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T cell functions are regulated by multiple signaling cascades, including the MKK4-JNK (c-Jun NH2 terminal
kinase) pathway. However, the mechanism regulating the MKK4-JNK axis in T cells remains unclear. Herein, we
demonstrated that protein acetylation modulates JNK activity induced by T cell receptor (TCR) activation. The
acetyltransferase, CREB-binding protein (CBP), is transported from the nucleus to the cytoplasm in response to
TCR cross-linking. To investigate the role of CBP in TCR signaling, we overexpressed CBP in the cytoplasm of
Jurkat cells, a human T lymphocyte line. Enforced expression of cytoplasmic CBP led to MKK4 acetylation and
interfered with MKK4-mediated JNK phosphorylation. Insuﬃcient JNK activity decreased the activity of the
transcription factor, AP-1. In contrast, other transcription factors, NF-κB and NFAT, stimulated with anti-CD3
and anti-CD28 antibodies were activated normally in the presence of cytoplasmic-CBP. These results provide
valuable insights into the role of acetylation in MKK4-JNK signaling in T cells.

1. Introduction
Lymphocyte activation is a key step in the adaptive immune response. Activated T cells undergo clonal expansion and acquire the
capacity to kill target cells infected with pathogens or produce cytokines essential for regulating the immune response. T cell activation
and proliferation are initiated by the interaction of the T cell receptor
(TCR) with antigen peptides presented in the context of a major histocompatibility complex (MHC) molecule by antigen presenting cells
(APCs). In addition to the antigen signal, a co-stimulatory signal is
generated through the interaction between the B7/B7-2 molecule on
APCs and CD28 on T cells [1]. TCR engagement activates several signaling pathways, resulting in the transcriptional activation of numerous
genes. Within minutes of antigenic stimulation, a complex network of
signal transducers enhances the transient transcription of early activating genes, which in turn regulates nuclear events essential for T cell
survival, proliferation, diﬀerentiation, eﬀector function, and cytokine
release [2,3]. Among these early genes, c-Jun [4–6], a component of the
transcription factor complex, activator protein 1 (AP-1), plays a critical
role in diverse physiological processes in T cells, such as regulating IL-2
expression [7,8], stabilizing the interaction of nuclear factor of activation T cells (NFAT) with DNA [9], and regulating the induction of
anergy [10,11]. In particular, the binding of Jun and Fos proteins to the

AP-1 site in promoters is essential for the transcription of several cytokines and other gene products that regulate the immune response
[12].
In response to extracellular stimulators such as growth factors, cytokines, or stress signals, c-jun is phosphorylated by c-Jun NH2-terminal
kinase (JNK) [13,14]. MKK4 (also termed SEK1 or JNKK) is the ﬁrst
kinase to speciﬁcally and directly phosphorylate JNK, resulting in JNK
activation [15]. A second JNK activator, MKK7, has been identiﬁed in
mammalian cells [16–18] and is considered to be redundant with
MKK4. MKK4 and MKK7 share similar molecular characteristics, as well
as sharing several upstream activators and scaﬀold proteins. While both
MKKs synergistically phosphorylate JNK, MKK4-deﬁcient cells are defective in both JNK activation and transcriptional induction of the AP-1
complex [19,20]. MKK4 is known to be involved in a variety of physiological processes. For example, in mice mkk4 mRNA is exclusively
expressed in the central nervous system up until embryonic day 10
(E10) [21] and mice lacking mkk4 (mkk4−/−)) die between E11.5 and
E13.5, as a result of anemia and abnormal hepatogenesis [19,20].
MKK4 is also important in the immune system, since it has been shown
that mkk4−/− mice have smaller thymi, along with decreased numbers
of peripheral T cells [22].
The function of the JNK pathway in T cells has been studied extensively. These studies have demonstrated that MKK4 plays an

Abbreviations: AP-1, activation protein 1; CBP, CREB-binding protein; CREB, camp response element binding; ER, estrogen receptor; ERK, extracellular-signlaing-regulated kinase; JNK,
c-Jun HN2 terminal kinase; NFAT, nuclear factor of activated T cell; NF-κB, nuclear factor κB; ZAP70, ζassociated protein-70
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2.3. Immunoprecipitation and immunoblot analysis

important role in T cell development in the thymus [22,23]. In mature
T cells, the MKK4-JNK pathway has been shown to play a role in the
signal integration that occurs following stimulation by antigen and costimulatory receptors, leading to the activation of AP-1-directed transcription [24,25]. In addition, MKK4 is required for maintaining T cell
homeostasis [26]. Thus, MKK4 plays an important role in both the
development of T cells in the thymus, as well as in the function of
mature T cells in the periphery. In addition to T cell activation, activation of the MKK4-JNK pathway can also lead to apoptotic cell death,
a process which is necessary to avoid excessive T-cell activity and tissue
damage which can occur upon prolonged JNK activation [27]. It is
known that the ubiquitin ligase, ITCH, plays an important role in regulating MKK4 signaling [28]. Following MKK4 activation, ITCH binds
to MKK4 and ubiquitinates it at speciﬁc lysine residues. This ubiquitination promotes MKK4 degradation, and thus prevent long-term MKK4
activation.
The molecular mechanisms responsible for modulating the MKK4JNK axis and down-regulating AP-1 activity, remain a critical missing
link in understanding the control of T cell function. IL-2-activated Stat5
undergoes dynamic post-translational modiﬁcations, including both
phosphorylation and acetylation. Recently, we showed that CREBbinding protein (CBP)-mediated acetylation can regulate Stat5 activity
in T cells [29]. These results suggest that CBP might function as a cytoplasmic regulator of T cell signaling. It is therefore possible that CBP
is also an important regulator of TCR-mediated MKK4 activity. Based on
this, we hypothesized that CBP recruitment to the cytoplasm modiﬁes
the JNK signaling cascade after TCR activation. In this study, we found
that CBP was transported to the cytoplasm following TCR activation,
and that ectopic expression of CBP in the cytoplasm attenuated JNK
activity and led to the acetylation of MKK4. Cytoplasmic CBP-expressing Jurkat cells exhibited a defect in AP-1 activity, suggesting that CBP
recruitment to the cytoplasm may be therefore be important in regulating T cell function.

Jurkat cells were lysed in Nonidet P-40 cell extraction buﬀer (1%
Nonidet P-40, 25 mM Tris-HCl pH 7.5, 140 mM NaCl, 2 mM EDTA 1 mM
phenylmethylsulfonyl ﬂuoride, 20 μg/mL aprotinin, 10 mM NaF, and
1 mM Na3VO4). Following removal of nuclei and other cellular debris
by centrifugation (12,000g for 30 min at 4 °C), the lysates were precleared with control IgG and protein G-Sepharose (Sigma, St Louis, MO,
USA) (30 μL/sample of a 1:1 slurry). After pre-clearing, the lysates were
incubated overnight with either an anti-MKK4 antibody, an anti-c-Jun
antibody, or an anti-acetyl lysine antibody. Speciﬁc immunoprecipitates were recovered by the addition of protein GSepharose beads for 2 h, and were washed three times in lysis buﬀer.
Immunoblot analysis was performed as described previously [34].
Brieﬂy, cell extracts were generated from cultured cells using extraction
buﬀer (50 mM Tris-HCl (pH7.4), 1% Triton X-100, 450 mM NaCl, 1 mM
ethylenediaminetetraacetic acid, and 1 mM dithiothreitol) and proteinase inhibitors. The lysates were centrifuged at 12,000g for 10 min.
Protein concentrations in the supernatants were determined using the
BCA protein assay (ThermoFisher Scientiﬁc, Waltham, MA, USA).
Samples were suspended in 2x sample buﬀer (75 mM Tris-HCl (pH 6.8),
10% glycerol, 2% SDS, 0.05% bromophenol blue, and 2.5% beta-mercaptoethanol). Immunoprecipitates and SDS-PAGE samples were then
separated by standard SDS-polyacrylamide electrophoresis gel, and
proteins transferred to a polyvinylidene diﬂuoride membrane (Immobilon-P, Millipore, Billerica, MA, USA). After blocking with 1% bovine serum albumin in Tris buﬀered saline containing 0.05% Tween 20
at room temperature for 2 h, the membranes were incubated with the
indicated antibodies, followed by incubation with anti-mouse IgG or
anti-rabbit IgG coupled with horseradish peroxidase and visualized
using an enhanced chemiluminescence detection system (GE Healthcare, Chicago, IL, USA).
2.4. Reporter assays

2. Materials and methods
Cells were grown in RPMI-1640 medium supplemented with 10%
fetal bovine serum. The cultures were maintained at 37 °C in a humidiﬁed atmosphere of 5% CO2/95% air. Jurkat T cells were transfected
with a pcDNA3-CBP expression plasmid using a Gene Pulser. Following
electroporation, cells were further cultured in fresh medium for 48 h.
Jurkat cells expressing reporter constructs were deprived of serum
for 6–8 h. Subsequently, the cells were stimulated with anti-CD3 and
anti-CD28 antibodies, harvested, and assayed for luciferase activity
using the Dual Luciferase Assay System according to the manufacturer’s
protocol (Promega, Madison, WI, USA). The reporter luciferase activity
was normalized to that of Renilla luciferase.

2.1. Cell culture
Human leukemia Jurkat cells were maintained in RPMI-1640
medium supplemented with 10% (v/v) fetal calf serum, 2 mM L-glutamine, 100 U/mL penicillin G, and 200 μg/mL streptomycin at 37 °C
under a humidiﬁed atmosphere of 5% (v/v) CO2 as previously described [30]. For transient gene expression, 3.0 × 106 cells were added
to electroporation cuvettes (0.4 cm gap, Bio-Rad, Hercules, CA, USA)
together with 10 μg of reporter plasmids encoding either NFAT-luc, NFκB-luc, or AP-1-Luc [31]. The plasmid/cell mixture was incubated for
5 min on ice and the Jurkat cells were then electroporated at 300 mV
and 950 μF using a Gene Pulser electroporation system (Bio-Rad). Cells
were incubated for 5 min on ice prior to resuspension in 2 mL of RPMI1640 medium supplemented with 10% FCS, transferred to 6-well culture plates, and cultured at 37 °C and 5% CO2 for 48 h.

2.5. ELISA assays
Human IL-2 and IL-8 ELISA assays were purchased from BioLegend
(San Diego, CA, USA) and used according to the manufacturer’s protocol. Data were statistically analyzed with the two-tailed unpaired ttest with Welch’s correction (*, p < 0.05, **, p < 0.01, ***,
p < 0.001).

2.2. Plasmids
The cDNA encoding CBP was cloned into the expression plasmid
pcDNA3. A modiﬁed estrogen receptor (ER), prepared from pMXs by
PCR, was constructed with a FLAG tag and fused to the amino terminus
of CBP (ERCBP). Site-directed mutagenesis (QuikChange, Stratagene,
San Diego, CA, USA) was used to generate a catalytically dead CBP
mutant [32] and a CBP lacking the putative nuclear localization signal
[33]. MKK4 and JNK1, ampliﬁed from Jurkat cells by RT-PCR, were
cloned into the expression vectors pCMV tag 3B and pCMV tag 2B,
respectively. These plasmids were also electroporated into Jurkat cells
using a Gene Pulser. All experiments were performed according to the
guidelines approved by the Toho University Safety Committee for Recombinant DNA Experiments (16-51-307).

2.6. Cell imaging
For confocal imaging, ERCBP-expressing Jurkat cells were washed
with ice-cold PBS and ﬁxed with 4% paraformaldehyde in PBS for
20 min at room temperature. The cells were then incubated with 50 mM
NH4Cl in PBS for 10 min and then permeabilized with 0.2% (v/v) Triton
X-100 in PBS for 5 min. After blocking for 30 min with 1% (w/v) BSA in
PBS, the cells were labeled with an anti-FLAG antibody (Sigma) followed by a FITC-conjugated rat anti-mouse IgG (TAGO Inc., Camarillo,
CA, USA). The cells were observed using a confocal laser scanning
microscope (Carl Zeiss LSM510, Jena, Germany). Fluorescence images
22

Immunology Letters 194 (2018) 21–28

Y. Matsui et al.

activation of these kinases is prevented by acetylation. Fig. 3A shows a
time course analysis of MAP kinase activation after stimulation of the
TCR induced by cross-linking. Jurkat cells transfected with a control
vector contained the phosphorylated forms of the MAP kinases, ERK,
JNK, and p38 MAP kinase. Stimulation of ERCBP-expressing Jurkat
cells with anti-CD3 and anti-CD28 Abs also led to phosphorylation of
p38 MAP kinase (Fig. 3A). However, the phosphorylated levels of ERK
and JNK were decreased compared to control cells. In parallel, we detected no diﬀerence in ERK and JNK expression levels between ERCBPexpressing or parental Jurkat cells. We observed no signiﬁcant diﬀerence in the eﬃciency of TCR-induced activation of ZAP70 and NFκB
p65 over a similar time course (Fig. 3B). We also evaluated whether the
c-Jun level was altered in the ERCBP-expressing cells. Similar to the
JNK levels, the basal levels of c-Jun were not diﬀerent between ERCBPexpressing and control Jurkat cells. Analysis of c-Jun phosphorylation,
using an antibody speciﬁc for c-Jun phosphorylated at Ser73, revealed
that TCR-stimulated Jurkat cells expressed phosphorylated c-Jun,
which was barely detectable in ERCBP-expressing Jurkat cells (Fig. 3C).
These ﬁndings suggest that ERCBP selectively regulates the signaling
pathways that mediate c-Jun activation after stimulation of the TCR.

were processed using Photoshop (Adobe, San Jose, CA, USA).
2.7. Quantitative RT-PCR
Total RNA was isolated from cells, using ISOGEN (Nippon Gene,
Toyama, Japan), according to the manufacturer’s instructions. RNA was
reverse-transcribed using a high-capacity cDNA synthesis kit (Applied
Biosystems, Foster City, CA, USA). For quantitative analysis of gene
expression, real-time PCR was conducted using a TaqMan gene expression assay kit (Applied Biosystems); in particular, Hs00174103_m1
and Hs00174114_m1 and an ABI 7500 Fast system were used to assess
the expression of IL-8 and IL-2 (Applied Biosystems). Actin b,
Hs01060665_g1, was used as an endogenous reference gene for normalization. Quantitative real-time PCR experiments were repeated
three times in triplicate.
2.8. Statistical analysis
The data are presented as the means ± S.D. Statistical analyses
were performed using a paired Student’s test. A P < 0.05 was considered statistically signiﬁcant. One representative experiment is presented for experiments performed, either in duplicate or triplicate.

3.3. Acetylation of MKK4 prevents the MKK4:JNK interaction

3. Results

To determine whether ERCBP acetylates MAPKK to down-regulate
the activity of MAP kinases, we assessed MKK4 and MKK7 acetylation.
To this end, either ERCBP-expressing cells or control cells were stimulated by TCR cross-linking and cell lysates were immunoprecipitated
with an anti-acetyl-lysine antibody, after which acetylation of MKK4
and MKK7 was assessed by immunoblotting. MKK4, but not MKK7, was
detected in the anti-acetyl-lysine immunoprecipitate (Fig. 4A and B).
Although MKK4 was slightly acetylated in the absence of ERCBP, its
acetylation levels were clearly increased after expression of ERCBP.
Similar data were obtained when MKK4 was precipitated with an antiMKK4 antibody and assessed for acetylation using an antibody against
acetyl-lysine (Fig. 4A). It was also important to determine whether CBP
acetylates MKK4 under physiological conditions. To assess this, Jurkat
cells were stimulated with anti-CD3 and anti-CD28 antibodies to induce
the translocation of CBP from the nucleus to cytoplasm. Similar to what
was observed in the presence of exogenous ERCBP, endogenous CBP
acetylated MKK4 after CBP translocation from the nucleus (Fig. 4C).
Consistent with a previous study [36], our results suggest that MKK4 is
acetylated in the cytoplasm.
The association of MKK4 with JNK is important for JNK activation
[37,38], suggesting that acetyl-MKK4 fails to form a complex with JNK.
To test this hypothesis, we overexpressed both Myc-tagged MKK4 and
FLAG-tagged JNK1 and performed an immunoprecipitation with an
anti-Myc antibody to detect JNK in the MKK4 immunoprecipitate by
immunoblotting. In normal Jurkat cells, after TCR cross-linking JNK
was able to form a complex with MKK4 (Fig. 4D). In contrast, when we
overexpressed the ERCBP construct, we were unable to detect the interaction between JNK and MKK4, suggesting that, acetylated MKK4
has an impaired interaction with JNK.

3.1. CBP is translocated from the nucleus to the cytoplasm in response to
TCR stimulation
To investigate whether TCR cross-linking induces the translocation
of CBP from the nucleus, we examined the subcellular localization of
this enzyme before and after treatment of Jurkat cells with anti-CD3
and anti-CD28 antibodies (Abs). Before stimulation, CBP was detectable
in the cytoplasmic fraction prepared from Jurkat cells, albeit at relatively low levels. Upon TCR cross-linking, the cytoplasmic CBP level
was signiﬁcantly increased (Fig. 1A, B, and D). CBP cytoplasmic levels
started to increase by 15 min after TCR activation. These data are similar to previous reports [29,33,35] that showed that CBP accumulated
in the cytosol in cells following TCR cross-linking. These data suggest
that cytoplasmic CBP may play a role in regulating T cell function. We
next examined whether cytoplasmic CBP modulates TCR signaling
cascades. To this end, we prepared a mutant CBP, lacking the putative
nuclear localization signal (amino acids 10–18 in CBP; PNPKRAKLS)
[33], combined with a modiﬁed estrogen receptor (ERCBP) to ensure
cytoplasmic localization. Ectopic expression of FLAG-tagged ERCBP
was detected at levels comparable to those of endogenous CBP
(Fig. 2C). Confocal microscopy analysis revealed that ectopically expressed ERCBP was localized in the cytoplasm (Fig. 1C), suggesting that
this enzyme would be capable of acetylating cytoplasmic substrates.
3.2. CBP regulates AP-1 activity through MAP kinase pathways
To further investigate the regulation of signaling cascades by acetylation, the ERCBP expression construct was transfected into Jurkat
cells, and the levels of NFAT, NF-κB, and AP-1 transcriptional activities
were measured using the appropriate luciferase reporter gene assay. As
shown in Fig. 2A, in control cells (empty vector), TCR ligation with
anti-CD3 and anti-CD28 Abs resulted in elevated activation of the
pathways leading to the activation of the three distinct transcription
factors. In contrast, TCR-ligated Jurkat cells expressing ERCBP showed
a loss of AP-1 activity compared with control cells. An enzymatically
deﬁcient CBP mutant did not cause a loss of AP-1 activity (Fig. 2B). In
contrast, NFAT and NF-κB activities were not aﬀected by the presence
of ERCBP.
The attenuated AP-1 activity induced by enforced expression of
ERCBP suggests that TCR stimulation failed to activate the MAP kinase
cascades in the presence of ERCBP. Therefore, we examined whether

3.4. CBP-mediated acetylation of MKK4 plays a critical role in IL-2
production
Based on the above data, we hypothesized that CBP contributes to T
cell function, at least partly. Since AP-1 induces IL-2 and IL-8 expression
in Jurkat T cells [39,40], we assessed whether the CBP-mediated
acetylation of signaling molecules also aﬀects cytokine production. IL-2
was not detected in the medium from unstimulated Jurkat cells, but
following TCR stimulation the cells secreted IL-2 (Fig. 5A). Following
TCR stimulation in ERCBP expressing Jurkat cells, IL-2 secretion was
ablated similar to the eﬀects on c-jun activation (Fig. 5A). We then
assessed the eﬀect of cytoplasmic CBP on IL-2 mRNA transcription in
Jurkat cells. Increased IL-2 mRNA transcription was observed following
23
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Fig. 1. TCR stimulation induces the transport of CBP
from the nucleus to the cytoplasm. (A) Cytoplasmic
and nuclear fractions derived from Jurkat cells stimulated with anti-CD3 and anti-CD28 antibodies
(Abs) for the indicated periods were probed using an
anti-CBP Ab. (B and C) Confocal images of basal or
TCR-stimulated Jurkat cells (B), or ERCBP-expressing Jurkat cells (C). Cells were probed with an antiCBP Ab followed by FITC-conjugated anti-rabbit IgG
(green, B), or an anti-FLAG Ab followed by FITCconjugated anti-mouse IgG (green, C) and TO-PRO-3
(blue, nuclei). (For interpretation of the references to
colour in this ﬁgure legend, the reader is referred to
the web version of this article.) (D) Percentage of
cells displaying cytoplasmic CBP.
One experiment, representative of three independent
experiments, is shown.

Although CBP is mainly expressed in the nucleus, several extracellular
stimuli induce the translocation of CBP from the nucleus to cytoplasm.
For example, we recently reported that IL-2 induces CBP transport from
the nucleus to the cytoplasm in murine T cells [29]. Cytosolic CBP then
acetylates Stat5 and down-regulates IL-2 receptor signaling. In this
study, we demonstrated that TCR signaling also induces CBP translocation from the nucleus to the cytoplasm and that cytosolic CBP reduced the levels of JNK phosphorylation. Mechanistically, we demonstrated that the upstream kinase MKK4 was acetylated by CBP, which
led to an attenuation of JNK activation. Since T cells play an important
role in acquired immunity, it is necessary to strictly regulate their
functions. Although the regulation of protein function by cytoplasmic
CBP is not a well-known mechanism, compared to other mechanisms
such as phosphorylation, acetylation of signaling molecules might be an
essential modiﬁcation required for the ﬁne-tuning of T cell activity. We
also demonstrated that the levels of phosphorylated ERK were reduced
by the presence of cytoplasmic CBP, suggesting that several molecules
involved in the ERK pathway could also be targeted by CBP. However,
we failed to identify any acetylated proteins in the known ERK cascade.
Future studies are therefore warranted to identify other cytoplasmic
CBP targets, and to reveal the pathways and processes regulated by
acetylation.
TCR stimulation activates the MKK4-JNK pathway, and furthermore
MKK4 is required for the maintenance of a normal peripheral T cell
population [26]. For example, MKK4-deﬁcient T cells show impaired
TCR-mediated proliferation and IL-2 production [22]. Therefore, activation of MKK4 appears to be important for optimizing the cellular
function of peripheral T cells. MKK4 itself is activated by most

cross linking of the TCR. The levels of IL-2 transcription reached a peak
at 6 h after TCR stimulation and gradually declined thereafter (Fig. 5B).
In contrast, transcription of the IL-2 gene was suppressed in ERCBP
expressing Jurkat cells. These results suggest that cytoplasmic CBP can
inhibit IL-2 level expression. Similar to IL-2, the expression of IL-8 was
also suppressed in the presence of cytoplasmic CBP (Fig. 5A and B).
These results support our conclusion that cytoplasmic CBP, exported
from the nucleus, regulates T cell function via MKK4 acetylation. This is
therefore a novel regulatory mechanism in TCR signaling.
4. Discussion
In this study, we have shown that in Jurkat cells TCR stimulation
induces translocation of the acetyltransferase CBP from the nucleus to
the cytosol. TCR ligation also activates several phosphorylation induced
signal transduction cascades. We, and others, have previously reported
that nuclear acetyltransferases can be transported into the cytoplasm,
where they acetylate signaling molecules such as kinases [29,33,35]. In
the current study, we have shown that the MKK4-JNK pathway was
inhibited by lysine acetylation. This inhibition of the MKK4-JNK cascade suppressed the production of IL-2. These data suggest that, in
general, cytoplasmic acetylation can control the function of proteins. As
the true signiﬁcance of this alteration in protein function by acetylation
has not been fully evaluated, the present conclusion must be conﬁrmed
by further studies analyzing the role of acetylation in the control of nonhistone proteins.
Several other reports have demonstrated that cytoplasmic proteins
are acetylated by CBP, thereby modulating their function [29,33,35].
24
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Fig. 3. JNK activity induced by TCR stimulation is selectively reduced in cells expressing
cytoplasmic CBP. (A) MAP kinase activity was examined in Jurkat cells transfected with
an empty vector (CTRL) or the ERCBP vector. Following transfection, cells were stimulated with anti-CD3 and anti-CD28 antibodies for the indicated periods, lysed, and analyzed by SDS-PAGE followed by immunoblotting with antibodies against pJNK, JNK,
pERK, ERK, pp38 MAP kinase, or p38 MAP kinase. (B) TCR induced activation of ZAP70
and NFκB p65 in Jurkat cells transfected with an empty vector (CTRL) or the ERCBP
vector. (C) To conﬁrm JNK activity, Jurkat cells expressing cytoplasmic CBP were stimulated with anti-CD3 and anti-CD28 antibodies and cell lysates were analyzed by immunoblotting with antibodies against c-Jun or phospho-c-Jun. One experiment, representative of three independent experiments, is shown.

Fig. 2. TCR-induced AP-1 activity is attenuated in the presence of cytoplasmic CBP. TCRmediated signaling was analyzed in Jurkat cells transfected with diﬀerent reporter constructs and cytoplasmic CBP (ERCBP). Forty-eight hours after transfection of cytoplasmic
CBP (A and B) or cytoplasmic CBPmut (a catalytically dead mutant) (B), the cells were
starved for 8 h and stimulated with anti-CD3 and anti-CD28 antibodies for 6 h. The
transcriptional activity of NF-κB, NFAT, and AP-1 were analyzed by luciferase assay in (A)
and for AP-1 activity only in (B). All error bars indicate SD. *P < 0.05 compared with the
responsive counterpart, calculated by t-test. (C) Expression plasmids encoding CBP and
the CBP catalytically-dead mutant were transfected into Jurkat cells by electroporation.
The expression levels of these proteins were determined by immunoblot analysis using
anti-CBP or anti-FLAG antibodies. One experiment, representative of three independent
experiments, is shown.

which attenuated its ability to activate JNK. These results suggest that
the MKK4-JNK pathway is modulated not only by phosphorylation, but
also by acetylation in the cytoplasm. As mentioned earlier, previous
studies have demonstrated that receptor signaling triggered by cytokines, or other related growth factors, induces the transport of the
nuclear acetyltransferases, CBP and/or p300, to the cytoplasm
[29,33,35]. In the case of the type I interferon (IFN) receptor (IFNR),
cytoplasmic CBP acetylates a lysine residue on the IFNR transcription
factors, STAT1, STAT2, and IRF9 [35]. This acetyltransferase therefore
positively regulates IFNR signaling through its acetylase activity. In our
case, CBP also acetylates a cytoplasmic substrate, MKK4, but negatively

MAPKKKs such as ASK, MEKK, MLK, and TAK [41]. The kinase domain
of MKK4 contains two phosphorylation sites which have a serine-isoleucine-alanine-lysine-threonine motif. These serine/threonine residues
are phosphorylated after association with MAPKKKs. Thus, phosphorylation is considered to be the main regulator of MKK4 function. In this
study, we showed that MKK4 is also acetylated by cytoplasmic CBP,
25
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Fig. 4. Acetylation attenuates the binding of MKK4 to JNK. (A, B, and C) Cytoplasmic
CBP-expressing Jurkat cells (A and B) or Jurkat cells (C) were stimulated with anti-CD3
and anti-CD28 Abs for 30 min. Cell lysates were immunoprecipitated using anti-acetyllysine (A, B and C), anti-MKK4 (A and C), or anti-MKK7 antibodies (B). Whole cell lysates
and immunoprecipitates were probed with anti-MKK4 (A and C), anti-MKK7 (B), or antiacetyl-lysine (A and B) antibodies. (D) TCR activation-mediated MKK4/JNK complex
formation was examined after treatment of cells with anti-CD3 and anti-CD28 antibodies.
Control or ERCBP expressing Jurkat cells were co-transfected with FLAG tagged JNK1 and
Myc-tagged MKK4, after which they were stimulated with anti-CD3 and anti-CD28 Abs
for 30 min. Cell lysates were immunoprecipitated with an anti-Myc antibody and blotted
with an anti-FLAG antibody. One experiment, representative of three independent experiments, is shown.

Fig. 5. Low levels of cytokines are detected in cytoplasmic CBP-expressing Jurkat cells.
(A) The culture media from TCR-stimulated control (CTRL) Jurkat cells, or Jurkat cells
expressing ERCBP, was collected at the indicated times and the levels of IL-2 and IL-8
were determined by ELISA. (B) Control Jurkat cells (CTRL), or Jurkat cells expressing
ERCBP were stimulated with anti-CD3 and anti-CD28 antibodies for the indicated times.
The mRNA expression of IL-2 and IL-8 in these cells was analyzed using real-time PCR and
levels normalized to that of β-actin. All error bars indicate SD. *P < 0.05 compared with
the responsive counterpart, calculated by t test. Similar results were obtained in three
independent experiments.

regulates the MKK4-mediated cascade. Therefore, our data indicate that
CBP can function as a both as a positive and as a negative cytoplasmic
regulator for cellular signaling, suggesting that acetylation might be an
important modiﬁcation, similar to protein phosphorylation. However,
further studies are warranted to determine whether cytoplasmic CBP
positively or negatively regulates other cellular cascades.
Our data raise the question of how CBP speciﬁcally acetylates
MKK4. MKK4 and MKK7 both contain a DVD domain, a catalytic domain, and a D-loop domain [42,43]. The D-loop of these MKKs associates with JNK which supports their catalytic domain, leading to
JNK phosphorylation, indicating that the D-loop domain is important
for JNK regulation. The D-loop domain of MKK4 contains several lysine
residues, which could be acetylated by CBP. In contrast, although MKK7
also contains a basic amino acid in its D-loop domain, this residue is
arginine, which cannot be acetylated. Therefore, speciﬁc regulation of
the JNK pathway is likely mediated by CBP acetylation of the D-loop in
MKK4, but not in MKK7. Further investigation is however necessary to
identify the residues in MKK4 acetylated by CBP.
The mechanisms by which MKK4 and MKK7 regulate JNK activation
are well-known. MKK4 and MKK7 directly activate JNK by phosphorylation, but they diﬀer in their preference for the phosphorylation site
in the threonine-proline-tyrosine (T-P-Y) motif [44]. Phosphorylation of
both residues is required for JNK activation and MKK4 phosphorylates
the tyrosine residue, whereas MKK7 phosphorylates the threonine residue [45,46]. A sequential phosphorylation mechanism has been

revealed through disruption of MKK4- and MKK7-gene expression
[46,47]. A reduction in JNK activation was observed under MKK7-deﬁcient conditions and was accompanied by a loss of JNK threonine
phosphorylation level without a reduction in its tyrosine phosphorylation level. In contrast, in MKK4-deﬁcient cells threonine-phosphorylation of JNK was attenuated, in addition to there being a decreased level
of tyrosine-phosphorylation. These data suggest that primary phosphorylation of the tyrosine residue on JNK is necessary for secondary
phosphorylation of the threonine residue, and that sequential phosphorylation is required for optimal activation of JNK. Consistently, we
found that inactivation of MKK4 by acetylation was suﬃcient to inhibit
the JNK cascade. On the other hand, MKK7 remained at a steady state,
suggesting that this MAPKK could not phosphorylate the JNK threonine
residue since the tyrosine residue was not phosphorylated. However, in
the case of other stimuli, like pro-inﬂammatory cytokines, MKK7 can
phosphorylate the threonine residue of JNK and is suﬃcient to trigger
JNK activity. Further studies are therefore required to clarify the signiﬁcance of MKK4 acetylation in the JNK pathway.
JNK modulates cellular activity and function through the phosphorylation of substrate proteins. mRNA turnover is an important mechanism for the regulation of gene expression. mRNA levels can ﬂuctuate many-fold following a change in mRNA half-life without altering
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the transcription rate [48,49]. Regulation of mRNA half-life can
therefore inﬂuence cellular activities and functions. The mechanism
underlying mRNA stability has been investigated in a mast cell model,
which produce IL-3 and other cytokines following activation by extracellular signals [50]. The IL-3 mRNA transcript is short-lived, with a
half-life of 30 min, but can be stabilized by treatment with Ca2+ ionophores [51,52]. Inhibition of JNK antagonizes ionomycin-induced IL3 mRNA stabilization in mast cells in the presence of actinomycin D
[50]. A dominant-negative mutant of JNK can counteract the mRNA
stabilization caused by ionomycin treatment. Similar to IL-3, the JNK
signaling pathway stabilizes IL-2 mRNA in activated T cells. IL-2 mRNA
contains a cis element that mediates its stabilization in response to JNK
[53]. This response is mediated through a cis element surrounding the
5′-untranslated region and the beginning of the coding region. Our
results suggest that JNK activity supports the production of IL-2.
Therefore, it is possible that reduced JNK activity failed to stabilize IL-2
mRNA, even though acetylated-MKK4 only weakly activated AP-1.
Further studies are warranted to determine how CBP-mediated protein
acetylation regulates JNK function, and to identify the mechanisms
controlling the half-life of mRNA.
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5. Conclusion
[20]

In this study, we demonstrated that in Jurkat cells, CBP was transported to the cytoplasm after TCR stimulation. Cytoplasmic CBP then
acetylated MKK4 and attenuated MKK4-mediated JNK activation. These
cytoplasmic CBP-expressing Jurkat cells thus exhibited a defect in AP-1
activity. These results suggest that protein acetylation by CBP may be
important in T cell function.
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