–shRNA introduction, PAK1-K299R transfection, or IPA3 treatment (d). Data are from four
independent experiments (mean±S.E.M.). **Po0.01 and ***Po0.001
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PMs obtained from DZNep- or IPA3-treated mice were
confirmed by real-time PCR analysis (Figures 7a and e).
Moreover, DZNep- or IPA3-treated mice were resistant to

lethal dose of LPS treatment, whereas control mice
succumbed within 24 h (Figures 7b and f). Murine serum
amounts of inflammatory cytokines including TNF-a, IL-6,

Figure 6 PAK1 fosters macrophage M1 polarization via NIK-IKK-NF-kB activation. (a, b, d, f, and h) Luciferase activities for transfected NF-kB responsive elements were
measured and normalized to Renilla luciferase activities in LPS plus IFN-g-treated RAW264.7 cells after PAK1–shRNA introduction or IPA3 treatment (a), LPS plus IFN-g-
treated RAW264.7 cells after PAK1-WT, PAK1-K299R, or PAK1-T423E introduction (b), PAK1-T423E-transfected RAW264.7 cells after PDTC or Bay 11–7082 treatment (d),
PAK1-T423E-transfected RAW264.7 cells after increasing amounts of IkBa superrepressor (IkBa-SR) introduction (f), and PAK1-T423E-transfected RAW264.7 cells after
NIK-shRNA, MEKK1-shRNA, IKKa-shRNA, or IKKb-shRNA introduction (h). (c, e, g, and i) Supernatant amounts of TNF-a were quantified by ELISA in LPS plus IFN-g-
treated RAW264.7 cells after PAK1-WT, PAK1-K299R, or PAK1-T423E introduction (c), PAK1-T423E-transfected RAW264.7 cells after PDTC or Bay 11–7082 treatment (e),
PAK1-T423E-transfected RAW264.7 cells after increasing amounts of IkBa superrepressor (IkBa-SR) introduction (g), and PAK1-T423E-transfected RAW264.7 cells after
NIK-shRNA, MEKK1-shRNA, IKKa-shRNA, or IKKb-shRNA introduction (i). (j–n) Enrichment of p300 (j), HDAC-1 (k), H3K27me3 (l), H3K9me3 (m), and H3K4me3 (n) at
upstream regions of TNF-a were quantified by ChIP-PCR and normalized to IgG in LPS plus IFN-g-treated RAW264.7 cells after PAK1-K299R or PAK1-T423E introduction.
Data are from four to six independent experiments (a, b, d, f, and h; mean±S.E.M.), from five to six independent experiments (c, e, g, and i; mean±S.E.M.), or are
representative results from four independent experiments (j–n; mean±S.E.M.). *Po0.05, **Po0.01, and ***Po0.001; NS, not significant
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IL-12, IL-1b, RANTES, and MCP-1 were significantly lower in
DZNep- or IPA3-treated mice compared with control mice
after LPS challenge for 6 h (Figures 7c and g). Besides,
inflammatory stimuli (LPS plus IFN-g)-induced cytokines
production, such as TNF-a, IL-6, IL-12, IL-1b, MCP-1, and
nitrite, were alleviated in murine PMs obtained from
DZNep- or IPA3-treated mice compared with control mice
(Figures 7d and h). These data indicated that EZH2/let-7c/
PAK1 signal intervention could lead to LPS resistance via
blunting macrophage M1 polarization. Together, we propose
a model for the regulation of the polarization of M1

macrophages through PAK1-dependent NF-kB signaling
pathway (Supplementary Figure 5).

Discussion

Our findings herein indicate that PAK1 is induced in
macrophages activated by inflammatory stimuli and
controls macrophage inflammatory polarization, and further
provide evidence for EZH2-mediated epigenetic loss of let-7c
that determines inflammatory macrophage polarization
via PAK1-dependent NIK-IKK-NF-kB signal activation.

Figure 7 Blockade of EZH2/let-7c/PAK1 signal confers LPS resistance via blunting macrophage M1 polarization. (a and e) Expression levels of EZH2, let-7c, and PAK1
were quantified by real-time PCR and normalized to GAPDH and U6, respectively, in PMs obtained from DZNep- (a) and IPA3-treated (e) mice (n¼ 12 mice per group).
(b and f) Kaplan–Meier survival analysis within 50 h for DZNep- (b) and IPA3-treated (f) mice (n¼ 12 mice per group) with lethal dose LPS challenge. (c and g) Serum
amounts of TNF-a, IL-6, IL-12p40, IL-1b, RANTES, and MCP-1 were quantified by ELISA in DZNep- (c) and IPA3-treated (g) mice (n¼ 12 mice per group) after lethal dose
LPS challenge for 6 h. (d and h) Supernatant amounts of TNF-a, IL-6, IL-12p40, IL-1b, MCP-1, and nitrite were quantified by ELISA in PMs obtained from DZNep- (d) and
IPA3-treated (h) mice (n¼ 12 mice per group) after LPS plus IFN-g stimulation for 12 h. Data are representative of four experiments (a and e; mean±S.E.M.), one experiment
(b and f; n¼ 12 mice per group), pooled from 6 to 12 independent experiments (c and g), or three independent experiments (d and h; mean±S.E.M.). **Po0.01 and
***Po0.001; NS, not significant
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More importantly, our data also show that EZH2/let-7c/PAK
pharmacological intervention with DZNep or IPA3 treatment
conferred mice with LPS resistance via blunting macrophage
M1 polarization. In addition to unravel molecular signals
underlying inflammatory macrophage polarization, our results
have potential clinical significance for therapy against
endotoxin-induced sepsis and inflammation. Besides, we
have also observed additional pivotal significance of myeloid
PAK1 in suppressing M2 macrophage polarization (unpub-
lished data), which was excluded from this study focusing on
delineation of molecular mechanism for M1 macrophage
polarization.
As a crucial family of serine/threonine kinases, PAKs have

dozens of known substrates whose phosphorylation affects
numerous cellular processes, including cytoskeletal organiza-
tion, cell cycle progression, and cell survival, as well as
significant non-kinase-related scaffold effects. Among group I
PAK family members, PAK1 and PAK2, but not PAK3, are
expressed at high levels in leukocytes and have important
functions in a variety of white blood cells, including T cells,
neutrophils, macrophages, and mast cells.27 T-cell receptor-
mediated activation of Erk and NFAT depends on PAK1
activity that acts downstream of an Nck/Vav/SLP-76 signaling
complex.38 PAK1 activity is required for chemotaxis of
leukocytes in response to the chemokine CXCL1.39 Using
PAK1� /� bone marrow-derived mast cells, Allen et al.40

demonstrated that PAK1 is required for IgE-mediated calcium
influx and degranulation. Macrophages derived from PAK1� /�

mice also display reduced Erk activation in response to growth
factors as well as defects in the stability of lamellipodia.41

Consistent with previous study indicating that endotoxin LPS is a
potent activator of PAK1 kinase activity,35 our present study also
implicates that PAK1 expression is induced by inflammatory
stimuli (LPS plus IFN-g and GM-CSF) in murine and human
macrophages, which leads us to suspect the possible role of
PAK1 in inflammatory macrophage polarization.
Furthermore, our data identified PAK1 as a bona fide target

of let-7c in inflammatory polarized macrophages, indicating
let-7c as a novel epigenetic regulator for PAK1. Besides, our
results clarify the potential significance of PAK1 kinase activity
in sustaining inflammatory polarized phenotype through
genetic deletion of PAK1 expression and pharmacological
inhibition PAK1 activity. We also identified NIK-IKK-NF-kB
signal as essential module relaying PAK1 activity to inflam-
matory polarized phenotype. More importantly, we found that
myeloid-restricted PAK1 deficiency confers mice with resis-
tance to endotoxin-induced sepsis, suggesting pivotal role of
PAK1 in inflammatory response in mice challenged with M1-
like pathogenic stimuli. Critically, we also observed that IPA3-
treated mice exhibit resistance to endotoxin-induced sepsis
and alleviated inflammatory macrophage polarization, identi-
fying IPA3 as a potential therapeutic drug against endotoxin-
induced sepsis and inflammation.
Previous studies have suggested the crucial regulatory role of

miRNAs including miR-155, miR-125, miR-146, miR-9, miR-21,
miR-147, miR-223, miR-187, miR-378-3p, miR-511-3p, miR-
19a-3p, miR-124, and let-7c in macrophage polarization.22,23

Our present findings reveal the crucial significance of let-7c in
inflammatory macrophage polarization, which is concordant
with previous study indicating that let-7c could suppress

polarization of macrophages to the M1 phenotype and
enhances M2 polarization via targeting C/EBP-delta.42 More-
over, our study indicates PAK1 as another authentic target of
let-7c and upstream kinase for NIK-IKK-NF-kB activation and
following inflammatory macrophage polarization. Collectively,
let-7c might be used as a crucial rheostat for diametrical
macrophageM1–M2 polarized phenotype conversion. Besides,
our current results implicate that let-7c mimics could be used as
a potential therapeutic agent against myeloid PAK1 over-
activation in endotoxin-induced sepsis and inflammation.
Although the targeting of miRNAs for therapeutic purposes is
at an early stage, given the crucial role of let-7c in the control of
inflammation, and, in particular, in macrophage activation, they
remain of interest for future drug development.
Epigenetic control of gene expression is crucial for cellular

differentiation and development.43,44 Emerging evidence
suggests an important role for epigenetic mechanisms
including DNA and histone modifications in modulating and
transmitting signals during macrophage polarization and
reprogramming.45,46 Epigenetic landscape of macrophages
including DNA methylation and chromatin modifications on
potential target genes determines accessibility for binding with
signaling transcription factors such as NF-kB and STAT3
induced by extracellular stimuli and thus orchestrating diverse
functional phenotypes. Previous study observed that IL-4
induces upregulation of the JMJD3 in mouse macrophages
that alters chromatin modifications to promote expression of
M2 genes and inhibit M1 genes.17 Our present study reveals
that EZH2 is induced by M1-like stimuli and mediates
epigenetic loss of let-7c in inflammatory polarized macro-
phages. However, molecular signals accounting for EZH2
induction in response to M1-like stimuli need further investiga-
tions. Our current data also reveal that both pharmacologic
and genetic inhibition of EZH2 could lead to let-7c-mediated
PAK1 repression and macrophage inflammatory phenotype
reversion. Thus, we have shown here that PAK1-dependent
NF-kB signaling pathway was required for macrophage
inflammatory polarization and have designated the EZH2/
let-7c/PAK1 regulatory axis as a new target for therapeutic
intervention to suppress inflammation that may be applicable
to the treatment of inflammatory disorders.

Materials and Methods
Mice. B6.129P2-Lyz2tm1(cre)Ifo/J mice were purchased from Jackson Labora-
tories (Bar Harbor, ME, USA). PAK1fl/fl mice were constructed by homologous
recombination in embryonic stem cells using standard methods as described
previously.47 Mice with myeloid cell-specific deletion of PAK1 (PAK1Lyz2cre) were
littermates obtained from crosses of B6.129P2-Lyz2tm1(cre)Ifo/J mice with PAK1fl/fl

mice. Mice with inducible deletion of PAK1 (PAK1fl/flMx1-Cre) were generated by
crossing of PAK1fl/fl mice to mice expressing a Mx1 promoter-driven transgene
encoding Cre on the C57/BL6J background. Littermates with an PAK1fl/flMx1-Cre
or PAK1þ /þ Mx1-Cre genotype were given i.p. injection of poly(I:C) at a dose of
200mg per mouse three times in 5 days to induce deletion, and 2 weeks later mice
were used for experiments. For all in vitro experiments involving PAK1-deficient
macrophages, cells were derived from PAK1fl/flMx1-Cre mice where substantial
deletion of PAK1 (B80%) was observed; the conditional deletion was controlled
for expression of Cre and genetic background through the use of cells from
PAK1þ /þ Mx1-Cre mice. C57BL/6J mice were purchased from Experimental
Animal Center of Chinese Academy of Sciences (Shanghai, China). Mice were
specific pathogen free and used at 6–8 weeks. Experiments were sanctioned and
approved by the Ethic Review Committee for Shanghai Medical College of Fudan
University.
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Cell line and macrophage isolation. RAW264.7, THP1, and human
embryonic kidney cell line 293T cells were originally obtained from ATCC. Murine
PMs and BMDMs were isolated as described previously.48 Human monocytes were
purified as described previously.49 Polarization studies were performed using
macrophages incubated with 50 ng/ml LPS (Invivogen, San Diego, CA, USA) plus
20 ng/ml IFN-g or 50 ng/ml GM-CSF (BD Biosciences, San Jose, CA, USA) for 24 h.

Gene expression analysis. Total RNA was extracted with TRIzol reagent
(Invitrogen Life Technologies, Gaithersburg, MD, USA) according to instructions.
The cDNA was synthesized with PrimeScript RT reagent kit (Takara Bio, Shiga,
Japan). The expression of the genes was quantified by real-time PCR using a
Lightcycler480 and SYBR Green system (Roche Diagnostic Systems, Somerville,
NJ, USA) following the manufacturer’s protocol.50

Immunoblotting and immunoprecipitation. Protein extraction from
cultured cells or tissues, immunoblotting, and immunoprecipitation were carried out
as previously described.31,51 Antibodies used here included those against GAPDH,
PAK1, EZH2, H3K27me3, p300, HDAC-1, H3K9me3, and H3K4me3 (Santa Cruz
Biotechnology, Santa Cruz, CA, USA). Chromatin immunoprecipitation was carried
out with the ChIP Assay Kit (Millipore, Billerica, MA, USA) according to
instructions. The percentage of the bound DNA was quantified against the original
DNA input by PCR analysis.

Luciferase reporter assay. The luciferase reporter plasmids containing
PAK1 30UTR-WT and PAK1 30UTR-MT were constructed in pGL3 vector
(Promega, Madison, WI, USA). NF-kB luciferase reporter plasmid was obtained
from Stratagene (La Jolla, CA, USA). Luciferase reporter assay was performed as
described previously.52

Cytokine analysis. TNF-a, IL-6, IL-12, IL-1b, RANTES, and MCP-1
supernatant and serum concentrations were determined by ELISA according to
manufacturer’s instructions (R&D Systems, Minneapolis, MN, USA). Nitrite derived
from NO was determined with the Griess Reagent System (Promega) in
macrophage-conditioned medium according to the manufacturer’s instructions.

let-7c Tet-on and sponge system. let-7c was subcloned into the
p-tetracycline response element (pTRE)-tight vector (Clontech, Palo Alto, CA,
USA). RAW264.7 were infected with pRevTet-On (Clontech) virus and selected on
500 mg/ml G418 to generate Tet-On cells. RAW264.7 Tet-On cells were
cotransfected with pTRE-tight let-7c and a hygromycin resistance gene (Clontech).
Positive clones were selected in the presence of G418 and hygromycin, and the
inducibility of let-7c was then determined by real-time PCR analysis as described
previously.53,54 Genomic sequence spanning the mouse let-7c coding region was
cloned into the lentiviral vector pCDF1-CMV-MCS2-EF1-copGFP downstream of
the cytomegalovirus promoter. A miRNA sponge experimental approach was used
for suppression of let-7c according to the manufacturer’s instructions.55,56

Sequence encoding its specific inhibitor (sponge) was cloned into the same vector.
Virus was produced and target cells were infected according to the user’s manual
(System Biosciences, Mountain View, CA, USA). The efficiency of transduction
was B40–60%.

Endotoxin-induced model of sepsis and in vivo inhibitor
treatment. Sepsis was induced in mice by injecting 6 mg/kg Escherichia
coli-derived ultrapure LPS (Invivogen) or PBS (not shown) i.p. Mice were culled
immediately at a humane end point noted by loss of self-righting and insensitivity
to touch. Survival after LPS was monitored. In some experiments, mice were
treated with dimethylsulfoxide plus 6 mg/kg LPS, 1 mg/kg DZNep (Cayman
Chemical, Ann Arbor, MI, USA) plus 6 mg/kg LPS, or 4 mg/kg IPA3 (Sigma-
Aldrich, St. Louis, MO, USA) plus 6 mg/kg LPS i.p.

Statistical analysis. Comparisons used one-way ANOVA and Tukey post
hoc test or utilized two-way ANOVA and Bonferonni post hoc test. Kaplan–Meier
graph and log-rank test determined significance of survival. Data were analyzed by
GraphPad Prism v5 (GraphPad Software, San Diego, CA, USA). The statistical
significance level was set as *Po0.05, **Po0.01, and ***Po0.001.
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