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Negative regulatory proteins in a cytokine signaling play a critical role in restricting unwanted excess
activation of the signaling pathway. At the same time, negative regulatory proteins need to be removed
rapidly from cells to respond properly to the next incoming signal. A nuclear IjB protein called IjBNS is
known to inhibit a subset of NF-jB target genes upon its expression by NF-jB activation. Here, we show a
mechanism to control the stability of mIjBNS which might be important for cells to prepare the next
round signaling. We found that mIjBNS is a short-lived protein of which the stability is controlled by pro-
teasome, independent of ubiquitylation process. We identified that the N-terminal PEST sequence in
mIjBNS was critical for the regulation of stability.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

Cytokine signaling is crucial for a variety of physiological re-
sponses in the body. The intensity and duration of the signaling
must be tightly regulated since unlimited activation of cytokine
signaling is harmful or sometimes detrimental to the body. Many
tiers of negative regulatory mechanisms to restrict such an over
activation of cytokine response has been well studied, including
endocytosis and degradation of ligand-bound receptors, action of
protein phosphatases, and negative feedback inhibition by newly
synthesized proteins as a result of the cytokine signaling [1,2].
Interestingly, it has shown that knockout of several negative regu-
lators in the cytokine signaling could cause lethal shock in mice be-
cause of unlimited activation of the signaling [3–6], suggesting the
physiological significance of the tight regulation of cytokine signal-
ing through several layers of regulation mechanisms.

One interesting nature of cytokine-induced negative regulators
such as suppressor of cytokine signaling 1 (SOCS1), SOCS3, UBP43,
and IjBa is their short half-lives, which are regulated by ubiqui-
tin–proteasome system or by proteasome only [7–10]. SOCS-1
was stabilized by proteasome inhibitor and TRIM8 has suggested
as an ubiquitin E3 ligase for SOCS-1 [8,11]. The stability of
SOCS-3 is regulated mainly through ubiquitylation on Lys-6 [12].
In addition, unstructured PEST sequence in the N-terminal SH2
domain of SOCS-3 has been proposed to be involved in the regula-
tion of the stability [13,14]. UBP43, a negative regulator specific for
interferon-a/b signaling, has been shown to be expressed in the
bone marrow-derived macrophages upon lipopolysaccharide
(LPS) treatment and rapidly removed from the cells in a relatively
short period of time [5], and the SCFskp2 ubiquitin E3 ligase
complex was suggested to control the stability of UBP43 [9]. The
control mechanism of IjBa stability has been well established.
NF-jB-bound IjBa is phosphorylated by activated IjB kinase upon
cytokine signaling which led ubiquitin-dependent degradation of
IjBa [15]. On the other hand, the stability of free IjBa is controlled
intrinsically by the PEST sequence in the C-terminal region of IjBa
rather than by phosphorylation-mediated ubiquitylation [10].

IjBNS belongs to nuclear IjB protein which was originally iden-
tified as an inducible gene upon activation of T cell receptors in
thymocytes [16]. Knockout of IjBNS caused defect in proliferation
and function of T cells and B cells [17,18]. Especially, IjBNS medi-
ates Foxp3 expression in regulatory T (Treg) cells and contributes
to the maturation of Treg precursor cells into Foxp3(+) cells [19].
On the contrary to its positive role for gene expression in adaptive
immune system, IjBNS is likely to function as a negative regulator
for a certain gene expression in innate immune system. IjBNS-
deficiency caused hyper-expression of a subset of genes (secondary
phase genes among NF-jB target genes) including IL-6 and IL-12
p40 upon LPS-administration to MEFs and macrophages, suggest-
ing its negative regulatory role on certain NF-jB target genes [20].

We report that mIjBNS is an unstable protein which is de-
graded by proteasome. We found putative PEST sequence at the
N-terminal region of mIjBNS and elucidated that this PEST se-
quence is a critical determinant for the rapid degradation of
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mIjBNS. We also identified a nuclear localization signal at the
C-terminal region of mIjBNS supporting that the longer half-life
of PEST mutant mIjBNS is not because of the mislocalization of
the protein. Taken together, PEST-mediated regulation of mIjBNS
stability might be important for rapid response to the next round
signaling.
2. Materials and methods

2.1. Plasmid construction and mutagenesis

Full-length cDNA for mouse IjBNS (mIjBNS) was generated by
RT-PCR using mRNA purified from LPS-treated bone marrow-de-
rived macrophages as a template and cloned into p3xFlagCMV10
vector (Sigma–Aldrich, USA) using HindIII and BglII digestion.
Mutagenesis for the replacement of lysine residues to arginine
(K98R/K100R, K153R, K219R/K222R, K255R, and K316R) in
mIjBNS was performed using QuickChange XL site-directed muta-
genesis kit (Stratagene, USA) according to manufacturer’s instruc-
tions. Mutated constructs were confirmed by sequencing and
subcloned into p3xFlagCMV10 vector. To generate PESTA mutant
form of mIjBNS in which serine and threonine residues in PEST se-
quence were replaced to alanine as indicated in Fig. 3, the corre-
sponding mutant nucleotide sequence was synthesized by
GenScript (USA) and cloned into p3xFlagCMV10 vector. Nuclear
localization sequence (NLS) mutant form of mIjBNS was generated
by PCR using 30 reverse primer containing mutations.

2.2. Cell culture and transfections

HeLa cells were cultured in Dulbecco’s modified Eagle’s med-
ium (Invitrogen, USA) supplemented with 10% fetal bovine serum
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Fig. 1. Proteasomal degradation of mIjBNS. (A) HeLa cells expressing Flag-mIjBNS
were treated with either DMSO or cycloheximide (CHX) for indicated time periods.
Cells were harvested and analyzed by immunoblotting using anti-Flag antibody. (B)
HeLa cells expressing Flag-mIjBNS were treated with either CHX alone or with CHX
and proteasome inhibitor, MG132 (10 lM in total). Flag-mIjBNS was detected as
described in (A). (C) Triplicate experiments in (A) and (B) are represented
graphically with error bars.
(Invitrogen, USA). Cultured cells were transfected with plasmid
DNA using PolyFect reagent (Quiagen, Germany) according to the
manufacturer’s protocol. The cells were harvested for subsequent
applications at indicated time periods after transfection.

2.3. Western blot analysis and antibodies

Protein extracts were prepared in RIPA buffer (20 mM Tris–HCl,
pH 7.5, 150 mM NaCl, 2 mM EDTA, 0.1% SDS, 1% NP-40). Twenty
micrograms of protein extracts were run on SDS–PAGE using a
8–15% gradient gel and transferred to Hybond ECL nitrocellulose
membrane (GE Healthcare, UK). After blocking with 3% non-fat
milk, the membrane was incubated with the appropriate antibod-
ies, followed by incubation with secondary antibodies. Tubulin-a
was used as a marker of equal loading. The proteins were visual-
ized with Pico EPD Western Blot Detection Kit (ELPIS Biotech,
South Korea) and analyzed by LAS-4000 luminescent image ana-
lyzer (Fuzi Film, Japan). Antibodies were purchased from the man-
ufacturers as follows; anti-Flag and anti-tubulin-a (Sigma–Aldrich,
USA), and anti-Lamin A/C (Santa Cruz, USA).

2.4. Protein stability assay

HeLa cells plated on 100 mm dishes were transfected with plas-
mids expressing wild-type or mutant forms of mIjBNS. After 24 h
of transfection, cells were divided onto 6-well plates. On the next
day, cells were treated with cycloheximide (CHX) to be 20 lg/ml
in total. Cells were harvested at the indicated periods of time after
CHX treatment and applied for immunoblotting with anti-Flag
antibody. MG132, a proteasome inhibitor, was added together with
CHX to be 10 lM in total (Sigma–Aldrich, USA). Control cells were
treated with dimethyl sulphoxide (DMSO).

2.5. Preparation of nuclear extract

HeLa cells were cultured on 60 mm dishes and transfected with
plasmids expressing wild-type or mutant forms of mIjBNS. After
36 h of transfection, cells were washed twice with ice cold PBS
and harvested. Cells were resuspended in 400 ll of hypotonic buf-
fer (25 mM Tris–HCl, pH 8.0, 10 mM KCl, 1 mM dithiothreitol
(DTT), 0.5 mM phenylmethylsulfonyl fluoride (PMSF)), incubated
on ice for 15 min for swelling, and then 25 ll of 10% NP-40 was
added to the cells. After centrifugation at 15,000g for 2 min at
4 �C, supernatants were collected as cytoplasmic extracts. Pellets
were resuspended in ice cold high-salt buffer (50 mM Tris–HCl,
pH 8.0, 400 mM NaCl, 1 mM DTT, 1 mM PMSF) and incubated on
a shacking platform for 10 min at 4 �C. After centrifugation at
20,000g for 5 min, the supernatant was collected as nuclear
extracts.
3. Results

3.1. mIjBNS stability is controlled by proteasome

Based on the short half-lives of IjB proteins, we questioned
whether IjBNS is also an unstable protein in cells. We used mouse
IjBNS sequence which are tagged with 3 copies of Flag epitopes
(Flag-mIjBNS) for stability assay. Flag-mIjBNS was transfected
into HeLa cells and the stability of the protein was measured after
inhibition of new protein synthesis by treating cells with cyclohex-
imide (CHX) and then chasing the level of cellular Flag-mIjBNS.
Cellular level of Flag-mIjBNS decreased significantly over time in
the presence of CHX, while the level was consistent without CHX
treatment (Fig. 1A and C), indicating the unstable nature of
Flag-mIjBNS protein in the cells. In addition, the half-life of
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Fig. 2. No involvement of ubiquitylation in mIjBNS degradation. (A) Schematic representation of 7 lysine residues in mIjBNS and its mutation to arginine residues. (B) HeLa
cells expressing wild-type or each mutant form of Flag-mIjBNS were treated with either DMSO or CHX for 6 h. Flag-mIjBNS proteins were detected by immunoblotting
against Flag epitope. (C) The stability of two forms of mIjBNS, wild-type and K0 mutant in which all 7 lysine residues were substituted to arginine residues, was measured as
described in (B). (D) The stability of wild-type and K0 mutant form of mIjBNS was compared in the presence or absence of MG132.
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Fig. 3. Identification of PEST sequence which is responsible for the unstable nature of mIjBNS. (A) Schematic representation of PEST sequence at the N-terminal region of
mIjBNS and PESTA mutant in which 6 serine and 2 threonine residues in PEST sequence were replaced to alanines. (B) The stability of wild-type and PESTA mutant form of
mIjBNS was compared after treating cells with either DMSO or CHX for 6 h as described in Fig. 2B. (C) The stability of wild-type and PESTA mutant form of mIjBNS was
compared in time course after treating cells with CHX.

K.C. Park et al. / Biochemical and Biophysical Research Communications 443 (2014) 1291–1295 1293
Flag-mIjBNS increased greatly in the presence of proteasome
inhibitor, MG132 (Fig. 1B and C). Taken together, these results sug-
gested that proteasomal degradation is responsible for the unsta-
ble nature of mIjBNS.

3.2. Proteasome but no ubiquitylation is involved in the regulation of
mIjBNS stability

We examined whether ubiquitylation of Flag-mIjBNS is neces-
sary for the proteasomal degradation of the protein. However, we
did not obtain any obvious evidence for the ubiquitylation of
Flag-mIjBNS in transfection-based ubiquitylation assays (data
not shown). We then tested whether the substitution of lysine
residues in mIjBNS to arginine can enhance the stability of the
protein. As we showed in Fig. 2A, mIjBNS contains 7 lysine resi-
dues. We generated five mutant forms of mIjBNS by substituting
each lysine residue to arginine or exchanging two closely located
lysine residues to arginine, and compared the stability of wild-type
protein with each mutant protein in the presence of CHX (Fig. 2B).
None of the mutant mIjBNS proteins exhibited significant increase
in its stability compared to wild-type protein (Fig. 2B). In addition,
K0 mutant form of mIjBNS in which all seven lysine residues were
substituted to arginine still showed similar half-life with wild-type
protein (Fig. 2C), suggesting that ubiquitylation of mIjBNS is not a
prerequisite for the degradation of the protein. Furthermore, the
stability of mIjBNS-K0 is enhanced in the presence of MG132
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(Fig. 2D). Taken together, mIjBNS is an unstable protein with short
half-life in cells, which is regulated by proteasome but indepen-
dent of ubiquitylation.
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Fig. 4. Nuclear localization signal (NLS) is not critical for mIjBNS degradation. (A)
Schematic representation of NLS sequence at the C-terminal region of mIjBNS and
NLS mutant (NLSA) in which one lysine and two arginine residues were replaced to
alanines. (B) Nuclear or cytoplasmic localization of wild-type, PESTA, or NLSA forms
3.3. N-terminal PEST region of mIjBNS is critical for its unstable
nature

As we identified unstable nature of mIjBNS protein with no
sign of ubiquitylation, we searched for the possible cause of short
half-life of mIjBNS. One strong candidate mechanism that may
control mIjBNS stability is intrinsic instability of mIjBNS, caused
by the PEST sequence as others observed in free IjBa [10]. We ana-
lyzed amino acid sequence of mIjBNS using PESTfind analysis
webtool (http://emboss.bioinformatics.nl/cgi-bin/emboss/epest-
find). As shown in Fig. 3A, we found potential PEST sequence at
the N-terminal region of mIjBNS with score of +5.39. In order to
address whether this sequence governs the unstable nature of
mIjBNS, we generated mutant protein called mIjBNS-PESTA by
replacing 6 serine and 2 threonine residues in putative PEST region
to alanines (Fig. 3A), as others did to validate PEST sequence in
IjBa [10]. We then compared the stability of transiently expressed
wild-type and PESTA forms of mIjBNS in HeLa cells in the presence
of CHX. Interestingly, the half-life of Flag-mIjBNS-PESTA increased
greatly compared to wild-type protein (Fig. 3B and C), indicating
that the PEST region is indeed critical for the stability control of
mIjBNS. Thus we concluded that the N-terminal PEST sequence
in mIjBNS is critical for its intrinsic unstable nature and a determi-
nant for proteasomal degradation of the protein.
of mIjBNS was determined by cellular fractionation followed by immunoblotting
against Flag epitope. The quality of fractions was validated by immunoblotting
against Lamin A/C for nuclear fraction and tubulin-a for cytoplasmic fraction. (C)
The stability of wild-type, NLSA, and PESTA mutant form of mIjBNS was compared
after treating cells with either DMSO or CHX for 6 h as described in Fig. 2B.
3.4. C-terminal nuclear localization signal but no PEST region is
determinant for nuclear localization of mIjBNS

One concern was that the stabilization of mIjBNS-PESTA mu-
tant might be caused by the defect in proper nuclear localization
of mIjBNS rather than increased intrinsic stability against
proteasomal degradation, especially because the nuclear localiza-
tion sequence (NLS) of IjBNS was proposed to be located in the
N-terminal region of the protein [21]. However, there was no
report pinpointing the NLS sequence of IjBNS and proving it
experimentally. We searched for the potential NLS in mIjBNS
using web-based program called cNLS Mapper (http://nls-map-
per.iab.keio.ac.jp/cgi-bin/NLS_Mapper_form.cgi), and found a sin-
gle putative NLS sequence at the C-terminus of mIjBNS (Fig. 4A).
To test whether the sequence is necessary for the nuclear localiza-
tion of mIjBNS, we substituted three basic amino acid residues,
316th lysine, 317th arginine, and 319th arginine to alanine
(Fig. 4A). We then examined the cellular localization of Flag-tagged
wild-type, PESTA mutant, and NLS mutant form (mIjBNS-NLSA) of
mIjBNS proteins which were transiently expressed in HeLa cells.
Nuclear and cytoplasmic fractions from each transfected cells were
analyzed by immunoblotting against Flag-tag and the purity of
each fraction was validated by showing exclusive signal of Lamin
A/C or Tubulin-a for nuclear or cytoplasmic fraction, respectively.
Wild-type and PESTA mutant forms of mIjBNS protein were de-
tected in both nuclear and cytoplasmic fractions, while most of
mIjBNS-NLSA protein was predominantly located in cytoplasm
(Fig. 4B), indicating that the putative NLS at the C-terminus of
mIjBNS is bona fide nuclear localization signal. Interestingly,
when we compared the stability of wild-type, PESTA, and NLSA
forms of mIjBNS, NLSA showed similar short half-life with wild-
type protein (Fig. 4C), implying that NLS region is not critical for
proteasomal degradation of mIjBNS. These results confirm that
the N-terminal PEST sequence is the critical determinant for unsta-
ble nature of mIjBNS.
4. Discussion

Regulation of protein stability is critical to many cellular pro-
cesses such as cell cycle and cytokine signaling [1,2,22,23]. In cyto-
kine signaling, the expression of negative regulators is often
induced by the activation of the same signaling pathway, so that
the regulator can in turn contribute to the termination of the sig-
naling [1,2]. A general nature of these cytokine-induced negative
regulators is that they have short half-lives. IjBNS is known to
negatively regulate a subset of NF-jB target genes in response to
inflammatory signaling [20]. However, there is no report about
the regulatory mechanism of IjBNS stability.

We questioned whether IjBNS has short half-life and, if so,
what molecular determinant governs the unstable characteristics
of IjBNS. We found that mouse form of IjBNS was rapidly de-
graded in cells by proteasome. Ubiquitylation-mediated degrada-
tion was a strong candidate mechanism for the degradation of
mIjBNS; however, ubiquitylation was not critical based on the fol-
lowing evidence. First, we did not detect any significant ubiquity-
lation of mIjBNS, even in the presence of proteasome inhibitor.
Second, substitution of all 7 lysine residues to alanine in mIjBNS
failed to stabilize mIjBNS. Although ubiquitylation on the N-ter-
minal amino acid residue has been reported [24], we ruled out
the possibility because various tagging on the N-terminus of
mIjBNS did not change the stability (data not shown). To search
the intrinsic molecular determinant for the unstable nature of
mIjBNS, we found PEST sequence, which is well-known amino
acid sequences commonly found in rapidly degraded proteins
[25], at the N-terminal region of mIjBNS with score of +5.39. This
score is comparable to the score of C-terminal PEST sequences in
human IjBa (+5.13) and mouse IjBa (+4.59), which are calculated

http://www.emboss.bioinformatics.nl/cgi-bin/emboss/epestfind
http://www.emboss.bioinformatics.nl/cgi-bin/emboss/epestfind
http://www.nls-mapper.iab.keio.ac.jp/cgi-bin/NLS_Mapper_form.cgi
http://www.nls-mapper.iab.keio.ac.jp/cgi-bin/NLS_Mapper_form.cgi


K.C. Park et al. / Biochemical and Biophysical Research Communications 443 (2014) 1291–1295 1295
using the same PESTfind program. On the contrary to high PEST
scores in both human and mouse IjBa, human form of IjBNS did
not contain significant PEST sequences. Thus, unstable nature of
mIjBNS governed by PEST sequence might be species specific.
IjBa stability is regulated by dual mechanism depending on its
binding status with NF-jB. NF-jB-bound IjBa is degraded by pro-
teasome through phosphorylation-mediated ubiquitylation [26].
On the other hand, the stability control mechanism of free IjBa
is quite similar to that of mIjBNS. Both proteins are intrinsically
unstable and degraded by proteasome without ubiquitylation
[10]. In addition, PEST sequences are responsible for the rapid deg-
radation of both proteins. Since IjBNS plays a role only in the neg-
ative regulation of innate immune signaling without involving in
the activation of the signaling, the mechanism to control IjBNS
stability seems to be relatively simple.

IjBNS is a nuclear protein but its NLS is not defined clearly.
Since the NLS of IjBNS was proposed to be located in the N-termi-
nal region of the protein [21], we had to rule out the possibility
that mutation of PEST sequences might affect nuclear localization
of the protein. Since the percentage of nuclear fraction was the
same between wild-type and PEST mutant form of mIjBNS, we
concluded that PEST sequence is not involved in the nuclear local-
ization of mIjBNS. In the meantime, we found single putative NLS
located at the C-terminus of mIjBNS and confirmed experimen-
tally its critical role for nuclear localization of the protein. This
NLS sequence is very well-conserved between mouse and human
IjBNS. In our study, we elucidated the stability control mechanism
for mIjBNS, which is governed by PEST-mediated proteasomal
degradation. We believe that this mechanism is critical for the reg-
ulation of responsiveness to cytokine signaling.
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