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Histone deacetylase 4 inhibits NF-jB activation by
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Protein modification by small ubiquitin-like modifier (SUMO) is an important regulatory mechanism for multiple cellular pro-
cesses. Although the canonical pathway involving the ubiquitylation or phosphorylation of IjBa has been well characterized, lit-
tle is known about the sumoylation of IjBa in the control of NF-jB activity. Here, we find that histone deacetylase 4 (HDAC4) neg-
atively regulates tumor necrosis factor-alpha- or lipopolysaccharide-triggered NF-jB activation. HDAC4 belongs to the SUMO E3

ligase family and can directly sumoylate IjBa. The cytoplasm location of HDAC4 is essential for IjBa sumoylation. The Cys292 of
HDAC4 is a key site for its SUMO E3 ligase activity. The sumoylation of IjBa prevents its polyubiquitination and degradation be-
cause these two modifications occur both at the Lys21. Our findings reveal a previously undiscovered role for HDAC4 in the in-
flammatory response as a SUMO E3 ligase for IjBa sumoylation. Our work provides insight into mechanisms ensuring optimal
mediation of the NF-jB pathway.
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Introduction
In humans and mice, the 18 histone deacetylase (HDAC)

enzymes are grouped into four classes by both sequence simi-
larity and enzymatic activity, including the classical HDACs
(classes I, II, and IV) and nonclassical class III sirtuins. The
transcriptional repression mediated through HDACs is a critical
component of eukaryotic gene regulation. Recently, classical
HDACs have been attributed key roles in innate and adaptive
immune pathways, including epigenetic regulation of innate re-
sponse (Choi et al., 2016; Li et al., 2016; Meng et al., 2016)
and inflammation (Aung et al., 2006; Foster et al., 2007), as
well as lymphocyte development and function (de Zoeten et al.,
2010; Yamaguchi et al., 2010; Navarro et al., 2011). HDAC4

belongs to the HDAC family of class IIa, which interacts with
members of the related MEF2-interacting transcription repres-
sor protein (Miska et al., 1999) and with the 14-3-3 chaperone
proteins in the control of myeloblast differentiation (Grozinger

and Schreiber, 2000; McKinsey et al., 2000). Furthermore,
HDAC4 can regulate MEF2 and LXRa sumoylation (Zhao et al.,
2005; Lee et al., 2009), and key roles for HDAC4 in insulin sen-
sitivity and energy balance have been identified recently (Luan
et al., 2014).

Inflammation plays an important role in stress injury or infec-
tion with microbes. One hallmark following stimulation with the
proinflammatory cytokines, such as tumor necrosis factor-
alpha (TNFa) and interleukin-1b (IL-1b), is the activation of nu-
clear factor-kappa enhancer-binding protein (NF-jB) and
mitogen-activated protein kinases, and the subsequent induc-
tion of cytokines and chemokines. In addition, inflammatory
responses are tightly controlled to prevent excessive responses
and chronic inflammatory states by positive and negative regu-
latory mechanisms and close interactions with other signaling
pathways. Many diseases, including infectious diseases, auto-
immune diseases, and cancers, show an intrinsic correlation
with inflammatory disequilibrium caused by the misregulation
of many cytokines and chemokines (Grivennikov et al., 2010;
Harhaj and Dixit, 2011; Oeckinghaus et al., 2011).

The transcription factor NF-jB regulates diverse physiological
and pathological processes, such as cell survival and prolifera-
tion, tumorigenesis, and immune and inflammatory responses.
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The mammalian Rel/NF-jB family of dimeric transcription fac-
tors includes five members, namely RelA (p65), RelB, c-Rel,
p100/p52, and p105/p50. In resting cells, heterodimeric NF-jB
proteins are sequestered in the cytoplasm as inactive subunits
by inhibitory IjB proteins. After exposure of cells to activators,
such as TNFa, IL-1b, or lipopolysaccharide (LPS), IjB is rapidly
phosphorylated, ubiquitinated, and ultimately degraded by the
26S proteasome (Traenckner et al., 1995). The degradation of
IjBa frees NF-jB to translocate into the nucleus, where binding
of NF-jB to its DNA recognition sites activates the transcription
of responsive genes involved in inflammation and survival
(Baeuerle and Baichwal, 1997; Karin and Ben-Neriah, 2000;
Chen et al., 2002). The active NF-jB is tightly controlled at mul-
tiple levels by many regulatory elements, all of which ensure
transient NF-jB signaling in response to a stimulus. For in-
stance, the deubiquitinase CYLD- and A20-mediated downregu-
lation of NF-jB is of critical importance (Sun, 2008; Harhaj and
Dixit, 2011).

IjBa is a member of the inhibitory IjB family, which also con-
tains IjBb, IjBc, IjBe, p100, p105, and Bcl-3 (Karin and Ben-
Neriah, 2000; Vallabhapurapu and Karin, 2009). Among all inhibi-
tory IjB proteins, IjBa, IjBb, and IjBc are the most central regu-
lators of mammalian NF-jB. All IjBs contain either six or seven
ankyrin repeats, and helical domains mediate binding to the Rel
homology region and masking of NF-jB. Only IjBa, IjBb, and
IjBe contain N-terminal regulatory regions, which are required for
stimulus-induced degradation. In response to stimulation with
proinflammatory cytokines, the IjBa gene is specifically induced
by the p65 subunit of NF-jB using an inducible autoregulatory
pathway (Sun et al., 1993). Excepting for the sequestration of NF-
jB in the cytoplasm, newly synthesized IjBa plays an important
role in the negative regulation of NF-jB-dependent transcription
(Sosic et al., 2003). SUMO1 modification of IjBa also plays a cru-
cial regulatory role, because it makes the protein resistant to
signal-induced degradation by blocking ubiquitination and inhib-
its NF-jB activation (Desterro et al., 1998). However, there is con-
siderable complexity in how IjBa is modified by SUMO1 and
coordinates a nuanced NF-jB response.

In this report, we describe HDAC4 as a SUMO E3 ligase for
negatively regulating IjBa in response to stimulation with TNFa
or LPS. We found that Cys292 (C292) of HDAC4 is critical for
SUMO E3 ligase activity, and IjBa is mainly modified with
SUMO1 at Lys21 (K21). Our findings provide mechanistic insights
into the regulation of IjBa stability and identify a previously un-
known manner whereby HDAC4 controls IjBa sumoylation to pre-
vent excessive responses and uncontrolled inflammation.

Results
The involvement of HDAC4 in proinflammatory cytokine
production

In our previous work, we indicated that HDAC4 could mediate
the activation of type I interferon signaling via a tetramer with
TBK1/IKKe–HDAC4–IRF3 in the cytoplasm, and the interferon

(IFN-b) could stimulate the HDAC4 expression (Yang et al.,
2019). It has been reported that more TNFa was produced in
HDAC4 macrophage-specific knockout mice compared with
wild-type (WT) mice (Luan et al., 2014). This suggested that the
endogenous HDAC4 is also involved in the regulation of NF-jB
signaling. To confirm this hypothesis, we found that overex-
pression of HDAC4 dose-dependently inhibited TNFa-triggered
activation of NF-jB in HEK293T cells and decreased NF-jB-re-
lated gene transcription, such as the transcription of TNFa, IL-6,
IL-8, and A20 (Figure 1A and B). Knockdown of endogenous
HDAC4 via shRNA or siRNAs potentiated the TNFa-triggered acti-
vation of NF-jB in reporter assays (Figure 1C; Supplementary
Figure S1A). Moreover, the NF-jB-related genes were increased
at different levels in HDAC4-knockdown HEK293T cells after
TNFa stimulation (Figure 1D). However, knockdown of HDAC4

did not affect IFNc-triggered IRF1 promoter activity and phos-
phorylation of STAT1 (Supplementary Figure S1B–D). We
obtained the same results in mouse macrophage RAW264.7
(Supplementary Figure S2A–C). Furthermore, HDAC4 silencing
with siRNA in bone marrow-derived dendritic cells (BMDCs)
markedly upregulated the mRNA levels of TNFa, IL-6, IL-8, and
A20 induced by LPS, IL-1b, or TNFa (Figure 1E). Consistently,
TNFa and IL-6 were also significantly increased after different
stimuli (Figure 1F and G). Collectively, these data suggest that
HDAC4 negatively regulates NF-jB signaling.

HDAC4 positively regulates the stability of IjBa
To understand the mechanism by which HDAC4 negatively

regulates inflammatory signaling, we analyzed the major
responses in the signaling pathways of BMDCs or HEK293T
cells challenged with LPS or TNFa. In BMDCs, compared with
the control group, the level of phosphorylated p65 induced by
LPS increased more significantly upon HDAC4 silencing, espe-
cially in the early stage (5–15 min). Correspondingly, lower lev-
els of IjBa were manifested in the early stage (5–15 min) and
late stage (60–120 min) in the HDAC4-knockdown cells
(Figure 2A). We obtained the same conclusion in HEK293T cells
challenged with TNFa (Figure 2B). Then, we analyzed the inter-
actions of IjBa, p65, or IKKb with HDAC4 in BMDCs after stimu-
lation with LPS. Endogenous HDAC4 was associated with IjBa
in the resting BMDCs; the interaction between HDAC4 and IjBa
rapidly decreased and finally disappeared after 10–30 min as
IjBa Ser32/36 (S32/36) was phosphorylated and degraded af-
ter stimulation with LPS. New synthesis of IjBa appeared in
60–120 min, subsequently, the interaction between HDAC4

and IjBa increased. In addition, HDAC4 was also associated
with IKKb or p65 (Figure 2C). However, there was no effect on
the phosphorylation of IKKb in the HDAC4-knockdown cells
stimulated with LPS or TNFa (Figure 2A and B). Thus, HDAC4

might target p65 or IjBa to regulate the NF-jB activation.
The acetylation of p65 at K310 is required for DNA binding

activity of NF-jB (Chen et al., 2002). To explore whether the in-
creased transactivation activity of NF-jB stems from its hyper-
acetylation in HDAC4-knockdown cells, we next tested the
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Figure 1 Identification of HDAC4 as a negative regulator of NF-jB signaling. (A) HDAC4 dose-dependently suppresses the TNFa-triggered ac-
tivation of the NF-jB promoter in HEK293T cells. Cells (1� 10

5) were transfected with the NF-jB firefly luciferase reporter plasmid (0.01 mg)
and URL-TK (Renilla luciferase as an internal control for transfection efficiency, 5 ng), as well as the indicated amount of a control (VEC, the
empty vector) or HA-HDAC4 plasmid (0.1, 0.25, 0.5 mg). Twenty-four hours after transfection, cells were treated with TNFa (20 ng/ml) or
untreated (US) for 10 h before luciferase assays were performed. The histogram shows the ratio of firefly luciferase values (NF-jB reporter)
to Renilla luciferase values and normalized to the mock untreated cells. (B) Effect of HDAC4 (0.25 mg) on TNFa-induced transcription of
TNFa, IL-6, IL-8, and A20 genes. (C) Effect of HDAC4 on TNFa-triggered NF-jB activation in HDAC4-stable knockdown HEK293T cells. The
cells were transduced with either a control (shNC) or shHDAC4 plasmid to establish stable cell lines (shHDAC4). The cells (1� 10

5) from
stable cell lines were transfected with the NF-jB reporter plasmid (0.01 lg) and pRL-TK (5 ng). Dual-luciferase assays were performed as
in A. (D) Effect of HDAC4 knockdown on TNFa-induced transcription of downstream genes in HDAC4-stable knockdown HEK293T cells. The
shHDAC4 and shNC HEK293T cells were treated with TNFa (20 ng/ml) for 10 h before real-time PCR analysis. Real-time PCR assays were per-
formed as in B. (E) Effect of HDAC4 knockdown on LPS-, IL-1b-, or TNFa-induced transcription of downstream genes in BMDCs. The BMDCs
were treated with control or HDAC4-specific siRNA for 48 h and stimulated with LPS (100 ng/ml), IL-1b (20 ng/ml), or TNFa (20 ng/ml) for
12 h before real-time PCR. (F and G) ELISA of TNFa and IL-6 in supernatants of HDAC4-knockdown BMDCs or the control with LPS (100

ng/ml) or IL-1b (20 ng/ml) for 12 h. Data are representative of three independent experiments. Graphs show mean ± SD; n¼3.
*P< 0.05, **P<0.01, ***P<0.001.
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transcriptional activity and acetylation at K310 of p65 using the
lysine-to-arginine substitution mutants of p65. Transactivation
by the p65 K310R mutant was comparable with that of WT p65

in HDAC4-knockdown 293T cells (Supplementary Figure S3A).
In addition, knockdown of HDAC4 did not interfere with the
acetylation at K310 of p65 in HEK293T cells (Supplementary
Figure S3B). A reporter assay indicated that Tasquinimod, a
specific HDAC4 deacetylase activity inhibitor, could not rescue
the inhibition of HDAC4 on the NF-jB transcriptional activity
(Supplementary Figure S3C and D). Thus, the deacetylase activ-
ity of HDAC4 had little effect on its negative regulation of the
NF-jB transcriptional activity.

The knockdown of HDAC4 decreased the level of IjBa after
LPS stimulation (Figure 2A). Thus, HDAC4 might regulate the
stability of IjBa. We routinely found that IjBa was more resis-
tant to TNFa-induced degradation, and HDAC4 markedly upre-
gulated the level of IjBa in the overexpression system
(Figure 3A). IjBa was more sensitive to TNFa-induced

degradation in HDAC4-knockdown cells than in the control cells
(Figure 3B). Furthermore, MG132 treatment or anaplerotic
HDAC4 rescued the expression of IjBa in HDAC4-knockdown
cells (Figure 3C). Moreover, the interaction between NF-jB and
IjBa was enhanced by HDAC4 (Figure 3D). Taken together,
these results indicated that HDAC4 could maintain the protein
stability of IjBa.

HDAC4 catalyzes the sumoylation of IjBa
The activation of NF-jB is mediated by signal-induced degra-

dation of IjBa, which allows the active transcription factor to
translocate into the nucleus. Sumoylated IjBa was resistant to
stimuli-induced proteolysis by ubiquitination (Desterro et al.,
1998). We thus determined whether HDAC4 regulated the
sumoylation of IjBa and further affected its ubiquitination and
degradation. HDAC4 impaired the ubiquitination of IjBa espe-
cially the K48-linked ubiquitination of IjBa (Figure 4A;
Supplementary Figure S3E). In contrast, knockdown of HDAC4

Figure 2 HDAC4 interacts with IjBa and p65. (A and B) Immunoblotting analysis of phosphorylated (p-) or total IKKb, p65, and IjBa,
HDAC4, or ACTIN (loading control throughout) during LPS or TNFa challenge in BMDCs or HEK293T cells. HDAC4 knockdown was performed
by using siRNA or shRNA. (C) Endogenous interactions between HDAC4 and IKKb, p65, or IjBa. BMDCs were left untreated or treated with
LPS (100 ng/ml) and HEK293T cells were treated with TNFa (20 ng/ml) for the indicated times before coimmunoprecipitation (coIP) and im-
munoblotting (IB) analyses.
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had opposite effects (Supplementary Figure S3F).
Encouragingly, HDAC4 enhanced the SUMO1 modification of
IjBa (Figure 4B). To eliminate other confounding factors, we
purified IjBa, HDAC4, Ubc9, and SUMO1 using an in vitro trans-
lation system to perform the in vitro sumoylation assays and
found that HDAC4 mediated IjBa sumoylation directly
(Figure 4C). We also found that SENP1, a desumoylating en-
zyme, dramatically decreased the sumoylation of IjBa when
HDAC4 was overexpressed (Figure 4D). Subsequently, the as-
say with HDAC4 mutants indicated that loss of deacetylase ac-
tivity did not affect the sumoylation of IjBa (Figure 4E). Taken
together, we concluded that HDAC4 catalyzed the sumoylation
of IjBa as a SUMO E3 ligase, which was further supported by
the fact that HDAC4 could interact with Ubc9, the SUMO E2 li-
gase (Supplementary Figure S3G).

The sumoylation of endogenous IjBa was dramatically down-
regulated in HDAC4-stable knockdown cell lines (Figure 5A).
We searched for physiological situations in which the sumoyla-
tion of IjBa by HDAC4 occurs in response to TNFa stimulation.

Following TNFa stimulation, sumoylated IjBa decreased during
the early phase in WT cells and appeared at the late phase (60

min), but the sumoylation of IjBa was significantly decreased
and disappeared at the late phase (60 min) in HDAC4-knock-
down cells (Figure 5B), which was consistent with the results of
Figure 2A and B. It has been reported that ubiquitin modifica-
tions of IjBa requires phosphorylation of S32 and S36, but
sumoylation is inhibited by phosphorylation (Desterro et al.,
1998). Consistently, we validated the results and found that
sumoylation and stability of IjBa were inhibited by phosphory-
lation mimics of IjBa when HDAC4 was present (Figure 5C).
These results suggested that the phosphorylation of IjBa at
S32/S36 prevented its sumoylation from facilitating degradation.

HDAC4 C292 is a key site for SUMO E3 ligase activity for
catalyzing the sumoylation of IjBa at K21

To explore which domains of HDAC4 associate with IjBa, we
constructed HDAC4 mutants with the deletion of various

Figure 3 HDAC4 positively regulates the level of IjBa protein. (A) Effect of HDAC4 on the level of IjBa in HEK293T cells. Cells (4�10
5) were

transfected with the indicated plasmids for 36 h and then were treated with TNFa (20 ng/ml) for the indicated time or left untreated. The
cells were lysed, and the lysates were analyzed by immunoblotting with the indicated antibodies. (B) Effect of HDAC4 knockdown on the
level of IjBa proteins. The control or HDAC4-knockdown cells (1�10

5) were treated with TNFa (20 ng/ml) for the indicated time or left
untreated. (C) Effect of HDAC4 on the stability of IjBa. The HDAC4-knockdown cells (4�10

5) were transfected with the indicated plasmids
or treated with the indicated inhibitors MG132 (1 mg/ml), 3-MA (60 mM), and CQ (50 mM) for 4 h before immunoblotting analysis was per-
formed. (D) HDAC4 enhances the interaction between IjBa and NF-jB. HEK293T cells (2�10

6) were transfected with the indicated plas-
mids (2 mg each). Cell lysates were incubated with a Flag antibody. Bound proteins were analyzed by immunoblotting with anti-HA, anti-
Flag, and anti-HDAC4. Data are representative of three independent experiments with similar results.
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domains and performed transient transfection and coIP experiments
(Supplementary Figure S4A). Results indicated that the transcription
binding domain (MEF binding domain, TBD) and C-terminal of
HDAC4 were required for the interaction of HDAC4 with IjBa
(Figure 6A). Given that the deacetylase capacity of HDAC4 that relies
on its C-terminal domain was unessential for the sumoylation of
IjBa (Figure 4E), we deduced that the N-terminal TBD of HDAC4 had
a potent function for the sumoylation of IjBa.

It has been reported that HDAC4 can sumoylate LXRs or MEF
(Zhao et al., 2005; Ghisletti et al., 2007). Bioinformatics analy-
sis found that C194 and C292 reside a motif in the TBD domain
that resembles the enzyme activity consensus sites of the classic
E3 ligase family (Supplementary Figure S4B). Each of the cysteines
was then changed independently to alanine or serine. As shown in
Figure 6B, only the C292S mutant could reduce the sumoylation of
IjBa by HDAC4. We purified the IjBa, HDAC4, HDAC4/C292S,

Figure 4 HDAC4 directly modifies the sumoylation of IjBa. (A) Overexpression of HDAC4 decreases the ubiquitination of IjBa. HEK293T
cells (3� 10

6) were transfected with the indicated plasmids. Twenty-four hours after transfection, ubiquitination assays and immunoblot-
ting analysis were performed using the indicated antibodies. (B) HDAC4 dose-dependently potentiates the sumoylation of IjBa. HEK293T
cells (1� 10

7) were cotransfected with Cre-SUMO1, Ubc9, Flag-IjBa, and HDAC4 (1, 5, 10 mg). Sumoylation assays and immunoblotting
analysis were performed 36 h after transfection. (C) In vitro sumoylation of IjBa. The in vitro sumoylation assay was performed as de-
scribed in Materials and methods. The unmodified and SUMO1-modified IjBa proteins are indicated. (D) Desumoylation of IjBa by SENP1.
The experiments were performed as in B, except that the Flag-SENP1 plasmid was used. (E) The deacetylase activity site of HDAC4 may not
be involved in regulating the sumoylation of IjBa. HDAC4-knockdown HEK293T cells (1� 10

7) were transfected with the indicated expres-
sion plasmids for WT HDAC4, HDAC4-DDAC, or HDAC4-H803L. Sumoylation assays and immunoblotting analysis were performed as in B.
Data are representative of three independent experiments.
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Ubc9, and SUMO1 using the in vitro translation system to perform
the in vitro sumoylation assays. The results confirmed that C292

was important for the sumoylation of IjBa by HDAC4 (Figure 6C).
In summary, these data together suggest that HDAC4 C292 is a
key site for SUMO E3 ligase activity and is a potential enzyme ac-
tivity site for SUMO modification.

We also analyzed the sumoylation sites of IjBa. Besides K21

(Rodriguez et al., 1996), the sumoylation site prediction pro-
grams indicated possible sumoylation sites such as K98 and
sequence 198–202 (Xue et al., 2006). Mutations harboring
K21R resulted in decreased sumoylation of IjBa, suggesting
that IjBa was mainly sumoylated at K21 by HDAC4 (Figure 6D).

Cytoplasmic localization of HDAC4 is essential for the activation
of NF-jB signaling

HDAC4 and IjBa could shuttle between the cytoplasm and
nucleus. We constructed a cytoplasmic-localized HDAC4 mu-
tant (HDAC4-DNLS) and a nuclear-localized mutant (HDAC4-
SSS/AAA) (Supplementary Figure S4C). Sumoylation assay indi-
cated that HDAC4-DNLS mutant markedly enhanced the sumoy-
lation of IjBa, whereas HDAC4-SSS/AAA mutant abolished the
SUMO modification of IjBa (Figure 7A). Meanwhile, nuclear lo-
calization signal (NLS) deletion of IjBa mutant (IjBa-DNLS)
was located in the cytoplasm (Supplementary Figure S4D).
Western blotting analysis demonstrated that IjBa-DNLS could

Figure 5 HDAC4 mediates SUMO1 modification of IjBa. (A) The knockdown of HDAC4 decreases the sumoylation of IjBa. The control or
HDAC4-knockdown HEK293T cells (1�10

7) were transfected with the indicated expression plasmids for 36 h, followed by sumoylation
assays and immunoblotting analysis. (B) HDAC4 is associated with the endogenous level and SUMO1 modification of IjBa. The WT or
HDAC4-stable knockdown HEK293T cells were left untreated or treated with TNFa (20 ng/ml) for the indicated time followed by sumoylation
assays and immunoblotting analysis. (C) HDAC4 sumoylation of IjBa is slightly impaired by IjBa phosphorylation of residues S32 and
S36. The experiments were performed as in A except that the indicated plasmids were used. Data are representative of three independent
experiments.
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be sumoylated by HDAC4 and their interaction was dramatically
enhanced compared with the interaction between HDAC4

and WT IjBa protein (Figure 7B). Consistently, importazole, an
inhibitor of importin-b transport receptors that make IjBa
localize in the cytoplasm (Supplementary Figure S4E), potenti-
ated HDAC4-mediated SUMO1 modification of IjBa (Figure 7C).
Furthermore, the double mutant HDAC4-DNLS-C292S
(D-C292S) resulted in a significantly lower SUMO1 modification
of IjBa or IjBa-DNLS in comparison with the WT HDAC4

(Figure 7D). Taken together, these data suggest that the sumoy-
lation of IjBa occurs in the cytoplasm and highlights that both
NLS and C292 are important for the sumoylation of IjBa by
HDAC4.

Finally, we investigated the contribution of the enzyme-
inactive mutant HDAC4 (C292S) to the transcriptional activity

or phosphorylation of NF-jB. We reconstituted WT or C292S
mutant into HDAC4-stable knockdown HEK293T cells. The
C292S mutant did not inhibit the transcriptional activity and
phosphorylation of NF-jB following stimulation with TNFa com-
pared with the WT HDAC4 (Figure 7E and F).

Discussion
The optimal activation and deactivation of the NF-jB pathway

plays crucial roles in controlling several human diseases.
Therefore, NF-jB needs to be regulated properly in various
manners, including feedback pathways where newly synthe-
sized IjBa serves to shut off the signal (Kracklauer and
Schmidt, 2003). In addition, recent studies have revealed that
numerous molecules are capable of regulating NF-jB activity

Figure 6 HDAC4 C292 is a key SUMO E3 ligase activity site. (A) Domain analysis of HDAC4–IjBa interaction. HEK293T cells (1� 10
6) were

transiently transfected with the indicated plasmids (3 lg each) for 36 h followed by coIP experiments and immunoblotting analysis with
the indicated antibodies. (B) HDAC4 C292 as a SUMO E3 ligase activity site. HEK293T cells (1� 10

7) were cotransfected with Cre-SUMO1,
Ubc9, Flag-IjBa, and the indicated expression plasmids for WT or mutant HDAC4. Sumoylation assays and immunoblotting analysis were
performed 36 h after transfection. (C) HDAC4 C292S mutant weakens the sumoylation of IjBa in in vitro sumoylation assays. The in vitro
sumoylation assay was performed as described in Materials and methods. (D) SUMO1 is mainly conjugated to IjBa K21. The experiments
were performed as in A. Data are representative of three independent experiments.
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Figure 7 The contribution of HDAC4 C292 to the activation of NF-jB signaling. (A) The sumoylation of IjBa requires cytoplasmic localization
of HDAC4. HEK293T cells (1�10

7) were cotransfected with Cre-SUMO1, Ubc9, Flag-IjB, and the indicated expression plasmids for
WT HDAC4, HDAC4-DNLS, or HDAC4-SSS/AAA. Sumoylation assays and immunoblotting analysis were performed 36 h after transfection.
(B) Sumoylation of IjBa-DNLS or IjBa-DNES. The experiments were performed as in A except that the indicated plasmids were used.
(C) The inhibition of nuclear localization of HDAC4 enhances the sumoylation of IjBa. The HEK293T cells (1� 10

7) were transfected with
the indicated expression plasmids for 36 h and then treated with imoportazole (20 nM). The sumoylation assays and immunoblotting
analysis were performed as in A. (D) Effect of HDAC4-DNLS-C292S on the sumoylation of IjBa in overexpression sumoylation assays. The
experiments were performed as in A except that the indicated plasmids were used. (E) The enzyme-inactive mutant HDAC4 (C292S) potenti-
ates the promoter activity of NF-jB in HDAC4-stable knockdown HEK293T cells. The control cells (shNC) or HDAC4-stable knockdown
HEK293T cells (shHDAC4) reconstituted with WT HDAC4 or HDAC4 C292S mutant were transfected with the NF-jB luciferase reporter plas-
mid (0.01 mg). Twenty-four hours after transfection, cells were treated with TNFa (20 ng/ml) or left untreated for 10 h before luciferase
assays were performed. (F) HDAC4 C292S enhances the phosphorylation of NF-jB compared with WT HDAC4 in HDAC4-stable knockdown
HEK293T cells. The experiments were performed as in E, except that the indicated cells were induced with TNFa (20 ng/ml) for 30 min be-
fore the immunoblotting analysis. Data are representative of three independent experiments. Graphs show mean ± SD; n¼ 3.
***P<0.001.
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negatively (Song et al., 1996; Kovalenko et al., 2003; Sosic
et al., 2003; Gao et al., 2004; Liu et al., 2007; Deng et al.,
2010; Shembade et al., 2011). In this study, we found that
HADC4 also serves as a negative regulator of NF-jB signaling.
The ability of HDAC4 to regulate the stability of IjBa is medi-
ated by SUMO E3 ligase activity and the dependence of the
modification process on the cytoplasmic localization.
Furthermore, the TBD of HDAC4 was required to increase the
stability of IjBa, and HDAC4 deficiency caused decreased
sumoylation of IjBa compared with WT cells. These results sug-
gest that HDAC4-mediated sumoylation of IjBa is essential for
the restriction of the NF-jB signaling pathway.

In our previous work, we showed that HDAC4 could reduce
the production of type I IFN in response to various stimuli.
HDAC4 can be phosphorylated by TBK1/IKKe directly, which
facilitates HDAC4 cytoplasmic localization. Furthermore, IFN-b
could stimulate the expression of HDAC4 (Yang et al., 2019).
Increasing concentrations of, and cytoplasm localized, HDAC4

could maintain IjBa stability by sumoylation to reduce IFN and
inflammatory cytokines and promote the cell to go back to their
resting state. Our findings suggest that HDAC4 is a key check-
point to prevent the overreaction of natural immunity and
inflammation.

IjB is a key regulator as an inhibitor in the NF-jB signaling
pathway. NF-jB activation is mediated by the ubiquitylation of
phosphorylated IjBa proteins, followed by their proteasomal
degradation. Our work and a previous study reported that ubiquitin
and SUMO compete for the same target lysine on IjBa, namely,
K21, which is also used for ubiquitin conjugation (Desterro et al.,
1998). As a result, IjBa modified by SUMO1 cannot be
ubiquitinated and is therefore resistant to proteasome-mediated
degradation. However, it is unclear if the IjBa modifications cooper-
ate to regulate basal and/or signal-mediated turnover. Several lines
of evidence suggest that SUMO modifications achieve this function.
First, it has been reported that SUMO1-modified IjBa directly inter-
acts with p50/p65 in vitro (Kracklauer and Schmidt, 2003; Lens
et al., 2011), which is consistent with our data that endogenous

HDAC4 is associated with IjBa, and IjBa is sumoylated and binds
to p65 in the resting stage. Then, during the early phase after stimu-
lation, the sumoylation of IjBa was decreased, and IjBa was phos-
phorylated and followed degradation (Figure 5B). Thus, the
desumoylation of IjBa is important for the activation of NF-jB. It
will be interesting to identify which desumoylation enzyme(s) is in-
volved in this process. We propose that SENP1 could exercise this
function, but further research is needed (Figure 4D). Finally, the in-
teraction between IjBa and NF-jB appeared to be stable in this pro-
cess (Figure 2). The working model is shown in Figure 8. Our
findings suggest that the dynamic sumoylation of IjBa mediated by
HDAC4 during stimulation is a cellular moderator to balance the NF-
jB activity.

It has been reported that other mechanisms of HDAC4 are at
work to regulate immunity and inflammation. Leptin-triggered
catecholamine-dependent increases in cAMP signaling resulted
in the dephosphorylation of HDAC4, which translocated into
the nucleus to impair the acetylation of the histone inactivating
the transcription of inflammatory cytokines such as TNFa (Luan
et al., 2014). However, only LPS stimulation resulted in HDAC4

localization in the cytoplasm, which is consistent with our
results. Thus, under different conditions, HDAC4 employs a dif-
ferent mechanism to regulate the inflammatory pathway nega-
tively. The functional importance of HDAC4 in immunity and
inflammation was further supported by our previous data that
HDAC4 could reduce the production of type I IFN.

The SUMO E3 ligase activity sites of HDAC4 have not been
mapped. We found the TBD and the C-terminal of HDAC4 bind
to IjBa. The standard mutation of C292 to serine in TBD signifi-
cantly reduced the sumoylation of IjBa (Figure 6B), implying
that C292 might be an active catalytic site. While not excluding
this possibility, there is another enzyme activity site besides
C292 for targeting IjBa for sumoylation. In addition, HDAC4

has relatively independent SUMO E3 ligase activity and deace-
tylase activity. HDAC4 functions as a SUMO E3 ligase in the cy-
toplasm because a nuclear-localized mutant (HDAC4-SSS/AAA)
lost the function to sumoylate IjBa (Figure 7A); HDAC4 in the

Figure 8 The working model.
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nucleus functions as deacetylase to diminish histone H4K5

acetylation over TNFa and IL12b promoters (Grozinger and
Schreiber, 2000). Thus, both the SUMO E3 ligase and deacety-
lase activities of HDAC4 play regulatory roles in inflammation in
different links.

Due to the functional importance of C292, it is worth consid-
ering that the single-nucleotide polymorphisms (SNPs) of
HDAC4 C292S (TGT (C)–TCT (S)) are important for inflammation
or metabolism; however, there have been no reports of this
site. It has been reported that HDAC4 could mediate the sumoy-
lation of MEF2, LXRa, and IjBa, which play key roles in metabo-
lism or inflammation (Gregoire and Yang, 2005; Lee et al.,
2009). There was a significant fraction of HDAC4 SNPs associ-
ated with body mass index and waist circumference in
Caucasians that were also associated with these traits in black
and Chinese subjects (Luan et al., 2014). Future efforts should
explore the population distribution of this SNP and its associa-
tion with inflammation or metabolism.

In conclusion, our study provides insights into how HDAC4

acts as a SUMO E3 ligase for IjBa and complex regulatory net-
works of the NF-jB signaling pathway. In addition, further work
will investigate whether deacetylase activity functions and how
it might contribute to the regulation of SUMO E3 ligase activity.
Given the important roles of class II HDACs in the pathogenesis
of cardiac hypertrophy and for the maintenance of insulin sen-
sitivity and energy balance (Zhang et al., 2002; Luan et al.,
2014), these enzymes will be a potential target for drug devel-
opment or disease control in the future.

Materials and methods
Reagents and plasmids

Recombinant mouse TNFa, IL-1b, IL-4, M-CSF, and GM-CSF
and human TNFa and IFNc were purchased from R&D Systems.
LPS was from Beyotime Biotechnology. Mouse anti-Flag and hy-
aluronic acid (HA) were from Sigma-Aldrich. Rabbit anti-Flag,
HA, HDAC4, HDAC4 phospho-S246, IjBa phospho-S32/36,
IKKa/b/c, mouse anti-IjBa antibody, NF-jB p65 antibody sam-
pler kit, and phospho-IKKa/b (Ser176/180) antibody sampler
kit were all purchased from Cell Signaling Technology. Rabbit
anti-SUMO1 antibody was kindly provided by Prof. Hanzhong
Wang (Wuhan Institute of Virology, Chinese Academy of
Sciences). Rabbit anti-IjBa and mouse anti-b-actin antibodies
were purchased from Santa Cruz Biotechnology, Inc. Mouse
anti-GAPDH antibody was purchased from Proteintech.

HDAC4, IjBa, and p65 were amplified from cDNA of different
human or mouse tissues and subsequently cloned into mam-
malian expression vectors as indicated. The deletion and site-
directed mutants of HDAC4 and IjBa, as well as the site-
directed mutants of NF-jB, were constructed by a PCR-based
approach and then cloned into pXJ40 vectors with Flag- or HA-
tag at the N-terminus. All the Ubc9 and Cre-SUMO1 plasmids
were kindly provided by Prof. Bing Sun (CAS Center for
Excellence in Molecular Cell Science, Chinese Academy of
Sciences). The IRF1 promoter luciferase reporter plasmid was

provided by Prof. Yanyi Wang. The reporter gene NF-jB was pur-
chased from Clontech. All primers used in this study are de-
scribed in Supplementary material.

Cell culture and plasmid transfection
HEK293T and RAW264.7 cells were obtained from American

Type Culture Collection and cultured in Dulbecco’s modified
Eagle’s medium (Invitrogen) supplemented with 10% fetal bo-
vine serum (FBS) (Invitrogen) at 37

�C in a 5% CO2 incubator.
Cells were stimulated with TNFa (20 ng/ml) or IFNc (100ng/
ml) for the indicated time periods. Plasmids were transfected
into cells using Lipofectamine 2000 (Invitrogen) or
Lipofectamine 3000 (Invitrogen) following the manufacturer
instructions.

RNA interference experiments
The following siRNAs were targeted for human HDAC4: #1,

5
0-CCAAUGUAUUCCAAGCUAA-30; #2, 5

0-GGCGUGGGUUUCAACGUCA-30.
The sequences of siRNAs specific for mouse HDAC4 were: #1,
5
0-UCUCUGAUUGAGGCGCAAA-30; #2, 5

0-GGCACAGUUGCAUGAA
CAU-30. The siRNAs were transfected using Lipofectamine
RNAiMAX reagent (Invitrogen) at a final concentration of 20 nM
according to the manufacturer’s instructions. To keep HDAC4

silencing effect for the duration of the test, the cells were split
at 24 h posttransfection and transfected with the same siRNA
again. Stimulating assay was performed 24 h after the second
transfection.

Luciferase assay
The dual-Luciferase Reporter Assay System (Promega) was

used for luciferase assays. Briefly, cells were seeded in 24-well
plates (1�10

5 cells per well) and transfected luciferase re-
porter and pRL-TK plasmids combined with a total of 500 ng of
target plasmid or empty control plasmid for 24 h.
Subsequently, cells were treated with the indicated reagents or
left untreated and luciferase activity was measured as previ-
ously described (Chen et al., 2014).

Lentiviral transduction and establishment of stable cell lines
The lentiviruses system (Bought from addgene, http://www.

addgene.org) was used for knockdown and overexpression
assays. The lentiviruses were produced as previously described
(Guo et al., 2015). In brief, HEK293T cells were cotransfected
with the shNC, shHDAC4, or pWPI-HDAC4 plasmid and packag-
ing plasmids psPAX2 and pMD2.G in 4:3:1 ratio. Seventy-two
hours after transfection, the supernatant was collected and ap-
plied to infect target cells in the presence of polybrene (5 lg/ml).
The infected cells were selected by puromycin for 7 days before
the conduction of experiments. HEK293T and RAW264.7 cells
served for the generation of cell lines with stable knockdown of
HDAC4 or stably overexpressing mouse HDAC4 protein,
respectively.
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Real-time PCR
Total cellular RNA was isolated with TRIzol (Invitrogen) re-

agent according to the manufacturer’s protocols. The quantifi-
cation of specific gene transcripts was analyzed by one-step
real-time PCR with the QuantiFast SYBR Green RT-PCR kit
(Qiagen). The data were normalized to levels of b-actin mRNA
in each individual sample. 2

�DDCt method was used to calcu-
late relative expression changes. The primers used are listed
as follows: TNFa, sense (GGCGTGGAGCTGAGAGATAAC) and anti-
sense (GGTGTGGGTGAGGAGCACAT); IL-6, sense (TTCTCCAC
AAGCGCCTTCGGTC) and antisense (TCTGTGTGGGGCGGCT
ACATCT); IL-8, sense (GAGAGTGATTGAGAGTGGACCAC) and anti-
sense (CACAACCCTCTGCACCCAGTTT); IL-10, sense (GACTTTA
AGGGTTACCTGGGTTG) and antisense (TCACATGCGCCTTG
ATGTCTG); IjBa, sense (CGGGCTGAAGAAGGAGCGGC) and anti-
sense (ACGAGTCCCCGTCCTCGGTG); A20, sense (GCGTTC
AGGACACAGACTTG) and antisense (GCAAAGCCCCGTTTCAACAA);
GAPDH, sense (GACAAGCTTCCCGTTCTCAG) and antisense (GAGTC
AACGGATTTGGTCGT); mTNFa, sense (GACGTGGAACTGGCAGAA
GAG) and antisense (TTGGTGGTTTGTGAGTGTGAG); mIL-6, sense
(TAGTCCTTCCTACCCCAATTTCC) and antisense (TTGGTCCTTAGC
CACTCCTTC); mIL-10, sense (GGACAACATACTGCTAACCG) and anti-
sense (TTCATGGCCTTGTAGACACC); mIjBa, sense (TGAAGGAC
GAGGAGTACGAGC) and antisense (TGCAGGAACGAGTCTCCGT);
mA20, sense (ACCATGCACCGATACACGC) and antisense (AGCCACGA
GCTTCCTGACT); mb-actin, sense (AGTGTGACGTTGACATCCGT) and an-
tisense (GCAGCTCAGTAACAGTCCGC).

Preparation of bone marrow-derived macrophages and BMDCs
Bone marrow cells were isolated from the femurs and tibiae of

mice. For the preparation of bone marrow-derived macrophages
(BMDMs), bone marrow cells were cultured in RPMI-1640 contain-
ing 10% FBS, 10 mM HEPES (pH 7.4), and 10 ng/ml M-CSF.
Twenty-four hours later, nonadherent cells were transferred to a
new flask and cultured for another 4 days. For the preparation of
BMDCs, bone marrow cells were cultured for 9 days in RPMI-1640

containing 10% FBS, 10 mM HEPES (pH 7.4), 10 ng/ml GM-CSF,
and 5 ng/ml IL-4. Mature BMDMs and BMDCs were harvested by
collagenase (Roche) digestion and cultured on 6-well or 12-well
plates for experiments.

Detection of cytokine production
The concentration of TNFa and IL-6 in culture supernatants was

measured with a mouse TNFa ELISA kit or a mouse IL-6 ELISA kit
(R&D Systems). See the instructions for details of the experiment.

Western blotting and coIP
Whole-cell lysates for both western blotting and IP were prepared

48 h post-transient transfection in an IP lysis buffer containing 50

mM Tris, pH 7.5, 1 mM EGTA, 1 mM EDTA, 1% Triton X-100, 150

mM NaCl, 100 mM phenylmethylsulfonyl fluoride, and CompleteTM

protease inhibitors (Roche Applied Science) for 30 min in 4
�C. Cell

lysates were centrifuged at 14000� g for 10 min at 4
�C and quanti-

fied using the Bradford method. For western blotting, the

supernatants were recovered and boiled in loading buffer. For IP,
the supernatants were collected and mixed with Protein G-agarose
(Millipore) and various antibodies for 4 h at 4

�C. Protein G agarose-
bound immune complexes were then eluted and subjected to west-
ern blotting analysis. The proteins were visualized using suitable
horseradish peroxidase-conjugated secondary antibodies (Jackson
Immuno Research) and SuperSignal-Femto chemiluminescent sub-
strate (Pierce).

Immunofluorescent confocal microscopy
HEK293T cells were plated on glass coverslips and trans-

fected with the indicated plasmids by Lipofectamine 2000

(Invitrogen). At 24 h after transfection, the cells were treated
with the indicated reagents or left untreated for the indicated
time points followed by fixation, permeabilization, and block-
ade. Next, cells were incubated with the appropriate primary
antibodies for 1 h and Alexa Fluor 561/488-conjugated second-
ary antibodies (Invitrogen) were added for 1 h. Then the cells
were washed three times with PBS and stained with DAPI
(Invitrogen). The cells were observed with a Perkin–Elmer
UltraView Vox confocal microscope under a 60� oil objective.

In vitro sumoylation assays
The tested proteins HDAC4 or HDAC4/C292S, Ubc9, SUMO1,

and IjBa in Figures 4C and 6C were in vitro translated with a
TNT Quick-coupled Transcription/Translation Systems kit
(Promega) following instructions of the manufacturer. SAE1/
SAE2 (100 ng), Ubc9 (50 ng), SUMO1 (1 lg), IjBa (1 lg), and
HDAC4 (1–4 lg) were added to the buffer (50 mM Tris–HCl,
pH 7.5, 2.5 mM Mg2þ, 2.5 mM DTT, and 2 mM ATP). The mix
was fractionated by SDS–PAGE and analyzed by immunoblot-
ting with anti-Flag antibody.

Statistics
The results are quantifications from multiple independent

experiments and are described in each corresponding figure
legend. Coprecipitation efficiency was measured with ImageJ
program. GraphPad Prism 5 software was used for all statistical
analyses. Quantitative data displayed as histograms are pre-
sented as mean ± SD (represented as error bars). Data were
analyzed using a Student’s unpaired t-test or multiple t-test.
P-values were calculated, and statistical significance was
reported with asterisk (*P<0.05, **P<0.01, ***P<0.001).

Supplementary material
Supplementary material is available at Journal of Molecular

Cell Biology online.
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