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SUMOylation of KLF4 promotes IL-4 induced macrophage M2 polarization
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ABSTRACT
Macrophages, in response to different environmental cues, undergo the classical polarization (M1
macrophages) as well as the alternative polarization (M2 macrophages) that involve the functions of
stimulus-specific transcription factors.

Kruppel-like factor 4 (KLF4), a member of a subfamily of the zinc-finger class of DNA-binding transcription
factors, plays as a critical regulator of macrophage polarization. KLF4 has been reported as a SUMOylated
protein. In this study, we showed that SUMOylation of KLF4, is induced by IL-4 treatment in macrophages. IL4-
induced KLF4 SUMOylation promotes RAW264.7 cells and bone marrow derived macrophages (BMDMs) to
polarize into M2 subset. Thus, we identified an important post-translational modification (PTM), SUMOylation,
plays a crucial role in regulating KLF4 activity during IL-4 induced macrophage M2 polarization. SUMOylation
of KLF4 can be a potential therapeutic target in the resolution of inflammation.

KEYWORDS
alternative polarization; IL-4;
Kruppel-like factor 4 (KLF4);
macrophage; SUMOylation

Introduction

Macrophages play critical roles in organism development,
homeostasis and immune responses to pathogens.1,2 They
exhibit remarkable plasticity in response to environmental
signals. To provide a simple framework for discussion, mac-
rophages are functionally classified into 2 major subsets,
which are the classically activated macrophages (M1 macro-
phages) and alternatively activated macrophages (M2 mac-
rophages).3,4 M1 macrophages are considered to be
proinflammatory while M2 macrophages represent the anti-
inflammatory state.4 Macrophage polarization is driven by
cues in tissue microenvironment such as cytokines and
growth factors. In response to stimulation with TLR (toll-
like receptor) ligands and IFN-g, macrophages undergo M1
polarization. However, upon stimulation with IL-4/IL-13,
macrophages undergo M2 polarization.5

Transcriptional regulation is central to the macrophage
subset polarization.6,7 Via activating stimulus-specific path-
ways, the phenotype of macrophages is shaped by environ-
mental signals.6,7 There are several key transcription factors
that translate signals in the microenvironment into a polar-
ized macrophage phenotype. For examples, the STATs (Sig-
nal Transducers and Activators of Transcription) family
seems to be pivotal factors in macrophage M1/M2 polariza-
tion.8-10 STAT1 is an essential mediator of M1 macrophage
polarization while STAT6 is required to drive M2 macro-
phage activation during TH2 cell-mediated immune
responses in the presence of IL-4 and/or IL-13.11,12

Kruppel-like factors (KLFs) are a subfamily of the zinc-fin-
ger class of DNA-binding transcription regulators. Members of
this gene family have been shown to play important roles in a
diverse array of cellular processes, including macrophage polar-
ization.13 To date, KLF2, KLF4 and KLF6 have been shown to
regulate macrophage function.14-16 KLF4, one of the 4 well
defined transcription factors in generating induced pluripotent
stem (iPS) cells, from mouse somatic cells or human dermal
fibroblasts,17,18 functions to promote monocyte differentia-
tion.19,20 Several studies have investigated the biologic role of
KLF4 in macrophage polarization.21-24 For instance, macro-
phages deficient in KLF4 exhibit impaired expression of M2
markers in the presence of IL-4.25 On the contrary, overexpres-
sion of KLF4 in RAW264.7 macrophages enhances IL-4
induced M2 gene expression.26,27 Moreover, IL-4 stimulated
macrophages show significant increases in KLF4 expression.25

Mechanistically, IL-4 induces STAT6 phosphorylation to pro-
mote the KLF4 gene expression, which in turn cooperates with
STAT6 to promote an M2 gene profile.10 Kapoor et al demon-
strated that STAT6 and KLF4 implement IL-4 induced M2
polarization via the dual catalytic activities of MCPIP.28 How-
ever currently, regulation on KLF4 activity during macrophage
M2 polarization is still not fully illustrated.

At transcriptional level, it has been reported that ATRA (all-
trans retinoic acid) stimulation augments KLF4 mRNA level in
vascular smooth muscle cells (VSMCs).29 During monocyte/mac-
rophage differentiation, AICDA mediated active demethylation
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of the KLF4 promoter is necessary for transcriptional regulation
of KLF4 by PU.1.30 In both differentiated and stem cells, the Von
Hippel-Lindau gene product, pVHL, physically interacts with
KLF4 and promotes its degradation.31 Phosphorylation of KLF4
by ERK1/2 recruits the F-box proteins bTrCP1 or bTrCP2 (com-
ponents of an ubiquitin E3 ligase) to the KLF4 N-terminal
domain, subsequently induces KLF4 ubiquitination and degrada-
tion.32 In addition, ATRA can regulate KLF4 activity by inducing
HDAC phosphorylation, which triggers its dissociation from
KLF4. Furthermore, dissociation KLF4 from HDAC increases its
acetylation and binding activity to target genes in VSMCs,33

therefore enhances its target gene expression.
As an important posttranslational modification, SUMOy-

lation can alter the activity of its target proteins as well as
their cellular localizations in various biologic processes.34-38

KLF4 SUMOylation is capable of enhancing it transcrip-
tional activity but having no effects on its stability.39,40

Recently, Nie et al revealed KLF4 SUMOylation acts as a
switch in transcriptional programs that control VSMC pro-
liferation.41 In the present study, we demonstrated that IL-4
stimulation induces KLF4 SUMOylation in RAW264.7 mac-
rophages. SUMOylation of KLF4 plays critical roles in IL-4
stimulated macrophage genetic M2 program and polariza-
tion in RAW264.7 cells and mice bone marrow-derived
macrophages (BMDMs). Thus, we identified SUMOylation
as a regulatory mechanism on KLF4 activity during the
macrophage M2 polarization process.

Materials and methods

Plasmids and antibodies

The plasmids pShuttle-CMV and pAdEasy-1 for generation of
recombinant adenovirus were provided by Dr. Yibin Wang.
HA-KLF4 and pShuttle-CMV-KLF4 were generated using
standard cloning procedures (Vazyme Biotech Co.,Ltd). HA-
KLF4-K278R and pShuttle-CMV-KLF4-K278R were generated
using site-directed mutagenesis (Strategene). Antibodies
against FLAG M2 and HA were purchased from Sigma, KLF4
and STAT6 from Santa Cruz, SUMO1 from Abcam, and
ACTIN from Cell Signaling Technology.

Cell culture

BMDMs were differentiated with M-CSF as described previ-
ously. MEF, BMDM, 293T, and RAW264.7 cells were cultured
in DMEM (Hyclone) supplemented with 10% fetal bovine
serum (Invitrogen) and 1% antibiotics (penicillin/streptomy-
cin) (Invitrogen).

Immunoprecipitation and immunoblotting

Transfected cells were lysed in radioimmune precipitation assay
buffer (50 mMTris-HCl (pH 7.4), 400 mMNaCl, 1 mM EDTA,
1% Nonidet P-40, 0.1% SDS, 1% sodium deoxycholate, and a
mixture of protease inhibitors) and cleared by centrifugation.
Cleared cell lysates were incubated with 10 ml of anti-FLAG
M2-agarose affinity gel (Sigma) or 10 ml of anti-HA-agarose
affinity gel (Sigma) for 2 h. After extensive washing, beads were
boiled at 100 �C for 10 min. Proteins were resolved by SDS-

PAGE and transferred onto PVDF membranes (Millipore), fol-
lowed by immunoblotting using corresponding antibodies
according to the instructions of the manufacturer. Immuno-
blots were analyzed using the LAS-4000 system (Fujifilm).

Stable cell lines

FLAG-KLF4 or FLAG-KLF4-K278R lentiviral plasmids were
transfected into HEK293T cells with lentivirus packaging vec-
tors by calcium phosphate-DNA coprecipitation method. Viral
supernatants were collected 48 h after transfection. RAW264.7
cells were infected by lentiviral supernatant in the presence of
8 mg/ml Polybrene for 12 h. Cells were sorted for GFP positive
cells by flow cytometry 72 h later after the infection.

RNA isolation and qPCR

Total RNA was isolated from cells by using Tripure isolation
reagent (Roche). For mRNA analysis, an aliquot containing
2 mg of total RNA was reverse-transcribed using the cDNA
synthesis kit (Takara). Real-time PCR was performed using
SYBR Green PCR master mix (Applied Biosystems) and
detected by the ABI Prism 7500 sequence detection system
(Applied Biosystems). The primers for real-time RT-PCR were
as follows:

18S, sense: 5-AGTCCCTGCCCTTTGTACACA-3,
antisense: 5-CGATCCGAGGGCCTCACTA-3;
Arg-1, sense: 5-TTTTTCCAGCAGACCAGCTT-3and
antisense: 5-AGAGATTATCGGAGCGCCTT-3;
Mrc-1, sense: 5-CAGGTGTGGGCTCAGGTAGT-3 and
antisense: 5-TGGCATGTCCTGGAATGAT-3;
Mgl1, sense: 5-CAGGATCCAGACAGATACGGA-3 and
antisense: 5-GGAAGCCAAGACTTCACACTG-3.

Adenovirus

The Adenoviruses (Vector, FLAG-KLF4, FLAG-KLF4-K278R)
were generated by AdEasy system and has been described pre-
viously, and for overexpression, BMDM cells were infected
with the empty control virus (Vector) or the adenovirus carry-
ing the human KLF4 gene (FLAG-KLF4) or the adenovirus
carrying the human KLF4-K278R mutant gene (FLAG-KLF4-
K278R).

ChIP-qPCR assay

ChIP-qPCR assay was performed as described previously.42

Briefly, RAW264.7-Vector, RAW264.7-KLF4, and RAW264.7-
KLF4 (K278R) (with FLAG tag) were stimulated with IL-4
(20 ng/ml) for 4 h before crosslinking with 1% formaldehyde,
and sonicated. Solubilized chromatin was immunoprecipitated
with anti-FLAG M2-agarose affinity gel (Sigma), washed, and
then eluted. After crosslink reversal and proteinase K treat-
ment, immunoprecipitated DNA was extracted with phenol-
chloroform, ethanol precipitated. The DNA fragments were
further analyzed by qPCR. The specific primers used to
amplify Arg-1 promoter region was as followed: sense:
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5-TCACGCGTGGTAGCCGACGAGAG-3; antisense: 5-
CGCACGCGTAAAGTGGCACAACTCACGTA-3.

Flow cytometry

Cells were resuspended in 200 ml FACS buffer (PBS with
5% bovine calf serum) and placed on ice for 15 min to
block. Cells were incubated with fluorescently labeled anti-
bodies on ice in the dark for 20 min and then washed with
PBS, centrifuged at 500 £ g for 5 min, resuspended in
200 ml FACS buffer, and evaluated on a FACSCanto (Bec-
ton Dickinson) flow cytometer. Data were further analyzed
using FlowJo software (Tree Star).

Statistical analysis

Statistical analyses were performed with a 2-tailed unpaired Stu-
dent’s t test. All data shown represent the results obtained from
triplicated independent experiments with SEM (mean § SD).
The values of p < 0.05 were considered statistically significant.

Results and discussion

IL-4 treatment increases KLF4 SUMOylation in
macrophages

Since KFL4 played a key role in macrophage M2 polarization, to
illustrate the regulatory role of SUMOylation on KLF4 activity
during this process, 20 ng/ml IL-4 or 40 ng/ml IL-13 was applied
to treat RAW264.7 cells for 24 h, and whole cell lysates were col-
lected before subject to Western blot analysis. We observed that
the SUMOylation of endogenous KL4 protein was increased post

IL-4 (Fig. 1A) or IL-13 stimulation (Fig. S1). The lower panel in
Fig. 1A as well as in Fig. S1 showed the quantitative analysis of
the ratio of SUMOylated/total KLF4 proteins in RWA264.7 cells
before and after IL-4 or IL-13 stimulation. As a result, the ratio
was increased up to 1.8-fold (Fig. 1A) or 1.75-fold (Fig. S1) in
IL-4 or IL-13 treated RAW264.7 cells, when compared with
the non-treated control cells. Moreover, in isolated primary
BMDMs,we also found IL-4 treatment increased the ratio of
SUMOylated/total KLF4 proteins up to 1.6-fold (Fig. 1B). Liao
and colleagues demonstrated upon treatment with IL-4 or IL-13,
the expression of klf4 gene in mouse PMs (peritoneal macro-
phages) and BMDMs, was greatly induced both at the mRNA
and protein levels.25 And mechanistically, they found KLF4
cooperated with STAT6 to induce an M2 genetic program and
inhibits M1 targets. Although we did not detect a significant
induction of KLF4 protein upon IL-4 treatment in macrophages
reported as Liao et al, we did find increased SUMOylation of
KLF4 by IL-4 was STAT6 dependent, since know-down of
STAT6 in RAW264.7 cells abrogated the enhanced SUMOyla-
tion of KLF4 upon IL-4 treatment (Fig. S2). In a word, the
results of induced effect of IL-4 on KLF4 SUMOylation in
RAW264.7 cells and BMDMs shown by Fig. 1 strongly hints its
involvement in macrophage M2 polarization.

SUMOylation of KLF4 promotes IL-4 stimulated
macrophage genetic M2 program

Du et al reported that mouse KLF4 protein is SUMOylated at
lysine residue 275.39 In this study, we identified human KLF4 is
a SUMOylated protein at K278 (Fig. 2A). When lysine 278 is
mutated into arginine, the SUMOylation band of KLF4 totally

Figure 1. IL-4 treatment increases KLF4 SUMOylation in macrophages. (A) IL-4 treatment increases the SUMOylation of endogenous KLF4 protein in RAW264.7 macro-
phages. RAW264.7 cells were treated with or without 20 ng/ml IL-4 for 24 h, the alteration of KLF4 SUMOlyation was detected by immunoprecipitation. SUMO1 conju-
gated proteins were pulled down by non-specific IgG or SUMO1 antibody from these cell lysates. Bound proteins were blotted with KLF4 or SUMO1 antibody. Cell lysates
(Input) were immunoblotted (IB) with KLF4 or ACTIN. The quantitative result for the ratio of SUMOylated KLF4/total KLF4 in RAW264.7 cells is shown in the lower panel.
(B) IL-4 treatment increases the SUMOylation of endogenous KLF4 protein in BMDMs. Primary BMDMs were isolated from mice and treated with or without 20 ng/ml IL-4
for 24 h, the alteration of KLF4 SUMOlyation was detected by immunoprecipitation. SUMO1 conjugated proteins were pulled down by non-specific IgG or SUMO1 anti-
body from these cell lysates. Bound proteins were blotted with KLF4 or SUMO1 antibody. Cell lysates (Input) were immunoblotted (IB) with KLF4 or ACTIN. The quantita-
tive result for the ratio of SUMOylated KLF4/total KLF4 in BMDMs is shown in the lower panel.
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disappeared (Fig. 2A). Next we went on to address the key role
of KLF4 SUMOylaiton in M2 polarization. Stable cell lines of
RAW264.7 overexpressing human wild-type KLF4 or KLF4
(K278R) proteins were established, and their expressions were
determined by Western blot assay using anti-Flag antibody
(Fig. 2B). To observe the M2 macrophage marker gene expres-
sion, stable transfectants stable transfectants RAW264.7-
Vector, RAW264.7-KLF4, and RAW264.7-KLF4 (K278R) were
stimulated either with or without IL-4 for 24 h, and cells were
collected and total RNA was extracted from above mentioned
stable cell lines before subject to qPCR analysis. Figure 2C illus-
trated that KLF4 overexpression significantly enhanced M2
gene expression (Arg-1, Mgl-1, Mrc-1, Fizz1) upon IL-4 stimuli.
Interestingly, overexpression of KLF4 K278R mutant was still
capable to increase M2 gene expression slightly in macrophages
upon stimulation, but with less extended levels when compared
with KLF4 wild type. The relatively reducing of M2 marker

gene expression in macrophages, caused by SUMOylation
abrogation on KLF4 through mutating its lysine 278 into argi-
nine, was 3.0-fold for Arg-1, 3.3-fold for Mgl-1, 3.8-fold for
Mrc-1, and 2.6-fold for Fizz 1, respectively upon IL-4 treatment.
This result suggests the critical role of SUMOylation on KLF4
transcriptional activity regulation, during IL-4 stimulated M2
genetic program in RAW264.7 cells. Summarize of the results
from Fig. 1 and Fig. 2, we can conclude that IL-4 treatment
induces the SUMOylation of KLF4, which in turn enhances its
ability to induce its target gene transcription in M2 genetic pro-
gram in macrophages.

SUMOylation of KLF4 enhances its binding ability
to Arg-1 promoter

Arg-1 (arginase 1) is an important M2 marker that connects
KLF4 to the biologic processes involved in M2 polarization.43

Figure 2. SUMOylation of KLF4 increases the expression of M2 marker genes in RAW264.7 cells after IL-4 treatment. (A) Human KLF4 protein is SUMOylated at K278. In
upper graph, 293T cells were transfected with HA-KLF4, HA-KLF4-K278R, or Flag-SUMO1 as indicated. HA-KLF4 proteins were pulled down by HA-beads from these cell
lysates. Bound proteins were blotted with anti-Flag or anti-HA antibody. Cell lysates (Input) were immunoblotted (IB) with anti-Flag or anti-HA antibody. In lower graph,
293T cells were transfected with HA-KLF4, HA-KLF4-K278R, or Flag-SUMO1 as indicated. For IP, Flag-SUMO1 proteins were pulled down by Flag M2 beads from these cell
lysates. Then bound proteins were blotted with anti-HA or anti-Flag antibody. Cell lysate (Input) was immunoblotted (IB) with anti-HA antibody. (B) Demonstration on
establishment of KLF4 wild-type and KLF4 (K278R) stably overexpressed RAW264.7 cell lines. Cell lysates were immunoblotted with Flag or ACTIN. (C) KLF4, but not the
K278R mutant, activates the expression of M2 marker gene expression after IL-4 treatment in RAW264.7 cells. mRNA levels of KLF4 target genes Arg-1, Mgl-1, Mrc-1 and
Fizz1 were measured by realtime PCR in RAW264.7-Vector, RAW264.7-KLF4, and RAW264.7-KLF4 (K278R) cells with or without IL-4 treatment. The data are presented as
means § s.d. of 3 independent experiments. The relative alteration folds of the genes in 3 cell lines before and after IL-4 treatment were illustrated in the right graph.
��P < 0.01, t-test.
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Arg-1 encodes an L-arginine degrading enzyme limits NO pro-
duction and polyamine synthesis.44 Consensus KLF-binding
sites (CACCC) have been identified on Arg-1 promoter and
IL-4 can induce Arg-1 promoter activity through mediation of
KLF4 binding.25 Figure 2B has shown that the overexpression
of wild-type KLF4 in RAW264.7 cells significantly induced the
Arg-1 gene transcription upon IL-4 treatment. In contrast,
KLF4 (K278R) has lost its ability to increase Arg-1 gene expres-
sion. To determine whether SUMOlyation influences the bind-
ing ability of KLF4 to Arg-1 gene promoter upon IL-4
treatment, ChIP assay was conducted in RAW264.7-Vector,
RAW264.7-KLF4, and RAW264.7-KLF4 (K278R) stable cell
lines, with or without IL-4 treatment of 4 h. The qPCR target-
ing region in ChIP assay is illustrated by a carton as Fig. 3A.
Figure 3B showed that in RAW264.7 cells, IL-4 treatment
enhanced the binding ability of KLF4 to Arg-1 promoter about
2.2-fold, compared with in RAW264.7-vector cells. In contrast,
when KLF4 cannot be SUMOylated, the ability of IL-4 pro-
moted binding of KLF4 to Arg-1 gene promoter was almost
abolished in RAW264.7-K278R cells. The result revealed in
RAW264.7 cells, IL-4 promoted M2 marker gene expression
mainly through enhancing its SUMOylated modification, not
its expression.

SUMOylation of KLF4 promotes IL-4 stimulated
BMDMs M2 polarization

M-CSF differentiated mouse bone marrow derived-macro-
phages (BMDMs) is a well-established cell system to study the
macrophage polarization in vitro.45 To further illustrate the
promoting role of KLF4 SUMOylation in macrophage M2
polarization, BMDMs were purified from the mice, and by
using Adenovirus system, we successfully overexpressed

wild-type KLF4 or KLF (K278R) protein in BMDMs, verified
by Western blot analysis (Fig. 4A).

To determine the M2 macrophage marker gene expression,
BMDM-Vector, BMDM-KLF4, and BMDM-KLF4 (K278R)
stable transfectants either stimulated with or without M2 (IL-4)
polarizing reagents for 24 h, were collected, total RNA was
extracted and before subject to qPCR analysis. Figure 4B has
demonstrated that KLF4 overexpression significantly increased
M2 gene expression (Arg-1, Mgl-1, Mrc-1, Fizz1) upon IL-4
stimuli in BMDMs. Despite overexpression of KLF4 (K278R)
increased the M2 gene expression in BMDMs upon IL-4 stim-
uli, its ability was significantly attenuated. We can see from the
right graph of Fig. 4B, when compared with in BMDM-KLF4,
the M2 marker gene expressions were decreased to
1.5-fold for Arg-1, 1.8-fold for Mgl-1, 1.5-fold for Mrc-1, and
2.6-fold for Fizz 1, respectively, in BMDMs-KLF4 (K278R) sta-
ble transfectants, upon IL-4 stimulation. To further demon-
strate that KLF4 SUMOylation promotes BMDMs M2
polarization, BMDM-Vector, BMDM-KLF4, and BMDM-
KLF4 (K278R) cells, were collected at 24 h time point post
IL-4 treatment. Cells were then fixed and stained with M2 mac-
rophage surface marker CD206. Upon IL-4 stimuli, the per-
centage of CD206(C) cells in BMDM-Vector group increased
to to 31.8% in comparison with non-treated group. We also
observed that in BMDM-KLF4 group, due to the overexpres-
sion of KLF4 in macrophages, the same treatment of IL-4 on
cells increased the percentage of M2 population to 65.7%. How-
ever, when KLF4 cannot be SUMOylated, its promoting role on
M2 polarization was highly damped, the percentage of M2 pop-
ulation was shifted back to 37.4% of CD206(C) cells in
BMDM-KLF4(K278R) cells (Fig. 4C), which consistent with
the qPCR results in Fig. 4B. These results collectively indicate
the crucial role of KLF4 SUMOylation on its functional

Figure 3. SUMOylation of KLF4 enhances its binding to Arg-1 promoter after IL-4 treatment. (A) The primer for amplifying the region containing KLF4 binding site in Arg-1
promoter used in qChIP assay is illustrated in the carton. (B) The wild-type KLF4 and KLF4 (K278R) occupancy on endogenous Arg1 promoter were analyzed by qChIP in 3
RAW264.7 cell lines with or without IL-4 treatment. The data are presented as means § s.d. of 3 independent experiments. The relative alteration folds of binding ability
in 3 cell lines before and after IL-4 treatment were illustrated in the right graph. ��P < 0.01, t-test.
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regulation, during the process of macrophage M2 polarization
induced by IL-4 treatment in vitro.

Herein, we characterized the crucial role of KLF4 SUMOyla-
tion in IL-4 induced macrophage M2 polarization, by using
RAW264.7 as well as BMDM cell systems. The increase of
KLF4 SUMOylation post IL-4 treatment is a novel and interest-
ing findings (Fig. 1). But as illustrated by the working model in
Fig. 5, how IL-4 induced KLF4 SUMOylation during macro-
phage M2 polarization still remains unclear. IL-4 treatment
might increase KLF4 SUMOylation either by increasing its spe-
cific E3 ligase expression or activity, or by decreasing the
expression or activity of its specific de-SUMOylating protease,
which has not yet been detected. In addition, we also demon-
strated that IL-4 induced KLF4 SUMOylation greatly promotes
BMDMs polarization into M2 subset (Fig. 4). We identified
how KLF4 induces macrophage M2 polarization upon IL-4
treatment, in addition to its induced expression during the pro-
cess reported previously.

Our study has also revealed a new mechanism of how KLF4
activity is regulated during IL-4 induced macrophage M2 polar-
ization. Through enhanced SUMOylation on KLF4, its tran-
scriptional activity is increased by IL-4 (Fig. 3). Du’s study

found that KLF4 is both associated with SUMO1 via a SIM
(SUMO interacting motif) and SUMOylated at a single site.39

They provide direct evidence that SUMOylation of KLF4
doesn’t influence its protein level and SIM in KLF4 functions as
a transcriptional domain.39 In 2015 and 2016, the studies of
Zheng et al and Nie et al demonstrated the biologic role of
SUMOylated KLF4 in VSMC (vascular smooth muscle
cell).40,41 Zheng et al found that KLF4 enhances, but SUMOy-
lated KLF4 inhibits, transactivation activity of miR-200c during
the process of VSMC proliferation.40 Nie et al presented evi-
dence that VSMC proliferation is regulated by KLF4 and Ubc9.
They found that KLF4 activated p21 expression, and PDGF-BB
blocked the KLF4-mediated induction of p21 by enhancing the
SUMOylation of KLF4 and the subsequent recruitment of the
co-repressors NCoR, HDAC2 and LSD1.41 These 2 studies
indicate that SUMOylation enables KLF4 to have dual tran-
scriptional regulation roles in response to cellular and environ-
mental cues. Although ChIP assay illustrated SUMOylation of
KLF4 enhances its binding ability to its target gene promoter in
macrophages (Fig. 3) upon IL-4 treatment, how SUMO conju-
gation influences KLF4 activity remains still unknown. Maybe
IL-4 induced SUMO1 conjugation to KLF4 make it more easily

Figure 4. SUMOylation of KLF4 promotes IL-4 induced BMDM M2 polarization. (A) demonstration on establishment of KLF4 wild-type and KLF4 (K278R) overexpressed
BMDMs. Cell lysates were immunoblotted with Flag or ACTIN. (B). KLF4, but not the K278R mutant, activates the expression of M2 marker gene expression after IL-4 treat-
ment in BMDMs. mRNA levels of KLF4 target gene Arg-1, Mgl-1, Mrc-1 and Fizz1 were measured by realtime PCR in BMDM-Vector, BMDM-KLF4, and BMDM-KLF4 (K278R)
cells with or without IL-4 treatment. The data are presented as means § s.d. of 3 independent experiments. The relative alteration folds of the genes in 3 types of cells
before and after IL-4 treatment were illustrated in the right graph. ��P < 0.01, t-test. (C) SUMOylation of KLF4 promotes IL-4 induced BMDM M2 polarization. Representa-
tive FACS plots of percentages of CD206(C) cells in CD11b(C)F4/80(C) cells, in BMDM-Vector, BMDM-KLF4 and BMDM-KLF(K278R) cells, individually, with and without
IL-4 treatment.
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to be recruited by coactivators to its target gene promoters, or
SUMOylation make KLF4 subsequent dissociation from its cor-
epressors. It’s still a question waiting to be answered in the
future.

Given the importance of macrophages subsets in health and
disease, they have been the subjects of intense investigation
over the past few years.46 In vivo experiments demonstrated
that mice bearing myeloid-specific deletion of KLF4 exhibited
delayed wound healing, developed diet-induced obesity, glucose
intolerance, and insulin resistance.25 Therefore, using KLF4
SUMOlyated site mutant allela knock-in mice as a research
model, to study the biologic consequences of KLF4 SUMOyla-
tion in macrophage polarization and function in vivo, is inter-
esting and promising. The enhanced SUMOylation of KLF4
during IL-4 treatment, promoted macrophages to M2 polariza-
tion, which can hopefully act as a potential therapeutic target
in the treatment of inflammatory diseases.
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