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In particular, the phenomenon of c-Jun degradation within the
inflammatory response has not yet been fully analyzed. In order
to verify this, we investigated LPS-stimulated murine macrophages
pre-treated with sodium orthovanadate (SO) in order to uncover
the regulatory mechanisms of the MAPKs which regulate c-Jun
degradation within the inflammatory response. Through our study,
we found that SO suppressed the production of prostaglandin
E; (PGE,) and the expression of COX-2 in LPS-stimulated RAW264.7
cells. Additionally, SO decreased total c-Jun levels, without
altering the amount of mRNA, although the phospho-levels of
p38, ERK, and JNK were strongly enhanced. Through the usage
of selective MAPK inhibitors, and knockdown and overexpression
strategies, p38 was revealed to be a major MAPK which regu-
lates c-Jun degradation. Further analysis indicates that the phos-
phorylation of p38 is a determinant for c-Jun degradation, and
is sufficient to induce ubiquitination-dependent c-Jun degradation,
recovered through MG132 treatment. Therefore, our results sug-
gest that the hyperphosphorylation of p38 by SO contributes
to c-Jun degradation, which is linked to the suppression of PGE;
secretion in inflammatory responses; and thus, finding drugs to
increase p38 activity could be a novel strategy for the develop-
ment of anti-inflammatory drugs. [BMB Reports 2022; 55(8):
389-394]

INTRODUCTION

The activator protein-1 (AP-1) is a pivotal transcription factor that
is responsible for the regulation of the transcription of various
genes in response to inflammatory cytokines, stress inducers,
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pathogens, and oncogenic stimuli (1). As such, AP-1 governs a
variety of biological processes, including inflammation, prolife-
ration, apoptosis, differentiation, survival, cell migration, and
transformation (2). AP-1 contains Fos, Jun, and the activating
transcription factor (ATF) protein dimers, all of which feature
the evolutionarily-conserved basic region-leucine zipper (B-ZIP)
DNA binding domain (1, 3). The composition of the dimers there-
by also determines the sequence elements to which the AP-1
transcription factors bind to, and thus, may regulate specificity
and subsequently execute certain distinct biological functions (4).

Jun, originally referred to as c-Jun, was first identified as a viral
oncoprotein, and is one of the most characterized AP-1 subunits
(5). There is long-standing evidence that c-Jun appears to be a
major component of the AP-1 transcription factor complex, and
that the identity of the c-Jun dimer partners determines the abil-
ity of the entire complex to transactivate AP-1-dependent tran-
scription (6). It is well known that the AP-1 protein is a major
target of and is primarily controlled by the mitogen-activated
protein kinases (MAPKs), which both increase the abundance
of AP-1 components and then directly stimulate their activity
(6). Subfamilies of the MAPKs consist of extracellular signal-
regulated protein kinases (ERK1 and ERK2), c-Jun N-terminal
kinases (JNK1, JNK2, and JNK3), and p38s (p38c, p38p, p38y,
and p389), which are sequentially activated by MAPK kinases
(MAPKKSs) and their upstream MAPKK kinases (MAPKKKSs) (7).
During inflammatory responses, MAPK signaling is activated by
phosphorylation, followed by the promotion of c-Jun transcrip-
tional activity onto inflammatory cytokine genes. Growing evi-
dence suggests that the c-Jun protein can also be regulated by
other mechanisms, such as mRNA turnover and protein stabil-
ity, thereby involving not only phosphorylation, but also cross-
talking with other types of post-translational modifications, such
as ubiquitination and sumoylation (2, 8).

cJun phosphorylation on its N-terminus is stabilizing, although
the underlying mechanisms for c-Jun ubiquitination and degra-
dation still remain largely undetermined, though recent findings
have highlighted new players involved in the regulation of c-Jun
degradation. For example, MEKK1 has been identified as mediat-
ing the ubiquitination of c-Jun in response to osmotic stress (8).
Other ubiquitin ligases have also been reported to induce the
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ubiquitination and degradation of cJun, such as COP1, Icth, and
Fbw7 (9). Each player utilizes a similar, but different mechanism,
depending on the cJun phosphorylation status. The overall regu-
lation of c-Jun degradation is complex, as the phosphorylation
status of cJun itself is a distinct process dictated by MAPKs de-
pending on the cellular context; hence, the specific nature of
the regulatory mechanism remains elusive.

Therefore, we deliver insights on a new player in c-Jun degra-
dation regulation within the specific context of inflammatory
responses. In efforts to elucidate the mechanism of c-Jun degra-
dation, we utilize a phosphatase inhibitor, sodium orthovanadate
(SO, Fig. 1A), and MAPK selective inhibitors within lipopoly-
saccharide (LPS)-stimulated murine macrophages.

RESULTS

SO treatment inhibits PGE; production and COX-2
expression in LPS-treated RAW264.7 cells

The inhibitory activity of SO was analyzed by determining the
production level of PGE, amongst LPS-treated RAW264.7 cells
in order to observe whether SO exhibited anti-inflammatory
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Fig. 1. SO treatment inhibits PGE, production and COX-2 expression
among LPS-treated RAW264.7 cells. (A) The chemical structure of SO.
(B, D) Inhibitory activity of SO or indomethacin on PGE, produc-
tion was assessed among LPStreated RAW264.7 cells (1 x 10° cellyml)
through the detection of PGE; release into the culture medium with
an EIA kit. (O) The viability of SO-treated RAW264.7 cells (1 x 10°
cells/ml) was determined through MTT assay. (E) The mRNA level of
COX-2 among SO/LPS-treated RAW264.7 cells (1 x 10° cells/ml) was
determined by semiquantitative (Left panel) and real-time (Right panel)
PCR. Similar inhibitory patterns were observed in two repeat experi-
ments. P < 0.01 compared to the normal group and *P < 0.05
or **P < 0.01 compared to control groups. Normal group: no-treat-
ment group. Control group: LPS alone group.
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activity. As shown in Fig. 1B, C, SO strongly diminished the
release of PGE; at up to 95% at 400 UM, without altering cell
viability. Indomethacin (Indo) also strongly downregulated
PGE, production at 2.5, 5, and 10 uM. Simultaneously, the
mRNA levels of COX-2 were measured by semiquantitative
and real-time PCR to determine whether the inhibition of PGE,
release by SO occurred at the gene expression level. As indi-
cated by Fig. 1E, SO showed a remarkable ability to inhibit the
mMRNA expression of COX-2 at 200 and 400 uM.

SO-mediated c-Jun depletion is not at the transcriptional level
in LPS-stimulated RAW264.7 cells

In order to obtain a better understanding of the regulation of
COX-2 expression by SO, we observed the level of cJun, as
this transcription factor is a major subunit of AP-1, which plays
a critical role in controlling COX-2 expression in RAW264.7
cells under LPS-stimulated conditions (10). An increased level
of c-Jun was observed 45, 60, and 75 minutes after LPS treat-
ment, while pre-treatment with SO showed a decrease in c-Jun
levels, as caused by nuclear fractionation, immunofluorescence,
and reporter gene assay (Fig. 2A). A decrease of cJun was ob-
served in both the nuclear fraction and the cytosolic fraction
(Fig. 2A, Left panel). Similar to these results, the nuclear levels
of cJun were also remarkably decreased within the SO/LPS-
treated group, when compared to LPS-stimulated cells (Fig. 2A,
Middle panel). The luciferase activity increased by AP-1 was
also dose-dependently inhibited through SO exposure (Fig. 2A,
Right panel). Treatment with a transcription inhibitor, actinomycin
D, revealed that the decreasing pattern of c-Jun protein abun-
dance through SO-treatment could still be observed (Fig. 2B).
Additionally, cJun mRNA expression appeared to be similar
after SO pre-treatment among LPS-stimulated RAW264.7 cells,
both with and without Actino D treatment (Fig. 2C), indicating
that SO did not inhibit the transcriptional process of c-jun.
Immunoblotting analysis of these proteins was then carried out
to examine whether SO could also affect the phosphorylation
level of MAPKs and upstream enzymes in order to control c-Jun
activation. As depicted by Fig. 2D, SO increased the levels of
p-p38, p-ERK, and p-JNK at 45 minutes after LPS treatment.

SO-mediated c-Jun degradation is mediated by p38 in
LPS-stimulated RAW264.7 cells

Under LPS stimulation, MAPKSs such as p38, ERK, and JNK, are
phosphorylated and subsequently induce the activation of c-Jun
through phosphorylation. Previous studies have indicated that
the phosphorylation of c-Jun plays a role in governing the sta-
bility of cJun protein levels. To confirm which upstream enzymes
dominate the regulation of this process, we utilized MAPK-spe-
cific inhibitors among SO/LPS-treated RAW264.7 cells. The
co-treatment with U0126 (U0) or SP600125 (SP), and the selec-
tive inhibitors of ERK and JNK, respectively, were still able to
further promote SO-mediated c-Jun degradation (Fig. 2E, F).
Contrary to expectations, co-treatment with SB203580 (SB), a
selective inhibitor of p38, showed no further decreasing of
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Fig. 2. SO-mediated cJun depletion does not occur at the transcrip-
tional level among LPS-stimulated RAW264.7 cells. (A, Left panel; B,
D-H) RAW264.7 cells (1 x 10° cells/ml) were pre-treated with SO
(400 uM) for 30 minutes, followed by LPS (1 pg/ml) incubation for
the indicated times, both in the absence or presence of actinomycin
D (Actino D), U0, SP, SB, or NSC. The levels of cjun, p-cJun, p-ERK,
ERK, pp38, p38, pINK, JNK, and B-actin from cellular factions
[nuclear fraction (NF) and cytosolic fraction (CF)] or whole-cell lysates
(WL) were detected through immunoblotting analysis. (A, Middle panel)
The immunofluorescence of cJun after pretreatment with SO
among LPS-stimulated RAW264.7 cells was observed through confocal
microscopy. (A, Right panel) RAW264.7 cells were transfected with
AP-1-Luc, as well as B-gal (as a transfection control) plasmid constructs,
and were treated with SO in the presence or absence of PMA (100
nM) for 12 hours. Luciferase activity was determined through lumino-
metry. (O cJun mRNA expression was determined through semiquantita-
tive reverse transcriptase (RT)-PCR analysis after pre-treatment, with
or without Actino D/SO among LPS-stimulated RAW264.7 cells.
*P < 0.05 or *P < 0.01 compared to the normal group and *P <
0.05 or **P < 0.01 compared to control groups. Normal group:
no-treatment group. Control group: LPS or PMA alone group. Blue
notation: compared to LPS + SO or NSC group.
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cJun protein levels following SO treatment among LPS-stimu-
lated RAW264.7 cells (Fig. 2G, Left panel). Interestingly, this
phenomenon also occurred following the usage of another phos-
phatase inhibitor, NSC95397 (NSC: 2,3-bis-[(2-hydroxyethyl)thio]-
1,4-naphthoquinone), and further decreases in c-Jun levels were
not shown after co-treatment with SB (Fig. 2G, Right panel).
Moreover, the phosphorylation pattern of p38 and the decreased
level of c-Jun were also detected through immunoblotting analy-
sis. The phosphorylation level of c-Jun at Ser73 also exhibited
a similar level, as the c-Jun total formed under all conditions
after treatment with UO, SP, and SB, indicating that the direct
correlation between the phosphorylation of c-Jun and the c-Jun
total form level. These results thereby suggest that p38 plays a
dominant role in regulating c-Jun degradation amongst LPS-sti-
mulated macrophages. The activation of p38 by SO was also
examined amongst LPS-treated RAW264.7 cells. As shown by
Fig. 2H, interestingly, SO strongly enhanced the level of p-p38
from 45 to 90 minutes during LPS exposure, whereas LPS alone
upregulated the cJun levels at these time markers.

p38 positively regulates c-Jun degradation

To confirm the dependency of c-Jun degradation on p38, we
performed knockdown and over-expression experiments. Initially,
we performed a knockdown of p38 with siRNA, and confirmed
the knockdown efficiency (up to a 70% decrease) through real-
time PCR (Fig. 3A, Left panel). The knockdown of p38
indicated that no change was observed amongst c-Jun protein
levels in LPS-stimulated RAW264.7 cells (Fig. 3A, Middle panel).
Treatment with p38 siRNA with an increasing concentration
gave clear indication of the recovery of c-Jun protein levels fol-
lowing SO-mediated cJun degradation among RAW264.7 cells
(Fig. 3A, Right panel). These data exhibited consistent results
when compared to the immunoblotting results using a p38-selec-
tive inhibitor. Moreover, the overexpression of p38 was suffi-
cient to induce c-Jun degradation among RAW264.7 cells (Fig.
3B). These results indicated that p38 positively regulates c-Jun
degradation. As the ectopic expression of p38 results in a de-
crease of RAW264.7 cell c-Jun protein levels, while both knock-
down and p38-selective inhibition showed c-Jun recovery, we
hypothesized that the phosphorylation of p38 is a driving force
for cJun degradation among RAW264.7 cells. Additionally,
the co-transfection of p38 and c-Jun among HEK293T cells
following SO treatment revealed that SO inhibited the binding
between p38 and cJun through immunoprecipitation assay
(Fig. 3Q). In-vitro kinase assay using immunoprecipitated p-p38
and c-Jun as substrate sources indicated that p-p38 directly
induced the phosphorylation of c-Jun (Fig. 3D), thus implying
that c-Jun degradation may require p38-mediated phosphoryla-
tion of c-Jun at Ser73.

To further analyze to what extent the phosphorylation of p38
regulates cJun degradation, we extended the line of inquiry
from our previous hypothesis, to suggest that the phosphoryla-
tion of p38 plays an important role in c-Jun degradation. The
co-transfection of p38 and adaptor protein TRIF showed a strong
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Fig. 3. p38 positively regulates cJun degradation. (A, Left panel)
RAW264.7 cells were transfected with siRNA against p38. The knock-
down level of p38 was measured through real-time PCR. (A, Middle
panel) Two days after transfection, the cells were treated with LPS
(1 pg/ml) for the indicated times. Immunoblotting analysis was per-
formed in order to detect the levels of p38 and cJun among
RAW264.7 cells with p38-knockdown after LPS stimulation. (A, Right
panel) Immunoblotting analysis was carried out in order to detect the
levels of p38 and cJun among RAW264.7 cells with p38-knockdown
during either SO or LPS exposure. (B) RAW264.7 cells were trans-
fected with Flag-p38 for the indicated times, and then Flag and cJun
levels were analyzed through immunoblotting analysis. () HEK293T
cells were transfected with Flag-p38 and Myc-c-Jun for 24 hours,
followed by SO treatment. After preparing cell lysates, immunopre-
cipitation and immunoblotting analyses were performed in order to
check the levels of Flag and Myc. (D) IP-kinase assay was then per-
formed in the presence or absence of enzyme (immunoprecipitated
p-p38) and substrate (immunoprecipitated cJun). Immunoblotting analysis
was then performed to determine the levels of phospho-cJun and cJun.
() HEK293T (2 x 10° cells/ml) cells were then transfected with
HA-p38 and CFP-TRIF for 24 hours. The levels of p-p38 and cJun
were detected through immunoblotting analysis. (F) RAW264.7 cells
were treated with Anisomycin (Aniso) for 24 hours at the indicated
concentrations. The levels of p-p38 and cJun were detected through
immunoblotting analysis. *P < 0.05 or *P < 0.01 compared to the
normal group and *P < 0.05 or **P < 0.01 compared to control
groups. Normal group: (A Middle panel) si-Con without LPS (0 min),
(A Right panel) without LPS treatment, (C) Flag-p38 (—) + Myc-cjun
(=) + SO (), (B HAp38 (—) + CFP-TRIF (—), (F) Aniso (—). Control
group: (A Left panel) si-Con, (A Right panel) si-Con + LPS, (B)
Flagp38 (—), (O MyccJun (+), (D ATP (+) + IPedcJun (+), IPed-p-p38
(—), (E) CFP-TRIF (+). Blue notation: (A Middle panel) compared to the
same time points, (A Right panel) compared with si-Con + SO (+).
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increase in the phosphorylation of p38 while, as expected, a
decreased level of c-Jun was observed (Fig. 3E). Additionally,
we treated RAW264.7 cells with anisomycin, a well-charac-
terized p38 activator and protein synthesis inhibitor. The aniso-
mycin treatment increased the phosphorylation of p38, and also
induced cJun degradation among RAW264.7 cells (Fig. 3F).

p38-mediated c-Jun degradation is ubiquitin-dependent
Ubiquitination-dependent cJun degradation has been widely
analyzed (11), but whether SO-induced c-Jun degradation is ubi-
quitin-proteasome dependent still remains unknown. In this study,
we utilized MG132, a known proteasome inhibitor, in order to
identify the ubiquitin-proteasome dependencies within SO-me-
diated c-Jun degradation among LPS-stimulated RAW264.7
cells. Pre-treatment with MG132 led to a clear recovery of c-Jun
protein levels following SO-mediated c-Jun degradation among
LPS-stimulated RAW264.7 cells (Fig. 4A), which indicated that
SO-mediated c-Jun degradation is a ubiquitin-proteasome-depen-
dent event. We confirmed this regulation by inducing the over-
expression of p38 and TRIF among HEK293T cells with the
addition of MG132. As indicated by Fig. 4B, c-Jun protein levels
were consistently recovered within the MG132-treated group,
and using a similar design, we performed c-Jun immunopre-
cipitation and immunoblotting analysis with the usage of ubi-
quitin antibodies. Interestingly, increased band intensity was
detected in the blot with a molecular weight around 43-48
kDa, within which c-Jun was present (Fig. 4C).

DISCUSSION

In order to expand the regulatory mechanisms of MAPK signal-
ing with respect to cJun degradation, we used SO, a tyrosine
phosphatase inhibitor, which has been reported to induce MAPK
activation (12). LPS treatment increased both c-Jun mRNA and
protein levels (Fig. 2A, C), and intriguingly, the treatment with
SO reduced the cJun protein level, but not its mMRNA level,
among LPS-induced murine macrophages (Fig. 2A, C). This de-
crease in cJun protein levels could be due to a decrease in
transcription or post-translational modification through protea-
some degradation. According to our results, SO was found to
regulate c-Jun degradation, but not at the transcriptional level.
This supports the plausible implication that tyrosine phosphory-
lation induced the MAPK signaling during the regulation of
cJun degradation. In addition, we observed that only the selec-
tive p38 inhibitor was able to recover the c-Jun protein levels
following SO-mediated depletion, whereas JNK and ERK inhi-
bitors failed to do so (Fig. 3). Interestingly, NSC95397, an ir-
reversible Cdc25 dual specificity phosphatase inhibitor, was
shown to also induce a decrease in c-Jun protein levels, and
further decreases were not observed after treatment with p38-
selective inhibitor (Fig. 2G, Right panel). The results also showed
that SO strongly induced the phosphorylation of p38, while
cJun levels were also decreased by this compound among
LPS-treated RAW264.7 cells (Fig. 2H). Interestingly, the levels
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Fig. 4. p38-mediated cJun degradation is ubiquitin-dependent. (A)
RAW264.7 cells (1 x 10° cellsml) were pre-treated with SO (400 pM),
followed by LPS (1 pg/ml) incubation for 45 minutes, and then further
treated with MG132 (30 uM) 4 hours before harvesting the cells.
The levels of cJun were analyzed by immunoblotting analysis. (B)
HEK293T cells were transfected with HA-p38 and CFP-TRIF for 24
hours. MG132 (15 uM) was then added 4 hours prior to cell har-
vesting. The protein levels of p-p38, c-Jun, and B-actin and mRNA
levels of cJun and GADPH were then analyzed through immuno-
blotting and RT-PCR. (C) HEK293T cells were transfected with HA-p38
and CFP-TRIF for 24 hours. MG132 (15 uM) was then added 4 hours
prior to cell harvesting. Cell lysates were then subjected to immuno-
precipitation with c-Jun antibodies, and the levels of Ub were de-
tected through immunoblotting analysis. (D) A schematic illustration
depicting the dominant role of p38 in the regulation of cJun degra-
dation. P < 0.05 or P < 0.01 compared to the normal group and
*P < 0.05 or **P < 0.01 compared to control groups. Normal group:
(A) without treatment, (B; C) MG132 (—) + HAp38 (—) + CFP-TRIF
(—). Control group: (A) LPS alone, (B; C) HA-p38 (+) + CFP-TRIF (+).

of p-p38 (seen between 0 to 30 min) and c-Jun (seen between
45 to 120 min) showed opposite patterns in LPS-treated RAW264.7
cells (data not shown). These results further demonstrated that
p38 is a major MAPK within the regulation of c-Jun degrada-
tion under SO-treated conditions.

The knockdown and overexpression of p38 confirmed the
positive regulation by p38 on cJun degradation. Similar to JNK,
p38 has been demonstrated to directly phosphorylate c-Jun at
Ser-63 and Ser-73, and thus modulate the transcriptional acti-
vity of AP-1 (13). Based on our data, the phosphorylation of p38
appears to play an important and sufficient role in inducing
cJun ubiquitination (Fig. 4). However, the dependencies of c-Jun
degradation, with respect to the particular site of c-Jun phos-
phorylation, still remain elusive. GSK3 phosphorylates cJun at
Ser243 and Thr239, which are required for Fow7-mediated
cJun degradation (14). C-terminal Src kinase has been shown
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to bind with, and directly phosphorylate, c-Jun at Y26 and
Y170, promoting c-Jun degradation and reduced stability (15).
Of particular note, our findings indicate that there is a major
involvement of p38 in c-Jun degradation during inflammatory
response conditions. However, whether p38 can directly phos-
phorylate c-Jun at similar phosphorylation sites, and subsequent-
ly mediate c-Jun degradation, is a question that must be addressed
in future studies. In addition, because phosphorylation of p38
is governed by both upstream kinases and particular phospha-
tases, it is also important to identify the exact molecular player,
if it happens that p38 is not the direct regulator of this mecha-
nism. Our results shed light on a plausible, novel p38/c-Jun
molecular axis which governs c-Jun degradation during the in-
flammatory response.

Conclusively, we found that phosphatase inhibition govern-
ing MAPK signaling mediates c-Jun degradation among LPS-
stimulated RAW264.7 cells. Additionally, further analysis indicated
that the dominant role of p38 in the positive regulation of
cJun degradation in an inflammatory response model, as sum-
marized in Fig. 4D. The phosphorylation of p38 promotes c-Jun
degradation through the induction of cJun protein ubiquiti-
nation. These results highlighted the novel regulatory role of
p38 within the inflammatory response through the regulation
of the protein level of c-Jun/AP-1 transcription factors.

MATERIALS AND METHODS

Materials

Sodium orthovanadate was purchased from Sigma-Aldrich (St.
Louis, MO, USA). Phosphospecific or total-protein antibodies
were purchased from Cell Signaling Technology (Beverly, MA,
USA).

Cell culture

RAW264.7 cells (ATCC number TIB-71) and HEK293T cells (ATCC
number CRL-1573) were cultured in RPMI 1640 and DMEM
media, respectively.

Determination of PGE; level

The inhibitory effect of SO on the production of PGE, was
determined by analyzing the level of PGE, using EIA kits, as
previously described (16).

Cell viability test
The viability of SO-treated RAW264.7 cells was checked by a
conventional MTT assay, as previously reported (17).

Preparation of whole-cell lysates, nuclear fractions, and
immunoblotting analysis

Preparation of whole-cell lysates was done as described pre-
viously (18). Nuclear fractionation was done according to a
previous report (18). Immunoblotting analysis of both nuclear
fractionation and whole-cell lysates was performed as indi-
cated previously (18).
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Immunofluorescence-Confocal microscopy
After washing the cells, Confocal microscopic analysis was carried
out according to previous reports (19).

Plasmid DNA and siRNA transfection
See Supplementary data section.

mRNA expression analysis by semiquantitative reverse
transcriptase (RT)-polymerase chain reaction (PCR) and
real-time PCR

Analysis of mRNA expression by semiquantitative RT-PCR and
real-time PCR was performed as previously described (20). The
primer sequences were used as reported previously (21, 22).

Immunoprecipitation (IP)
Immunoblotting analyses were then performed using these lysates
prepared with immunoprecipitation buffer previously reported (21).

IP-kinase assay
See Supplementary data section.

Statistical analysis
See Supplementary data section.
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