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Background: The protein kinase p38� mediates cellular responses to stress and immune signals.
Results: Loss of p38� in epithelial cells results in aberrant activation ofmultiple protein kinases and disrupts tissue homeostasis.
Conclusion: Epithelial tissue homeostasis requires cross-regulatory interactions between p38� and other protein kinases.
Significance: These findings provide clues about how to prevent the adverse effects of p38 inhibitors.

The epithelium of mucosal and skin surfaces serves as a per-
meability barrier and affords mechanisms for local immune
defense. Crucial to the development andmaintenance of a prop-
erly functioning epithelium is the balance of cell proliferation,
differentiation, and death. Here we show that this balance
depends on cross-regulatory interactions among multiple pro-
tein kinase-mediated signals and their coordinated transmis-
sion. From an investigation of conditional gene knock-outmice,
we find that epithelial-specific loss of the protein kinase p38�
leads to aberrant activation of TAK1, JNK, EGF receptor, and
ERK in distinct microanatomical areas of the intestines and
skin. Consequently, the epithelial tissues display excessive pro-
liferation, inadequate differentiation, and sensitivity to apopto-
sis. These anomalies leave the tissue prone to damage and col-
lapse at the trigger of an environmental insult. The vulnerability
of p38�-deficient epithelium predicts adverse effects of long
term pharmacological p38� inhibition; yet such limitations
could be overcome by concomitant blockade of one or more of
the dysregulated protein kinase signaling pathways.

Protein kinases are central elements of intracellular signaling
pathways involving reversible protein modification. Various
physiological cues trigger chain reactions of protein phosphor-
ylation within the cell and alter the activity of the specific pro-
teins at the end points of the biochemical cascades. Such a sig-
naling process commonly entails concurrent activation of
multiple protein kinase modules. To ensure an appropriate
physiological output, modular signals that are transmitted in
parallel must be collectively coordinated as well as individually
controlled.

The MAP kinases ERK, JNK, and p38 share structural and
enzymatic properties and are activated via similar three-tiered
protein kinase cascades (1–3). Identifying the downstream tar-
gets has been deemed instrumental in understanding how indi-
vidual MAP kinases exert their physiological functions, a view
positing linearity and independence of their actions. However,
in many, if not all, circumstances, the three MAP kinase family
members are jointly activated by a single stimulus, and the sig-
nals they relay are integrated rather than independently pro-
cessed. Therefore, it is vital to elucidate how the MAP kinase
modules are wired into a regulatory network that enables the
flow of signals in tune and balance.
Epithelial tissues in the intestinal mucosa and skin undergo

relatively high rates of turnover throughout the life of the orga-
nism. To replenish cells lost due to normal shedding and injury,
intestinal and skin stem cells cycle to produce transit-amplify-
ing cells, which rapidly proliferate and then differentiate into
specialized and functionally competent epithelial cells (4). Cells at
distinct stages in this process are located in different areas along
the villus-crypt axis and in different layers of the stratified epider-
mis (5). Perturbed epithelial tissue homeostasis leads to a func-
tional deterioration such as disruption of permeability barrier and
impaired immune surveillance. Consequently, the affected tissue
incurs risks of inflammatory and neoplastic diseases (6–9).
The ubiquitously expressed protein kinase p38� is one of the

four mammalian p38 isoforms, and its activity is sensitive to
inhibition by many anti-inflammatory compounds (10, 11).
Systemic p38� ablation inmice resulted in embryonic and post-
natal developmental defects (12–17), thus precluding precise
identification of physiological functions of p38� in adult tis-
sues. Subsequent studies, including our study, reported the
generation of mutant mice with cell type-specific deletions of
the p38� gene (18–24). Loss of p38� alone was sufficient to
suppress inflammatory responses in various disease models,
thus accounting for the efficacy of p38 inhibitors against
inflammatory pathology and validating p38� as an important
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target for anti-inflammatory therapies (19–21). Notably, such
beneficial effects were afforded even when interference with
p38� signaling was targeted to a specific cell type. These prom-
ising results notwithstanding, recent clinical studies have revealed
anewchallenge to therapeutic approaches basedonp38blockade:
p38 inhibitors exerted toxic effects and brought about adverse
events,which ranged fromskin rashes togastrointestinal reactions
to liver damage (25–27). Themechanistic bases for the detrimen-
tal effects of p38 blockade remain unclear.
Here, we demonstrate that p38� plays a key role in limiting

the activation of multiple protein kinases in diverse cell types.
Using conditional gene ablation approaches, we simulate
chronic disturbance of p38� function in enterocytes and kera-
tinocytes (epithelial cells of the intestine and skin, respectively),
and show that p38�-mediated coordination of protein kinase
signaling is essential for tissue homeostasis in the intestinal
mucosa and skin. These regulatory mechanisms are likely
impaired by long term pharmacological inhibition of p38�, and
their restoration may alleviate the adversity of p38 inhibitors.

EXPERIMENTAL PROCEDURES

Animals, Primary Cells, and Cell Lines—All animal studies
were performed under the Institutional Animal Care and Use
Committee-approved protocols. K-KO (Mapk14fl/fl-K14Cre),
M-KO (Mapk14fl/fl-LysMCre), and D-KO (Mapk14fl/fl-
CD11cCre) mice were described previously (19, 28). IEC-KO
mice were generated by crossing Mapk14fl/fl mice (18) with
VilCre mice (29) from The Jackson Laboratory. All animals
were on aC57BL/6J background. Primarymouse keratinocytes,
macrophages, and dendritic cells were isolated and cultured as
described (19, 28). MODE-K mouse intestinal epithelial cells
were described previously (30). 293T human kidney epithelial
cells and RAW264.7 mouse macrophage cells were obtained
from the American Type Culture Collection. Immortalized
mouse fibroblasts were derived from a C57BL/6J embryo.
Reagents—Cultured cells were treated with mouse recombi-

nant tumor necrosis factor (TNF#; a gift from C. Libert, Ghent
University), human recombinant TNF (R&D Systems), LPS
(Sigma-Aldrich), Pam3CSK4 (InvivoGen), recombinant mouse
EGF (PeproTech), the p38 inhibitors SC409 andSB202190 (EMD
Millipore), thepeptide JNKinhibitorD-JNKi (EMDMillipore), the
ERK inhibitor PD98059 (EMD Millipore), and the proteasome
inhibitorMG132 (EMDMillipore). Antibodies against the follow-
ing proteins were used in immunoblotting, immunoprecipitation,
and immunostaining:phosphorylated (p-)p38 (9211),ERK(9102),
p-ERK(9101), p-JNK(9251), p-MAPKAPK-2 (p-MK2;3007),EGF
receptor (EGFR; 4267),2 p-EGFR (4407), p-c-Jun (9261), Lys-48-
linked polyubiquitin chain (4289; all fromCell Signaling Technol-
ogy); p38� (sc-535; Santa Cruz Biotechnology); JNK (554285; BD
Biosciences); transforming growth factor �-activated kinase 1
(TAK1; a gift fromP.Cohen,University ofDundee); p-TAK1 (31);
ubiquitin (MMS-257P), K14 (PRB-155P), HA (MMS-101P; all
from Covance); Ki67 (M7249; Dako); K1 (ab9286; Abcam); and
actin (A4700; Sigma-Aldrich).

Plasmid DNA and siRNA Transfection—Plasmid vectors
expressing TAK1 and the constitutively active p38� variant
(p38�CA), p38� D176A/F327S, were described previously (32,
33). Control siRNAwas an siRNA negative control duplex with
medium GC content (Invitrogen). Mouse p38� siRNA was
from the Stealth RNAi collection (Invitrogen) and a duplex of
the following synthetic oligonucleotides: sense, 5�-ccagcaac-
cuagcugugaacgaaga-3�; and antisense, 5�-ucuucguucacagcuag-
guugcugg-3�. Cell transfection with plasmid DNA and siRNA
was performed using FuGENE HD (Roche) and Lipofectamine
RNAiMAX (Invitrogen) transfection reagents, respectively.
Cells were used for subsequent analyses 48 h after transfection.
Protein Analysis—Whole cell lysates were prepared and ana-

lyzedby immunoblottingasdescribed (34).HA-TAK1proteinwas
immunoprecipitated from whole cell lysates with anti-HA anti-
bodyandproteinG-agarosebeads (Cell SignalingTechnology).To
immunoprecipitate ubiquitinatedproteins,whole cell lysateswere
incubated with anti-ubiquitin antibody in the presence of 0.5%
3-[(cholamidopropyl)dimethylammonio]-1-propanesulfonate.
Chemically Induced Inflammation—To induce intestinal

injury and inflammation, dextran sulfate sodium (DSS; 3.5% in
drinking water) was orally administered tomice for 7 days. Sur-
vival and body weight were monitored daily over a period of 14
days. Colon tissue samples were collected for analysis on day 7
from independent groups of animals. To irritate skin, 12-O-
tetradecanoylphorbol-13-acetate (TPA; 10 �g in acetone) was
applied to the shaved back skin of mice on two consecutive
days. Skin tissue samples were collected for analysis 2 days after
the second TPA treatment.
Histology and Immunofluorescence—Mouse ileum, colon,

and skin samples were frozen in OCT medium or formalin-
fixed and embedded in paraffin. Sections mounted on slides
were stained with hematoxylin and eosin or Alcian Blue and
incubated withmarker-specific antibodies for immunostaining
(19) and analyzed by immunofluorescencemicroscopy. Freshly
prepared frozen colon tissue sections were incubated with
2�,7�-dichlorodihydrofluorescein diacetate (5�M; Invitrogen) at
37 °C for 30 min for detection of reactive oxygen species by fluo-
rescencemicroscopy. BrdU andTUNEL staining were performed
using the BrdU in situ detection kit (BD Biosciences) and the in
situ cell death detection kit (Roche Applied Science), respectively.
Fluorescence intensity was determined using ImageJ software
(National Institutes of Health).
Statistical Analysis—p values were obtained with the unpaired,

two-tailed Student’s t test.

RESULTS

The suppression of JNK activation by NF-�B signaling rep-
resents a cross-regulatory mechanism in the intracellular sig-
naling pathways downstream of the TNF receptor and explains
the apoptotic sensitivity (35–37) and deregulated proliferation
(38, 39) of TNF-stimulated cells that are devoid of NF-�B activ-
ity. Evidence of a similar role for p38� is now accumulating:
genetic ablation of p38� has been shown to result in increased
JNK activation in mice (16, 19, 21, 22). Besides, some studies
have reported that p38�-deficient cells exhibit higher ERK acti-
vation as well (19, 21). To establish the effects of p38� ablation
on signaling by other MAP kinase family members, we system-

2 The abbreviations used are: EGFR, EGF receptor; DSS, dextran sulfate sodium;
p38�CA, constitutively active p38� variant; TAK1, transforming growth
factor �-activated kinase 1; TPA, 12-O-tetradecanoylphorbol-13-acetate;
KD, knockdown.
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FIGURE 1. Ablation of p38� expression results in ERK and JNK hyperactivation in various cell types. A, MODE-K mouse intestinal epithelial cells were
transfected with siRNA specific to p38� mRNA (p38�-KD) and control siRNA (control-KD) and treated with TNF (50 ng/ml). Whole cell lysates were prepared
after the indicated durations of stimulation and analyzed by immunoblotting with antibodies against the proteins indicated on the left. B–D, keratinocytes (B),
bone marrow-derived macrophages (C), and lymph node dendritic cells (D) were prepared from the indicated mice and treated with TNF (20 ng/ml), LPS (100
ng/ml), and Pam3CSK4 (1 �g/ml). Whole cell lysates were prepared and analyzed as described in A.

FIGURE 2. Epithelial-specific p38� ablation leads to a proliferation-differentiation imbalance in the intestinal mucosa. A, whole cell lysates from WT and
IEC-KO tissues were analyzed by immunoblotting with antibodies against the proteins indicated on the left. B–E, ileum tissue sections from WT and IEC-KO mice
were analyzed by hematoxylin and eosin staining (B), immunostaining with BrdU-specific antibody (D, upper panel), and Alcian Blue staining (D, lower panel).
Black and gray lines with double arrows indicate villus and crypt length, respectively (B). Scale bar, 100 �m. The numbers of epithelial cells constituting villus and
crypt units (C), and the numbers of BrdU� cells and Alcian Blue� goblet cells per crypt (E) were determined. Data represent means � S.E. *, p � 0.05.
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atically compared ERK and JNK activation in various types of
cells with and without p38� expression.

We first examined TNF-induced signaling in mouse
MODE-K intestinal epithelial cells. In MODE-K cells trans-
fected with control siRNA, the amount of phosphorylated ERK
and JNK, the active forms of the protein kinases, increased 5, 10,
and 15min after TNF treatment and then declined to the levels
in untreated cells by 30 min. Knockdown (KD) of endogenous
p38� expression by siRNA resulted in prolonged ERK and JNK
phosphorylation up to at least 60 min (Fig. 1A). We previously
generated keratinocyte-specific p38� knock-out mice, K-KO
and observed efficient p38� ablation in their epidermis (19).
ERK and JNK hyperactivation also occurred in K-KO mouse-
derived keratinocytes treated with TNF (Fig. 1B). We extended
this analysis to bone marrow-derived macrophages and lymph
node dendritic cells. These cells were prepared from cell type-
specific p38� KO mice, M-KO and D-KO, respectively, in
which p38� ablation was targeted to the corresponding cell
types (19, 28). Again, loss of p38� in these cells led to elevated
and prolonged activation of ERK and JNK in response to the
Toll-like receptor agonists LPS andPam3CSK4 (Fig. 1,C andD).
Therefore, depending on the cell types tested, p38� ablation
brought about increased ERK and JNK signaling in either dura-
tion or intensity or both.
To study p38�-dependent regulation of MAP kinase signal-

ing in a physiological context, we investigated the epithelium of
mouse intestinal mucosa and skin. To this end, we generated
mice lacking p38� in intestinal epithelial cells, designated IEC-
KO. Expression of p38� in the ileal and colonic epithelia of
IEC-KO mice was almost completely abolished (Fig. 2A). The
most salient feature in IEC-KO intestinal epithelia was elon-
gated villi and crypts (Fig. 2B). The numbers of cells circum-
scribing a villus and a crypt in the ileum of IEC-KO mice were
greater than those inWT ileum (Fig. 2C). This hyperplasia was
accompanied by amildly increased number of proliferating epi-
thelial cells (with BrdU incorporation) and drastically reduced
abundance of mature, mucus-secreting goblet cells (Fig. 2, D and
E). This phenotype was also detected in another independently
generated line of intestinal epithelial cell-specific p38�-KO mice
(21). A more pronounced imbalance between proliferation and
differentiation was detected in the colonic epithelium of
IEC-KO mice, which we will describe shortly.
The epidermis of K-KO mice, if left unchallenged, had no

discernable anomalies but showed notable parallels with
IEC-KO intestinal epithelia when irritated and inflamed by epi-
cutaneous treatment with TPA. TPA-irritated WT and K-KO
skin displayed epidermal hyperplasia to similar extents, yet
there were a greater number of proliferating cells in K-KO epi-
dermis withmultiple layers of Ki67� keratinocytes whereas cell
proliferation in the WT counterpart was confined to a single
keratinocyte layer (Fig. 3A). Furthermore, keratinocyte differ-
entiation, as indicated by the expression of the differentiation
marker keratin K1, was severely arrested in K-KO epidermis
(Fig. 3B). Cultured keratinocytes from K-KO mice exhibited a
similar defect in differentiation in vitro as shown by reduced
expression of the differentiation marker involucrin (Fig. 3C).
We sought to determine whether the dysregulation of MAP

kinase signaling in IEC-KO intestinal mucosa occurs through-

out the p38�-deficient epithelium or in a spatially restricted
pattern. To locate the tissue area of ERK activation, we analyzed
WT and IEC-KO colon sections by immunostaining for phos-
phorylated ERK. A strong signal representing the active form of
ERK was detected mainly in the crypt base in both WT and
IEC-KO mice. Tissue areas showing ERK activation was, how-
ever, expanded in IEC-KO comparedwithWT colons (Fig. 4A).
The areas with active ERK signaling overlappedwith those con-
taining proliferating epithelial cells (Fig. 4B). As in ileum tissue,

FIGURE 3. Epithelial-specific p38� ablation leads to a proliferation-differ-
entiation imbalance in the skin. A and B, the shaved back skin of WT and
K-KO mice was left untreated or treated with TPA (10 �g/animal) on two
consecutive days; 2 days later, skin tissue sections were prepared from
untreated and TPA-treated mice and analyzed by immunostaining with Ki67-
specific antibody (A) and with Lys-14- and Lys-1-specific antibodies (B). Scale
bar, 100 �m. C, keratinocytes from the indicated mice were treated with cal-
cium chloride (2 mM) to induce differentiation. Whole cell lysates were pre-
pared at the indicated time points and analyzed by immunoblotting with
antibodies against the proteins indicated on the left. d, day.
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IEC-KO colonic tissue contained an increased number of pro-
liferating cells than the WT counterpart (Fig. 4C).
Given the spatial overlap of ERK hyperactivation and epithe-

lial hyperproliferation in the crypt base of IEC-KO mice, we
sought to test the causality between the two phenomena. The
crypt base harbors intestinal stem cells and displays high EGFR
signaling (40). It has been shown that intestinal stem cell pro-
liferation is driven by EGFR and downstream ERK activation in
bothmammals and fruit flies (40–42).We therefore chose EGF
as an inducer of ERK activity and cell proliferation for our in
vitro model. MODE-K cells were stimulated with EGF in a

serum-deprived condition topreventhighbasal ERKphosphor-
ylation in the presence of serum. This condition of EGF treat-
ment caused a transient induction of phosphorylation of p38
and ERK but not JNK. KD of p38� resulted in enhanced ERK
activation (Fig. 4D) and increased proliferation (Fig. 4E) of
EGF-stimulated MODE-K cells. Blockade of ERK activation by
chemical inhibitor treatment prevented the effects of both EGF
and p38� KD on cell proliferation (Fig. 4E), confirming ERK
activity as crucial for EGF-dependent epithelial cell prolifera-
tion and suggesting hyperactivated ERK as a likely driver of the
enhanced proliferation of p38�-deficient cells.

FIGURE 4. Intestinal epithelial cells lacking p38� exhibit ERK hyperactivation at the crypt base and proliferate at higher rates in response to EGF. A–C,
colon tissue sections from WT and IEC-KO mice were analyzed by immunostaining with p-ERK- and BrdU-specific antibodies (A and B, respectively). LS, luminal
surface; CB, crypt base. Gray lines with double arrows indicate crypt length (B). Scale bar, 100 �m. The number of BrdU� cells per crypt was determined (C). Data
represent means � S.E. **, p � 0.01. D–H, MODE-K cells were transfected with siRNA as described in Fig. 1 and treated with EGF (10 ng/ml) and PD98059 (PD;
20 �M) as indicated. After addition to the cells, EGF was present in the culture media throughout the incubation period. Whole cell lysates were prepared after
the indicated durations of stimulation and analyzed by immunoblotting with antibodies against the proteins indicated on the left (D and F). Cell proliferation
(E) and p-EGFR and EGFR amounts (G and H) were determined at the indicated time points after stimulation. The relative protein amount denotes the
percentage of the protein intensity relative to the maximum in each immunoblot. Data represent means � S.E. **, p � 0.01 (PD98059-treated versus untreated);
*, p � 0.05 (p38�-KD versus control KD).
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Several studies have shown that p38� provides cues for deg-
radation (43, 44) and endocytosis (45, 46) of EGFR by either
directly phosphorylating it or acting through other regulatory
molecules.Consistentwith these findings, the abundanceof active
EGFR with phosphorylation at tyrosine 1173 and, to a lesser
extent, total EGFRwas increased inp38�-deficientMODE-Kcells
(Fig. 4, F-H), which accounts at least in part for the enhanced ERK
activation caused by epithelial p38� ablation.

In contrast to the localization of active ERK to the crypt base,
the immunostaining signals of the active forms of JNK and the
JNK substrate c-Jun were detected in the colonic luminal sur-
face (Fig. 5,A and B). The signals were substantially stronger in
IEC-KO thanWT colon sections. JNK signaling promotes var-
ious cellular processes, ranging from proliferation to differen-
tiation to death, depending on the cell type and physiological
context. Most notably, JNK hyperactivation has been linked to

FIGURE 5. Intestinal epithelial cells lacking p38� exhibit JNK hyperactivation at the luminal surface and predispose to inflammation-induced apo-
ptosis. A and B, colon tissue sections from WT and IEC-KO mice were analyzed by immunostaining with p-JNK- and p-c-Jun-specific antibodies (A and B,
respectively). LS, luminal surface; CB, crypt base. Arrowheads indicate areas where specific immunostaining is detected. Scale bar, 10 �m. C–F, WT and IEC-KO
mice were orally administered DSS (3.5% in the drinking water) for 7 days. Changes in body weight were monitored daily (C). Colonic tissue sections were
prepared on day 7 and analyzed by hematoxylin and eosin staining and TUNEL staining (E, upper and lower panels, respectively). Colonic tissue sections from
untreated and DSS-treated mice were incubated with 2�,7�-dichlorodihydrofluorescein diacetate (H2DCFDA) and analyzed by fluorescence microscopy (F).
Clinical scores indicate the extent of inflammation (leukocyte infiltration and edema) and epithelial damage (D). Data represent means � S.E. G and H, MODE-K
cells were transfected with siRNA and treated with TNF (10 ng/ml) as described in Fig. 1 in the absence and presence of D-JNKi (1 �M). The rate of apoptosis was
analyzed by agarose gel electrophoresis and ethidium bromide staining of genomic DNA obtained from the cells at the indicated time points (G) and TUNEL
staining 16 h after TNF treatment (H). The number within each image indicates percentage of TUNEL� cells and represents mean � S.D.
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TNF-induced apoptosis (47).We examinedwhether the chron-
ically elevated JNK activity in IEC-KO colon tissue enhanced
epithelial apoptosis during DSS-induced acute colitis, a condi-
tion producing a TNF-rich tissue environment. IEC-KO mice
developed more severe and longer-lasting inflammatory dis-
ease and incurred broader epithelial damage compared with
WT animals during and after DSS administration (Fig. 5,C and
D). The affected colon tissue in IEC-KO mice exhibited a col-

lapse in epithelial integrity and increased apoptosis (Fig. 5E)
and produced higher amounts of reactive oxygen species
(Fig. 5F). To verify whether p38� deficiency leads to cell-
intrinsic sensitivity to TNF-induced apoptosis in a JNK-de-
pendent manner, we subjected MODE-K cells to p38� KD
and TNF stimulation without and with JNK inhibitor treat-
ment. This experiment confirmed the link between pro-
longed JNK activation following TNF exposure (Fig. 1A) and

FIGURE 6. Ablation of p38� expression results in TAK1 hyperactivation in various cell types. A–D, MODE-K cells (A), keratinocytes (B), bone marrow-
derived macrophages (C), and lymph node dendritic cells (D) were prepared, treated, and analyzed by immunoblotting as described in Fig. 1. E, colon tissue
sections from DSS-treated WT and IEC-KO mice were prepared as described in Fig. 5 (left). Skin tissue sections from TPA-treated WT and K-KO mice were
prepared as described in Fig. 3 (right). Both types of tissue sections were analyzed by immunostaining with p-TAK1-specific antibodies. Arrowheads indicate areas
where specific immunostaining is detected. Scale bar, 100 �m. F and G, MODE-K cells (F) and immortalized mouse embryonic fibroblasts (G) were transfected with
control and constitutively active p38� (p38�CA)-expressing plasmid vectors, treated with TNF 24 h after transfection and analyzed as described in Fig. 1. Anti-p-p38
antibody detects both transfected (gray arrow) and endogenous p38 (black arrow). H and I, 293T cells were transfected and treated with TNF as described in F. A
plasmid vector expressing HA epitope-tagged TAK1 was included in all transfection samples. Whole cell lysates (Extracts) were further subjected to immunoprecipi-
tation with anti-HA antibody. Extracts and immunoprecipitated samples (IP) were analyzed by immunoblotting (H). The ratio of ubiquitinated and total HA-TAK1
amount in the immunoprecipitated proteins was determined by densitometry (I). (Ub)n-TAK1, polyubiquitinated (poly-Ub) TAK1.
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apoptotic sensitivity (Fig. 5, G and H) in p38�-deficient
intestinal epithelial cells.
JNK hyperactivation resulting from p38� deficiency was a

phenomenon shared by several different cell types examined
(Fig. 1). We explored signaling events upstream of JNK to trace
the cause of this dysregulation and found that p38� ablation
dramatically increased the amplitude andduration of activation
of the kinase TAK1, which relays signals from cytokine recep-
tors and Toll-like receptors to JNK (48). TAK1 hyperactivation
in the absence of p38� expression occurred in TNF-treated
epithelial cells andToll-like receptoragonist-treatedmacrophages
and dendritic cells (Fig. 6, A–D). Furthermore, we observed
increased intensity and thicker layersof immunostaining for active

TAK1 in the luminal surface of DSS-treated IEC-KO colons and
the epidermis of TPA-treated K-KO skin (Fig. 6E).
We testedwhether an enforced increase in p38� kinase activity

in cells would exert an effect opposite to that of p38� ablation. A
constitutively active p38� variant, p38�CA, when expressed in
MODE-K cells and immortalized mouse embryonic fibroblasts,
suppressed basal as well as TNF-induced TAK1 activity (Fig. 6, F
andG). In 293Tcells, active p38�promoted lysine 48-linkedubiq-
uitin chain conjugation to TAK1 (Fig. 6H), a process marking the
protein for proteasomal degradation. Curiously, total TAK1
amounts were increased rather than decreased by p38�CA coex-
pression (Fig. 6H). Therefore, the increase inTAK1ubiquitination
in p38�CA-expressing 293T cells may be at least attributable in

FIGURE 7. Inhibition of p38� kinase activity results in TAK1 hyperactivation via affecting TAK1 ubiquitination and turnover. A, RAW264.7 mouse
macrophage cells were preincubated with dimethyl sulfoxide (DMSO; 0.1%), SC409 (10 �M), and SB202190 (10 �M) before treatment with LPS (100 ng/ml).
Whole cell lysates were prepared after the indicated durations of stimulation and analyzed by immunoblotting with antibodies against the proteins indicated
on the left. Anti-p-TAK1 antibody and anti-TAK1 antibody detect proteins of higher apparent molecular weights (filled circles) in addition to those of the
expected size (open circles). Numbers on the right indicate corresponding molecular weight marker positions. B and C, RAW264.7 cells were transfected with an
HA-TAK1-expressing plasmid vector and treated with dimethyl sulfoxide, SC409, and LPS as described in A. Whole cell lysates were prepared and subjected to
immunoprecipitation with anti-HA antibody and analyzed by immunoblotting (B). The ratio of ubiquitinated and total HA-TAK1 amount in the immunopre-
cipitated proteins was determined by densitometry (C). D and E, RAW264.7 cells were preincubated with dimethyl sulfoxide and MG132 (20 �M) before
treatment with LPS. Whole cell lysates were prepared and analyzed by immunoblotting (D) as described in A. Whole cell lysate from cells preincubated with
MG132 and treated with LPS for 60 min (corresponding to the eighth lane in D; In, Input) was subjected to immunoprecipitation with control (�) and
anti-ubiquitin (Ub) antibody and analyzed by immunoblotting (E). poly-Ub, polyubiquitin.
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part to greater amounts of total TAK1.However, the ratio of ubiq-
uitin-conjugated and total TAK1 amount was still higher with
p38�CAcoexpression (Fig. 6I).Hence, themechanismofp38� reg-
ulation of TAK1 activation is possibly related to an accelerated
turnover of activated TAK1without proportionately reducing the
pool of total TAK1.
To gain further mechanistic insight into the regulation of

TAK1 activation by p38�, we examined LPS-induced intracel-
lular signaling in RAW264.7 mouse macrophage cells. Inhibi-
tion of p38� kinase activity with two different chemical com-
pounds, SC409 (49) and SB202190 (10), led to efficient
suppression of signaling downstream of p38�, as indicated by
decreases in MK2 phosphorylation. The p38� inhibitors, par-
ticularly SC409, recapitulated the aberrant activation of ERK,
JNK, and TAK1 caused by genetic loss of p38� (Fig. 7A). Of
note, extra TAK1 forms of higher than predicted molecular
weight were detected in RAW264.7 cells. Similar multiple
TAK1 formswere also generatedwhenTAK1was produced from
a transfected expression vector (Fig. 7B). Inhibition of p38� kinase
activity decreased incorporation of lysine 48-linked ubiquitin into
high-molecular weight TAK1 forms without causing changes in
total TAK1 amount (Fig. 7, B andC).
Given the disproportionate effects of p38� inhibition on

TAK1 ubiquitination and on total TAK1 abundance, we rea-
soned that active TAK1 comprised only a small proportion of
total TAK1 pool in LPS-treated RAW264.7 cells and that this
small TAK1 subset was preferentially targeted for proteasomal
degradation. In support of this idea, TAK1and JNKactivationwas
elevated and sustained inRAW264.7 cells treatedwithLPS in con-
junction with the proteasome inhibitor MG132 (Fig. 7D). Impor-
tantly, there was an accumulation of phosphorylated TAK1 with
molecular mass above 150 kDa in MG132-treated cells. These
high-molecularweight phosphorylated formswere alsoubiquitin-
conjugated (Fig. 7E), suggesting a role for ubiquitination and pro-
teasomal activity in the elimination of activated TAK1. ERK and
p38 activation was somewhat prolonged but not increased in
intensity by MG132 treatment. The differential effects of inhibi-
tion of proteasomal activity on the three MAP kinase cascades
illustrate a hitherto unknown complexity in this regulatory
circuitry.

DISCUSSION

Our findings reveal that p38� serves important regulatory
functions in the protein kinase signaling circuitry underlying
tissue homeostasis. Multiple protein kinase modules did not
operate with restraint and harmony when p38� was not avail-
able to control the magnitude and timing of their activation.
The failure of limiting and coordinating the activation of EGFR,
ERK, TAK1, and JNK led to complex physiological conse-
quences. Loss of epithelial p38� tipped the balance of tissue
homeostasis in favor of cell proliferation at the expense of dif-
ferentiation. This anomaly, along with the increased apoptotic
sensitivity, left the affected epithelium vulnerable to damage
following exposure to external injurious stimuli, and to self-
destructive inflammatory responses.
p38� has been shown to phosphorylate TAK1-binding pro-

tein (TAB1 (transforming growth factor �-activated kinase
1-binding protein)), an event having a negative effect on TAK1

activation (50).Weobservedp38�-dependentTAB1phosphor-
ylation in ultraviolet radiation B-exposed keratinocytes but not
convincingly in TNF-treated epithelial cells or Toll-like receptor
agonist-stimulated macrophages. It is therefore unclear whether
TAB1 phosphorylation is mechanistically related to TAK1 ubiq-
uitination and turnover. It remains a possibility that p38� regu-
lates TAK1 activation through multiple mechanisms in a cell
type- and signaling pathway-specific manner.
The tissue disturbances and susceptibility to inflammatory

damage that arise from genetic ablation of p38� expression
lend a likely explanation of the adverse effects resulting from
pharmacological inhibition of p38� in clinical studies. It is con-
ceivable that simultaneous inhibition of one or more of the
hyperactivated protein kinases can alleviate the toxicity of p38�
inhibitors. Alternatively, therapeutic targeting of molecular
events downstream of p38� but unrelated to the dysregulated
signaling pathways may prove equally efficacious as p38�
inhibitors while circumventing their adverse effects.
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