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Abstract: Histone deacetylase HDAC2 regulates genes transcription via removing the acetyl group from histones. 
Glucocorticoids, the most potent anti-inflammatory treatment available for inflammatory diseases, inhibit the ex-
pression of inflammatory genes by recruiting HDAC2 to activated genes. In the lungs of patients who smoke and 
have chronic obstructive pulmonary disease (COPD) or asthma, glucocorticoids are not effective enough to sup-
press airway inflammation, which is so called “glucocorticoid resistance”, due to decreased HDAC2 level caused by 
cigarette smoke. We report that the ubiquitin-specific protease USP17 interacts with HDAC2. USP17 deubiquitinates 
and stabilizes the protein level of HDAC2. In cigarette smoke extract-exposed airway epithelial cells and macro-
phages, HDAC2 is excessively ubiquitinated and degraded in the proteasome attributed to low expression of USP17. 
Furthermore, over-expression of USP17 blocks the destruction of HDAC2 induced by cigarette smoke extract. These 
results provide a new insight into the mechanisms of glucocorticoid resistance in airway inflammatory disease. 
Small molecules which can specifically induce the expression of USP17 might be useful in reversing glucocorticoid 
resistance.
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Introduction

Gene transcription is regulated by the post-
translational modification of histones, such as 
methylation, phosphorylation and acetylation. 
Through acetylating core histones and subse-
quent chromatin remodeling, histone acety-
lases (HATs) allow access of transcription fac-
tors and RNA polymerase II to DNA, leading to 
gene transcription. Meanwhile, histone deacet-
ylases (HDACs) act as a negative regulator of 
this process, shutting off gene transcription by 
deacetylation [1]. HDAC2, a member of class I 
HDAC family, plays a critical role in the regula-
tion of inflammatory genes and in mediating 
the anti-inflammatory effects of glucocorticoids 
in asthma and COPD [2].

Glucocorticoids exert their anti-inflammatory 
effects mainly through directly inhibiting the 

transcriptional factors-associated HATs and 
recruiting HDAC2 to activated inflammatory 
genes [3]. The deacetylation of glucocorticoid 
receptors (GRs) by HDAC2 has been proved to 
be a prerequisite for glucocorticoids to switch 
off activated inflammatory genes, such as 
nuclear factor-kappaB (NF-ΚB) mediated genes 
[4]. Various molecular mechanisms of glucocor-
ticoid resistance have been identified, including 
GR modification, increased GR-β expression, 
increased proinflammatory transcription fac-
tors and reduced HDAC2 expression level and 
activity [5]. In COPD, severe asthma or smoking 
asthmatics, who responded poorly to the gluco-
corticoid treatment, HDAC2 protein expression 
and activity are remarkably reduced in their 
alveolar macrophages, bronchial biopsies and 
peripheral lung tissues [6-8]. The inactivation of 
HDAC2 is due to the increased 4-hydroxy-2-non-
enal (4-HNE) and nitrotyrosine modification of 
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HDAC2 protein caused by cigarette smoke-
induced oxidative stress, which could be 
reversed by antioxidants, N-acetyl-L-cysteine 
(NAC) or glutathione monoethyl ester (GSHMEE) 
[9, 10]. While the reduced protein level of 
HDAC2 was mainly attributed to the enhanced 
proteasomal degradation of HDAC2 under oxi-
dative stress. Cigarette smoke extract (CSE) 
exposure in MonoMac6 and in human bronchi-
al epithelial and primary small airway epithelial 
cells led to phosphorylation of HDAC2 on ser-
ine/threonine residues and subsequent protea-
somal degradation [11]. Hydrogen peroxide 
(H2O2), another reagent triggers oxidative 
stress, induced nitration of HDAC2 and follow-
ing ubiquitination and proteasomal degrada-
tion in A549 cells, which would be inhibited by 
a proteasome inhibitor, N-Acetyl-Leu-Leu-Nle-
CHO (ALLN) [12]. 

Several enzymes mediating the ubiquitination 
of HDAC2 have been identified. The HDAC inhib-
itor valproic acid selectively induces protea-
somal degradation of HDAC2 via induction of 
E2 ubiquitin-conjugating enzyme Ubc8 and the 
E3 ubiquitin ligase RLIM [13]. A HECT domain 
ubiquitin ligase, Mule (Mcl-1 ubiquitin ligase 
E3) specifically targets HDAC2 for ubiquitina-
tion and degradation [14]. Curcumin, a dietary 
polyphenol, restored the HDAC2 activity and 
protein levels by inhibition of its phosphoryla-
tion, carbonylation, uiquitination and following 
proteasomal degradation, thus, reversed the 
glucocorticoid resistance in U937-differen- 
ciated macrophages exposed to CSE [15]. Our 
research mainly focused on the deubiquitina-
tion of HDAC2 and to identify the related deu-
biquitinating enzymes to HDAC2.

Materials and methods

Reagents

The antibodies used were as follows: anti-Flag 
(M2, Sigma), anti-Myc (9E10, Santa Cruz), anti-
HA (F-7, Santa Cruz), anti-Ubiquitin (sc-8017, 
Santa Cruz), anti-GAPDH (1C4, Sungene 
Biotech), anti-β-actin (KM9001, Sungene 
Biotech), anti-PARP (436400, Invitrogen), anti-
HDAC1 (sc-7872, Santa Cruz), anti-HDAC2 (sc-
7899, Santa Cruz), anti-HDAC3 (sc-11417, 
Santa Cruz), anti-mouse IgG HRP (Promega) 
and anti-rabbit IgG HRP (Jackson). CHX and 
MG132 were purchased from Merck. Protein 
AG-beads were obtained from Santa Cruz.

Plasmids

The Plasmids pIP-Myc-USP2, pIP-Myc-USP3, 
pIP-Myc-USP4, pIP-Myc-USP5, pIP-Myc-USP7, 
pIP-Myc-USP10, pIP-Myc-USP12, pIP-Myc-US- 
P14, pIP-Myc-USP17, pIP-Myc-USP18, pIP-Myc-
USP21, pIP-Flag-USP22, pIP-Flag-USP44, pIP-
Myc-CYLD, pIP-HA-A20, pIP-Myc-YOD1, pIP-
Flag-HDAC2, pIP-His-Ubiquitin, pIP-His-K48only 
Ubiquitin, pIP-His-K63only Ubiquitin, pIP-HA-
GFP, pIP-Myc-USP17C89S were constructed 
and kindly provided by our colleagues, Zhang 
Jin, Yang Jin and Han Lei.

Cell culture and treatments

Human embryonic kidney cell line (HEK 293T) 
and human lung adenocarcinoma epithelial cell 
line (A549) were cultured in Dulbecco’s modi-
fied Eagle’s medium (DMEM) supplemented 
with 10% fetal bovine serum (FBS), 100 u/ml 
penicillin and 100 mg/ml streptomycin (Gibco) 
at 37°C and 5% CO2. Cells were transfected 
with indicated plasmids using polyethylenimine 
(PEI) (Polysciences) or Lipofectami ne® 2000 
(Lipo) (Life Technologies) according to the man-
ufacturer’s instructions. Human acute mono-
cytic leukemia cell line (THP-1) was maintained 
in complete growth medium (RPMI-1640) sup-
plemented with 10% FBS, 1× non-essential 
amino acids (NEAA), 1× GlutaMAXTM-I, 100 mM 
sodium pyruvate, 100 u/ml penicillin and 100 
mg/ml streptomycin (Gibco) at 37°C and 5% 
CO2. THP-1 cells were differentiated into the 
adherent “macrophage-like” cells after treat-
ment of 100 ng/ml PMA (Sigma) for 12 h.

Preparation of cigarette smoke extract (CSE)

Cigarettes were purchased from Double 
Happiness (Shanghai). Cigarette smoke extract 
(CSE) was prepared by bubbling smoke from 
one cigarette into 10 ml of culture medium con-
taining 0.5% FBS using a CSE-generating appa-
ratus as described previously [11, 15, 16]. 
Extract, defined as 10% CSE as stock solution, 
was freshly prepared and sterile filtered through 
a 0.22-µm filter for all experiments.

Western blotting and immunoprecipitation

Cells were lysed in RIPA buffer consisting of  
50 mM Tris-HCl pH 7.5, 135 mM NaCl, 1 mM 
EDTA, 0.5% NP-40, 10% Glycerol, 0.25% 
Na-deoxycholate, 1 mM PMSF, 1 mM NaF, 1 
mM Na3VO4 and 1% Protease Inhibitor Cocktail 
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(P8340, Sigma), followed by immunoprecipita-
tion with indicated antibodies. For Western 
blotting, cells were lysed in 2× SDS loading buf-
fer containing 20 mM Tris-HCl pH 8.0, 100 mM 
DTT, 2% SDS, 20% Glycerol, 0.016% BpB, sepa-
rated by SDS/PAGE, and analyzed by indicated 
antibodies.

Ni-NTA pull down assay

The cells were lysed with urea lysis buffer con-
taining 10 mM Tris-HCl pH 8.0, 8 M Urea, 100 
mM Na2HPO4, 0.2% Triton X-100, 10 mM 
Imidazole and fully disrupted by ultrasonica-
tion. Then the cell lysate was incubated with 
Ni-NTA agarose beads for 3 h to get His-tag 
combined with Ni-NTA. After that, Ni-NTA aga-
rose beads was wash with wash buffer and  
2× SDS loading buffer was added to get sam-
ples for Western Blotting. The ubiquitination 
modification was analyzed using indicated 
antibodies.

Quantitative real-time PCR

Total RNA was extracted from cells with TRIzol 
reagent (Invitrogen) and complementary DNA 
(cDNA) was reverse-transcribed using Prime- 
Script® RT reagent Kit (Takara) following the 
manufacturer’s instructions. PCR reactions for 
detecting human genes were carried out using 
SYBR green mix (TAKARA) on ABI Prism 7900 
Sequence Detection System. Relative mRNA 
expression of indicated genes was presented 
as the formula 2-ΔCT normalized to β-actin 
expression. The sequences of primers used 

were as follows: USP17-forward: 5’-gagcacttg-
gtggaaagagc-3’ and reverse: 5’-tgatggttcttc- 
atcccaca-3’; HDAC2-forward: 5’-tccaaggacaa-
cagtggtga-3’ and reverse: 5’-tgaagccagaagtc- 
ttcaaaaag-3’, β-actin-forward: 5’-ctcttccagcctt- 
ccttcct-3’ and reverse: 5’-ggcagtgatctccttct-3’.

Statistical analysis

All data are presented as means ± SEM of  
at least three independent experiments. 
Comparisons between two groups were ana-
lyzed using the Student t test (unpaired, two 
tailed). P < 0.05 or P < 0.01 is considered 
significant.

Results

USP17 deubiquitinates and interacts with 
HDAC2

HDAC2, which can suppress the inflammatory 
genes via deacetylation of histones and GRs, is 
ubiquitinated and degraded in response to oxi-
dative or nitrative stress [17]. To date, the E2 
Ubc8, E3 RLIM and Mule, which tag HDAC2 to 
destruction, have been identified [13, 14]. 
Whether HDAC2 is under regulation of the deu-
biquitinating enzymes (DUBs) is not known yet. 
We utilized the existing DUBs plasmids and the 
Ni-NTA pulldown assay to screen the USPs spe-
cific to HDAC2. HDAC2 was ubiquitinated in 
HEK 293T cells, while co-transfection of USP2b 
(lane 4) or USP17 (lane 12) can significantly 
reduce the ubiquitination of HDAC2 compared 
with the positive control (lane 3) (Figure 1A). To 

Figure 1. USP17 deubiquitinates and interacts with HDAC2. A. HEK 293T cells were transfected with His-Ubiquitin, 
Flag-HDAC2, Myc-USP plasmids using PEI and then cultured for 48 h. Before harvested for Ni-NTA pulldown assay, 
cells were treated with MG132 (10 nM) for 4 h. B and C. HEK 293T cells were transfected with Flag-HDAC2, Myc-
USP17 plasmids using PEI and then cultured for 48 h. The cell lysate was immunoprecipitated with anti-Flag (B) or 
anti-Myc (C) antibody.
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verify this result, we performed the co-immuno-
precipitation in HEK 293T cells with over-
expression of Flag-HDAC2 and Myc-USP17 
plasmids. The cell lysate was immunoprecipit-
ed using anti-Flag or anti-Myc antibodies. We 
found that HDAC2 and USP17 interact recipro-
cally (Figure 1B, 1C). These results suggested 
that HDAC2 may be the substrate to USP17.

USP17 stabilizes HDAC2 by deubiquitination

The ubiquitin molecule contains seven lysine 
residues at sites 6, 11, 27, 29, 33, 48 and 63. 
Different types of ubiquitin chains are assem-
bled through isopeptide bonds involving certain 
lysine of ubiquitin. In general, the canonical 
lysine 48-linked ubiquitin chains mark proteins 
to degradation, and other non-canonical ubiq-
uitin chains, like lysine 63-linked ubiquitin 
chains change the localization or catalytic func-
tion of proteins [18]. All lysines other than the 
lysine at site 48 or 63 of wild type ubiquitin are 
mutated into alanines to generate the K48 only 
and K63only mutants. After that, HEK 293T 
cells were transfected with Flag-HDAC2, His-
K48only or K63 only-ubiquitin and Myc-USP17 

as shown. Both the K48 and K63-linked ubiqui-
tin chains covalently combined to HDAC2 were 
removed by USP17 to a certain extent (Figure 
2A). As previously discussed, the K48-linked 
ubiquitin chains lead target proteins to degra-
dation; we speculated that HDAC2 might be 
stabilized by USP17.

USP17 is proved to inhibit proteasome-mediat-
ed degradation of the transcriptional factor reti-
noic acid-related orphan nuclear receptor 
gamma t (RORγt) and upregulate Th17-related 
genes in Th17 cells [19]. To further investigate 
the effects of USP17 on the expression of 
HDAC2, the catalytic defective mutant of 
USP17, Myc-USP17C89S plasmids was adopt-
ed in following experiments. Ni-NTA pulldown 
assay demonstrated that USP17C89S mutant 
(lane 4) totally lost the deubiquitinating capabil-
ity towards HDAC2 compared to wild type 
USP17 (lane 3) (Figure 2B). Then we tested the 
half-life of endogenous HDAC2 with over-
expression of Myc-USP17 or Myc-USP17C89S 
plasmids in A549 cells in the presence of CHX, 
a protein synthesis inhibitor. Western Blotting 
showed that USP17 could prolong the half-life 

Figure 2. USP17 stabilizes HDAC2 by deubiquitination. A. HEK 293T cells were transfected with Flag-HDAC2, Myc-
USP17, His-K48 only or K63 only-Ubiquitin plasmids, lysed for Ni-NTA pull down assay. B. HEK 293T cells were 
transfected with His-Ubiquitin, Flag-HDAC2, Myc-USP17 or its inactive mutant plasmids using PEI and then cultured 
for 48 h, lysed for Ni-NTA pull down assay. C. A549 cells were transfected with Myc-USP17 or its inactive mutant 
plasmids using Lipo and treated with CHX (20 μg/ml). Cells were harvested at indicated time-points and lysed for 
Western Blotting. 
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of HDAC2 while the inactive mutant USP17C89S 
not, which means the enzymatic activity of 
USP17 was essential for its ability to stabilize 
HDAC2 (Figure 2C). In contrast to the short half-
life of transcriptional factors [19], HDAC2 
seemed rather stable in physiological 
situation.

Over-expression of USP17 inhibited the pro-
teasomal degradation of HDAC2 after CSE 
exposure

CSE or H2O2 treatment mimicking cigarette 
smoke exposure in human lungs were reported 
to induce the ubiquitination and destruction of 
HDAC2 in the airway epithelial cell lines and 
macrophage-like cell lines [11, 12]. Here we 

constructed the CSE model in A549 cells to fur-
ther explore the effects of USP17 mediated-
deubiquitination of HDAC2. The A549 cells 
were treated with various concentrations of 
CSE and harvested at certain time-points. The 
protein levels of HDACs were analyzed by 
Western Blotting. HDAC2 was decreased in 
both dose-dependent and time-dependent 
manner. There was no clear change at the pro-
tein expression of HDAC1 and HDAC3, another 
two members belonging to class I HDAC family. 
The reduction in HDAC2 expression was spon-
taneously reversed if the A549 cells were 
exposed to CSE longer than 4 h (Figure 3A). 
This phenomenon might be caused by the los-
ing efficacy of CSE. Low concentrations of CSE 
treatment for short time period was not toxic to 

Figure 3. Over-expression of USP17 inhibited the proteasomal 
degradation of HDAC2 after CSE exposure. A. A549 cells were 
exposed to indicate concentrations of CSE and harvested at 
indicated time-points, followed by Western Blotting. B. A549 
cells were exposed to CSE and treated with or without MG132 
(10 nM) before harvested for Western Blotting. C, D. A549 cells 
were exposed to CSE and harvested at indicated time-points. 
The mRNA levels of HDAC2, USP17 were analyzed by q-PCR. 
The data were plotted as means ± SEM, representing at least 
three experiments. *P < 0.05 compared with control values. E. 
A549 cells were transfected with His-Ubiquitin plasmids and 
cultured for 48 h. Then the cells were exposed to CSE of indi-
cated concentrations and treated with MG132 (10 nM) for 4 
h before harvested for Ni-NTA pull down assay. F. A549 cells 
were transfected with or without Myc-USP17 plasmids and cul-
tured for 48 h. Then the cells were exposed to CSE and har-
vested at indicated time-points for Western blotting.
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the A549 cells, as shown by the LDH release, 
trypan blue exclusion and double staining of 
acridine orange and ethidium bromide [20]. 
Here we measured the expression of poly ADP-
ribose polymerase (PARP), a marker of cell 
apoptosis, which can be clove by caspase-3. 
There was no cleavage of PARP after CSE expo-
sure, indicating no activation of cell apoptosis 
(Figure 3A). The reduction in HDAC2 protein 
level was restored by MG132, a proteasome 
inhibitor (Figure 3B). Besides, the decreased 
HDAC2 was not due to changes on its transcrip-
tional regulation, as the mRNA level of HDAC2 
in CSE-treated A549 cells showed no differ-
ence to control group (Figure 3C). Furthermore, 
CSE treatment induced decreased mRNA 
expression of USP17 (Figure 3D). From results 
above, we assumed that CSE treatment tilted 
the ubiquitination/deubiquitination balance of 
HDAC2 towards ubiquitination via the downreg-
ulation of USP17. To verify our hypothesis, we 
examined the ubiquitination level of HDAC2 in 
A549 cells and found that the polyubiquitina-
tion of HDAC2 was significantly increased in a 
dose-dependent manner after CSE treatment 
(Figure 3E). The over-expression of USP17 
reversed the low protein level of HDAC2 induced 
by CSE treatment (Figure 3F). These results 
(Figures 2C, 3F) proved that USP17 could stabi-
lize the protein level of HDAC2 under both phys-
iological and pathophysiological conditions.

Expression of USP17 positively correlates with 
the expression of HDAC2 in the CSE-exposed 
macrophages

Macrophages are the most abundant inflam-
matory cells found in the lungs, participating in 

airway remodeling and eosinophilic inflamma-
tion in asthma [21]. The cytokines and chemo-
kines secreted by macrophages such as IL-1β, 
IL-6, IL-8 and TNFα help airway epithelial cells 
to recruit neutrophils and eosinophils [22]. CSE 
treatment reduced the protein level of HDAC2, 
along with the activation of NF-ΚB, increased 
production of IL-8 and TNFα [10]. We first 
induced the THP-1 cells to differentiate into 
“macrophge-like” cells using PMA. These mac-
rophages exposed to CSE exhibited a reduction 
in the protein expression of HDAC2 in addition 
to the slightly reduced HDAC1 protein level. 
Inhibition of the proteasome by MG132 treat-
ment blocked the degradation of HDAC2 and 
restored its protein level (Figure 4A). The mRNA 
expression of USP17 was similarly decreased 
after CSE treatment (Figure 4B), suggesting 
there was a positive correlation between the 
expression of HDAC2 and USP17 in 
macrophages.

Discussion

The ubiquitin-proteasome system regulates the 
degradation and function of proteins, thus par-
ticipating in many cellular processes. The con-
certed actions of the E1 ubiquitin-activating 
enzymes, E2 ubiquitin-conjugating enzymes 
and the E3 ubiquitin ligases covalently attach 
the ubiquitin molecules to the target proteins, 
called “ubiquitination”. The deubiquitinating 
enzymes negatively regulate this process [23]. 
Our research discovered the deubiquitinating 
enzyme to HDAC2, USP17, which can deubiqui-
tinate and stabilize HDAC2. The reduced pro-
tein level of HDAC2 is relevant to the downregu-
lation of USP17 in the CSE-exposed airway epi-
thelial cells and macrophages.

Figure 4. The expression of USP17 positively correlates with the expression of HDAC2 in the CSE-exposed macro-
phages. A. THP-1 cells were differentiated into “macrophage-like” cells after treatment of 100 ng/ml PMA for 12 
h. Then the differentiated macrophages were treated with CSE of different concentrations for 4 h with or without 
MG132 (10 nM). THP-1 cells were lysed for Western Blotting and the expression level of HDAC1, HDAC2 and HDAC3 
were examined using indicated antibodies. B. The differentiated macrophages were exposed to CSE for 4 h and 
total RNA were extracted for q-PCR. The data were shown as means ± SEM, representing at least three independent 
experiments. *P < 0.05 and **P < 0.01 compared with control values.
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HDACs are widely spread in various cell types. 
Cooperation of HDACs removes acetyl group 
from core histones re-establishing the packed 
structure of nucleosome, therefore, leading to 
trans-repression of the genes [1]. HDACs can 
deacetylate some non-histone proteins, such 
as p53 and nuclear receptors [24]. Among 
them, the interaction of HDAC2 and GR is highly 
important in the anti-inflammatory effects of 
glucocorticoids. Upon ligand banding, GRs 
translocate into nucleus to activate transcrip-
tion of anti-inflammatory genes, on the other 
hand, activated GRs recruit HDAC2 binding to 
inflammatory genes and suppress its expres-
sion [3]. The latter one is the major action of 
glucocorticoids to inhibit inflammation. The 
GRs are hyper-acetylated to induce transactiva-
tion under inflammatory conditions. The appli-
cation of glucocorticoids enables the deacety-
lation of GRs by HDAC2 and hypo-acetylation of 
GRs is demanded for the GRs to stop inflamma-
tory genes expression [4]. Glucocorticoid resis-
tance poses a large obstacle to effective treat-
ment and accounts for considerable health-
care expenditure in inflammatory diseases, 
such as refractory asthma and COPD [5]. In the 
lungs of these patients, the protein level and 
activity of HDAC2 is gradually reduced with 
increasing disease severity and frequent acute 
exacerbations [7, 8]. A common character of 
these patients is smoking. The relevance of 
smoking and low HDAC2 expression was sup-
ported by later in vivo and in vitro experiments, 
which proved the proteasomal destruction of 
HDAC2 induced by cigarette smoke [11, 25].

Upregulating the protein expression or activity 
of HDAC2 to normal levels could strengthen the 
effectiveness of glucocorticoids. The over-
expression of HDAC2 using a plasmid vector 
would restore glucocorticoid sensitivity in alve-
olar macrophages from COPD patients [4]. 
Combination therapy with an inhaled glucocor-
ticoid and low-dose theophylline may attenuate 
the airway inflammation and improve lung func-
tion in patients of COPD. Compared with inhal-
ing glucocorticoid alone, addition of theophyl-
line prominently increased the activity of 
HDAC2 [26]. In CSE-treated macrophage-like 
cells, which is resistant to glucocorticoids, cur-
cumin helped glucocorticoids to inhibit the 
release of cytokines via blocking the degrada-
tion of HDAC2 rather than its anti-oxidant prop-
erty [15]. These results suggested that HDAC2 

would be one of the targets in the treatment of 
glucocorticoid resistance.

Our results found the ubiquitin-specific prote-
ase USP17 could increase the protein expres-
sion level of HDAC2 by interacting with and deu-
biquitinating HDAC2. Moreover, in the CSE-
induced inflammation, expression of endoge-
nous USP17 declined, resulting in the ubiquiti-
nation and construction of HDAC2. And over-
expression of USP17 stabilized the protein level 
of HDAC2 in the CSE-exposed cells, indicating 
that drugs which can specifically elevate the 
expression of USP17 may be a promising candi-
date in the treatment of glucocorticoid resis-
tance attributed to low level of HDAC2. 
Investigating the changes of USP17 and HDAC2 
in the glucocorticoid resistant airway disease 
and screening small molecules targeting USP17 
will be our future work.
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