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Solar UV radiation is a major environmental factor that
causes DNA damage, inflammation, and even skin cancer.
T-LAK cell-originated protein kinase (TOPK) is expressed
widely in both normal and cancer cells and functions to inhibit
apoptosis and promote carcinogenesis. However, its function in
inflammation is not known. The p38 MAPK signaling pathway
plays an important role in solarUV light-induced inflammation.
In this study, we found that TOPK negatively regulated the
activity of p38� by phosphorylating the p38�-specific phospha-
tase MKP1 and enhancing the stability of MKP1. Notably, the
absence of TOPK in mice resulted in a striking increase in skin
inflammation. Therefore, we conclude that TOPK has a protec-
tive function in solar UV light-induced inflammation.

UV light is a well established carcinogen of squamous-type
tumors in mouse skin (1). UV light acts as both an initiator,
presumably by causing DNA damage leading to gene muta-
tions, and as a tumor promoter (2, 3). Because UV irradiation
cannot penetrate farther than the skin in humans, this organ is
the primary target for UV light-induced damage and carcino-
genesis. Solar UV light can be very harmful to human health,
causing DNA damage, inflammation, erythema, sunburn,
immunosuppression, photoaging, gene mutations, and skin
cancer (4). The inflammation produced by exposure toUV light
has been well documented clinically and histologically (5). The
MAPKs, especially p38, have been reported to be involved in
UV light-induced inflammation and related signal transduc-
tion (4).
The p38 MAPK pathway is a key regulator of proinflamma-

tory cytokine biosynthesis, including TNF-�, IL-1�, and
cyclooxygenase-2, at the transcriptional and translational levels
(6). In addition, p38 also acts downstream of cytokines, such as
TNF-�, mediating some of their effects. Thus, p38 has been the

subject of extensive efforts in both basic research and drug dis-
covery (7). The p38 protein can be phosphorylated by MKK3
andMKK6within a fewminutes after exposure to diverse stim-
uli (8). The MAPK phosphatase MKP1, an archetypal member
of theMKP family, plays a pivotal role in the deactivation of p38
through a dephosphorylation reaction. Studies using MKP1
knock-out mice have defined the critical importance of MKP1
in the regulation of proinflammatory cytokine synthesis in vivo
during the host response to Toll-like receptor ligands (9). Our
kinase array assay indicated that the p38 protein is activated
strongly by solar UV radiation3 and therefore might play a piv-
otal role in solar UV light-induced inflammation.
T-LAKcell-originated protein kinase (TOPK),4 a newly iden-

tified member of the MEK3/6-related MAPKK family, is
expressed in a wide range of proliferating cells and tissues,
including cancer cells and testis. TOPK (Thr-9) is phosphory-
lated by the Cdk1-cyclin B complex and associates withmitotic
spindles duringmitosis (10). TOPK phosphorylation of histone
H2AX prevents arsenite-induced apoptosis in RPMI7951 mel-
anoma cells (11). A positive feedback loop occurs between
TOPK and ERK2 through their phosphorylation of each other,
resulting in increased tumorigenesis properties of HCT116
colorectal cancer cells, which makes TOPK a new potential
therapeutic target (12). The phosphorylation level of p38 was
reported to be up-regulated after transfection of the TOPK
gene into COS-7 cells (13). However, we found that the phos-
phorylation level of p38 was increased in TOPK�/� mouse
embryonic fibroblasts (MEFs) compared with TOPK�/� MEFs
after stimulation with solar UV light. Our observations
reported here unveil a novel role for TOPK. TOPK negatively
regulates p38 activity through enhancement of the stability of
MKP1, which appears to result in decreased UV light-induced
inflammation.

EXPERIMENTAL PROCEDURES

Cell Culture and Transfections—TOPK�/� and TOPK�/�
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TOPK siRNA (siTOPK) human malignant melanoma epitheli-
um-like cell lines were maintained in HyClone DMEM with
10% FBS and in Eagle’s minimal essential medium with 10%
FBS, respectively. Cells were starved for 24 h in serum-free
medium before treatment with solar UV light. Transfection of
the various expression vectors was conducted using jetPEITM
cationic polymer transfection reagent (Polyplus-transfection
Inc., NewYork, NY) according to themanufacturer’s suggested
protocol.
Construction of Expression Vectors—For purification of the

His-MKP1 fusion protein, the pBluescriptR-MKP1 plasmid
(Thermo Scientific, Inc., Huntsville, AL) was amplified by PCR
using 5�-GACGACGACAAGATGGTCATGGAAGTGGGC-
ACCCTG-3� as the sense primer and 5�-GAGGAGAAGCCC-
GGTTCAGCAGCTGGGAGAGGTCGTAATG-3� as the anti-
sense primer. The PCR products were digested and cloned into
the pET-46Ek/LIC vector (Novagen). For expression of the full-
length V5-MKP1 fusion protein in HEK293T cells, the
pBluescriptR-MKP1 plasmid was amplified by PCR using 5�-
CGGGATCCCGATGGTCATGGAAGTGGGCACCCTG-3�
as the sense primer and 5�-CGTCTAGACGCCCAGCAGCT-
GGGAGAGGTCGTAAT-3� as the antisense primer. For
N-terminal expression of theMKP1 rhodanese (Rho) fragment,
5�-CGTCTAGACGCCAGAAAGGGCAGGATTTCCACCG-
GGCCACC-3� was used as the antisense primer. For C-termi-
nal expression of the MKP1 dual specificity phosphatase cata-
lytic (DSPc) fragment, 5�-CGGGATCCCGATGTACCTGGG-
CAGTGCGTATCAC-3� was used as the sense primer. The
PCR products were digested and cloned into the pcDNA3.1/
V5-HisA vector (Invitrogen).
Bacterial Expression and Purification of the His-MKP1

Fusion Protein—The His-MKP1 fusion protein was expressed
in Rosetta 2(DE3)pLysS bacteria (Novagen). Bacteria were
grown at 37 °C to an absorbance of 0.8–0.9 at 660 nm, induced
with 0.5 mM isopropyl �-D-thiogalactopyranoside overnight at
25 °C, and harvested by centrifugation. Cell pellets were sus-
pended in 50mMNaH2PO4 lysis buffer (pH 8.0) containing 300
mM NaCl and 10 mM imidazole. After sonication and centrifu-
gation, the supernatant fraction was incubated with nickel-ni-
trilotriacetic acid-agarose beads (Qiagen, Valencia, CA) over-
night at 4 °C. Beads were washed with lysis buffer and PBS and
then eluted with 250mM imidazole. After protein quantitation,
samples were separated by 10% SDS-PAGE, and visualized by
Coomassie Brilliant Blue staining or Western blotting with
anti-MKP1 antibody.
In Vitro Kinase Assay—To detect �-32P incorporation, 2 �g

of V5-MKP1wasmixedwith active PDZ-binding kinase/TOPK
kinase (0.2 �g/50-�l reaction; Cell Signaling) in 5� kinase
buffer containing 10 �M unlabeled ATP and 10 �Ci of
[�-32P]ATP (New England Biolabs) and incubated at 30 °C for
30min, and the reactionwas stopped by the addition of 6� SDS
loading buffer. Samples were separated by 10% SDS-PAGE and
visualized by autoradiography or Western blotting with anti-
MKP1 antibody.
Western Blotting and Immunoprecipitation—Cells (2 � 106)

were grown to 70–80% confluence and starved for 24 h in
serum-free medium before being stimulated by solar UV light
and then harvested in 300 �l of radioimmune precipitation

assay buffer, followed by disruption by sonication and centrifu-
gation at 12,000 rpm for 10 min. The quantity of protein was
determined by the Bradfordmethod (14). Protein samples were
subjected to SDS-PAGE and thenWestern blotting. Antibody-
bound proteins were detected by chemiluminescence (ECFTM,
Amersham Biosciences) and analyzed using a Storm 840 scan-
ner (Molecular Dynamics, Sunnyvale, CA). Untreated cells
were used as negative controls. For immunoprecipitation,
HEK293T cells were treated with solar UV light (60 kJ/m2) at
48 h after transfection and then disrupted in 200 �l of 1%
CHAPS buffer. Equal amounts of protein (0.5–1 mg) were sub-
jected to immunoprecipitation, followed by Western blot
analysis.
Animal Study—Adult TOPK�/� and TOPK�/� mice (6–8

weeks old, five per group for a total of three groups)were shaved
3 days before being irradiated with 142 kJ/m2 solar UV light.
Dorsal trunk skin sampleswere harvested at 0, 12, and 24 h after
irradiation. One-half of the samples were immediately fixed in
10% neutral buffered Zamboni’s reagent and processed for
H&E staining and immunohistochemistry. The other samples
were frozen and used for Western blot analysis.
Statistical Analysis—Significant differences were deter-

mined by one-way analysis of variance.

RESULTS

TOPK Inhibits Phosphorylation of p38� after Stimulation
with Solar UV Light—TOPK is a serine/threonine kinase that is
overexpressed and activated inmany kinds of tumors, including
melanoma (15), colon cancer (12), breast cancer (16), and
hematological malignancies (17). Multiple biological functions
of TOPK have been reported and include cell proliferation and
transformation, cell cycle regulation, tumorigenesis, and anti-
apoptotic actions. To elucidate the role of TOPK in solar UV
light-induced inflammation, which is characterized by high
activities of the p38MAPK signaling pathway, we usedMEFs to
study the activities of TOPK and p38� following solarUV treat-
ment. We found that the phosphorylation levels of both TOPK
and p38� increased in a time- and dose-dependent manner,
with the peak phosphorylation level of p38� occurring later
than that of TOPK (Fig. 1A). The phosphorylation levels of
ERK1/2 and JNK1/2 induced by solar UV light were also deter-
mined because of their strong relationship to theUVB signaling
pathway (1) and their reported cross-talk with the p38 signaling
pathway (18, 19). However, only a very slight increase could be
detected in the phosphorylation of ERK1/2 and JNK1/2
induced by solar UV light (supplemental Fig. S1A). We further
studied the effects of TNF-�, IL-1�, and LPS on the phosphor-
ylation level of p38 in TOPK�/� and TOPK�/� MEFs exposed
or not exposed to solar UV light. We found that p38 could be
negatively regulated by TOPK only upon solar UV stimulation.
TNF-�, IL-1�, or LPS had no effect (supplemental Fig. S1B). To
further confirm these results, we measured LPS-induced IL-6
production in TOPK�/� and TOPK�/� MEFs. We found that
the concentration of IL-6 decreased dramatically in TOPK�/�

cells stimulated with LPS (supplemental Fig. S1C), which is
consistent with the results of Western blotting. Thus, the p38
signaling pathway was identified as the primary MAPK signal-
ing pathway activated by solar UV light. TOPK was first cloned
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and reported to be a novel MEK3/6-relatedMAPKK, and p38�
was identified as one of the substrates of TOPK (13). To study
the role of TOPK in the phosphorylation level of p38�, we
treated TOPK�/� and TOPK�/� MEFs with solar UV light (60
kJ/m2) and harvested the cells at different time points. Unex-
pectedly, we found that the phosphorylation level of p38� was
dramatically increased in TOPK knock-out (TOPK�/�) MEFs
compared with wild-type TOPK (TOPK�/�) MEFs (Fig. 1B).
The same pattern of changes was also observed in RPMI7951
siMock and RPMI7951 siTOPK melanoma cell lines (Fig. 1C),
which express high levels of TOPK and knocked down TOPK,
respectively. These data demonstrate that solar UV light
induces the phosphorylation of TOPK and p38� and that
TOPK negatively regulates the activity of p38�.
TOPK Interacts withMKP1—To study themechanism of the

negative regulation of p38� by TOPK, we first determined the

effect of TOPK on the activities of the p38� upstream kinase
MKK3/6. We found that the phosphorylation level of MKK3/6
was not changed in TOPK�/� MEFs compared with TOPK�/�

MEFs after treatment with solar UV light (supplemental Fig.
S2). BecauseMKP1 is a specific phosphatase for p38� and plays
an important role in the regulation of inflammation, we rea-
soned that TOPK might affect the function of MKP1. To test
this hypothesis, we first determined whether an interaction
occurs betweenTOPKandMKP1 inHEK293 cells overexpress-
ing HA-TOPK and V5-MKP1. The results indicated that HA-
TOPK was detected in the immunoprecipitates obtained with
anti-V5 antibody (Fig. 2A). MKP1 comprises two domains with
different functions: an N-terminal regulatory Rho domain,
which is believed to determine substrate specificity by binding
the substrate, and a C-terminal DSPc domain. On the basis of
these domains, we constructed the Rho (1–543 bp) and DSPc
(544–1104 bp) domains in the pcDNA3.1A-V5 plasmid,
respectively, and cotransfected each with HA-TOPK into
HEK293T cells. HEK293T cell extracts were immunoprecipi-
tatedwith anti-V5 antibody, andHA-TOPKwas detected in the
immunoprecipitates obtained with anti-V5 antibody in both
the Rho and DSPc constructs (Fig. 2B). Next, we assessed the
interaction between endogenous TOPK andMKP1. RPMI7951
melanoma cell extracts were immunoprecipitated with anti-

FIGURE 1. TOPK inhibits the phosphorylation of p38�. A, the phosphor-
ylation levels of TOPK and p38� were increased in a time- and dose-depen-
dent manner. MEFs (2 � 106/10-cm dish) were stimulated with solar UV light
(60 kJ/m2) after 24 h of serum-free starvation, whole cell lysates were col-
lected at different time points as indicated (upper panels) or stimulated with
different doses of solar UV light as indicated (lower panels), and whole cell
lysates were collected at 30 min. The phosphorylation levels of TOPK (Thr-9)
and p38� (Thr-180/Tyr-182) were measured by Western blotting using spe-
cific antibodies. �-Actin was used as a loading control to verify equal protein
loading. B, the phosphorylation level of p38� was enhanced in TOPK�/�

MEFs. TOPK�/� and TOPK�/� MEFs were stimulated with solar UV light (60
kJ/m2) after 24 h of serum-free starvation, and whole cell lysates were col-
lected at different time points as indicated. The phosphorylation levels of
TOPK (Thr-9) and p38� (Thr-180/Tyr-182) were detected by Western blotting.
C, the phosphorylation level of p38� was enhanced in RPMI7951 siTOPK mel-
anoma cells. RPMI7951 siMock and RPMI7951 siTOPK melanoma cells were
used for Western blotting as described for B.

FIGURE 2. TOPK interacts with MKP1. A, TOPK bound to MKP1 in HEK293
cells after transient transfection. The pcDNA3-HA-TOPK and pcDNA3-
V5-MKP1 plasmids were cotransfected into HEK293 cells. After 48 h, whole
cell lysates were immunoprecipitated (IP) with anti-V5 antibody and then
probed with anti-HA antibody. The transfection efficiency and equal protein
loading were verified by Western blotting using whole cell lysates. IB, immu-
noblot. B, the Rho (1–543 bp) and DSPc (544 –1104 bp) domains were
constructed in the pcDNA3.1A-V5 plasmid, respectively, and each was
cotransfected with HA-TOPK into HEK293T cells. Cell extracts were immuno-
precipitated with anti-V5 antibody and detected with anti-HA antibody.
C, TOPK bound to MKP1 in RPMI7951 melanoma cells. Endogenous MKP1 was
immunoprecipitated from RPMI7951 melanoma cells using anti-MKP1 anti-
body or control IgG and then probed with anti-TOPK antibody (left panels), or
endogenous TOPK was immunoprecipitated from RPMI7951 melanoma cells
using anti-TOPK antibody or control IgG and then probed with anti-MKP1
antibody (right panels). D, RPMI7951 melanoma cells were stimulated with
solar UV light (60 kJ/m2) after 24 h of serum-free starvation, and whole cell
lysates were collected at different time points as indicated. Endogenous
MKP1 was immunoprecipitated from RPMI7951 cell lysates using anti-MKP1
antibody or control IgG and then probed with anti-TOPK antibody.
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MKP1 antibody or control IgG. TOPK was detected in the
immunoprecipitates obtained with anti-MKP1 antibody but
not in those obtained with control IgG (Fig. 2C, left panels).
Conversely, endogenous MKP1 was readily immunoprecipi-
tated with a TOPK-specific monoclonal antibody but not with
the control antibody (Fig. 2C, right panels).We also studied the
kinetics of the interaction of TOPK with MKP1 when stimu-
lated by solar UV light. We found that, after treatment with
solar UV light, the interaction of TOPK with MKP1 decreased
in a time-dependent manner (Fig. 2D). These data suggest that
TOPK interacts with MKP1.
TOPK Phosphorylates MKP1 at Ser-359 in Vitro and ex Vivo—

When a kinase binds to another protein, a phosphorylation
reaction might occur with high probability. TOPK is a serine/
threonine kinase, and therefore, we first examined whether
TOPK can phosphorylate MKP1 in vitro. His-MKP1 was
expressed and purified from Escherichia coli (supplemental Fig.
S3) and then used as a substrate together with active TOPK in
the presence of [�-32p]ATP in an in vitro kinase assay. Phosphor-
ylation of inactive MKP1 by active ERK2 was used as a positive
control. The results indicated that active TOPK could phos-
phorylate MKP1 (Fig. 3A). We further confirmed the results of
the in vitro kinase assay by Western blotting with a specific
antibody to detect phosphorylation of MKP1 at Ser-359. Phos-
phorylation of MKP1 by active ERK2 was used as a positive
control, andCoomassie Blue stainingwas used to confirm equal
protein loading. The results indicated that TOPK could phos-
phorylate MKP1 at Ser-359 (Fig. 3B). To further confirm that
TOPK can phosphorylate MKP1 and to investigate its effect on
the activity of p38� ex vivo, TOPK was cotransfected with
MKP1 into HEK293 cells and then stimulated with solar UV
light (60 kJ/m2, 30min), followed byWestern blotting to deter-
mine the phosphorylation levels of TOPK, MKP1, and p38�.
The results indicated that solar UV light could dramatically
induce phosphorylation of TOPK and p38� (Fig. 3C, lanes 3
and 4) compared with the controls (lanes 1 and 2). Solar UV
light-induced phosphorylation of TOPK was increased consid-
erably in TOPK-overexpressing HEK293 cells (Fig. 3C, lane 3
versus lane 4), which corresponded with the high phosphory-
lation level of MKP1. Also, corresponding with the high phos-
phorylation level ofMKP1, the endogenous phosphorylation of
p38� decreased markedly (Fig. 3C, lane 3 versus lane 4). The
results indicated that, after stimulation with solar UV light,
overexpression of TOPK resulted in a high phosphorylation
level of MKP1, which was associated with inhibition of p38�
phosphorylation. To confirm the relationship of TOPK and
MKP1 in RPMI7951 melanoma cells highly expressing TOPK
(Fig. 1C), we compared RPMI7951 siTOPK and RPMI7951
siMock cells. The results indicated that the phosphorylation
level of MKP1 decreased substantially after TOPK was blocked
by siTOPK (Fig. 3D). Overall, these data indicate that, after
stimulation with solar UV light, TOPK phosphorylates MKP1
at Ser-359 in vitro and ex vivo, which corresponds with the
down-regulation of p38� phosphorylation.
TOPK Increases the Stability ofMKP1—Thephosphorylation

ofMKP1might result in two functional changes: one to modify
its activity and the other to affect its stability. According to
Brondello et al. (20), the phosphorylation of MKP1 at Ser-359

has no effect on the enzyme activity of MKP1. Therefore, we
determined whether this phosphorylation has an effect on the
stability of the MKP1 protein. V5-MKP1 was expressed in
HEK293 cells together with FLAG-ubiquitin and HA-TOPK.
After treatment with MG132 and solar UV light, cell extracts
from each group were immunoprecipitated with anti-V5 anti-
body, and FLAG-ubiquitinwas detected in the immunoprecipi-
tates by Western blotting. The results indicated that overex-
pression of TOPK decreased the ubiquitination level of MKP1
compared with the control (Fig. 4A, lane 3 versus lane 4). After
treatment with solar UV light, the ubiquitination level ofMKP1
decreased much more compared with the untreated groups
(Fig. 4A, lane 2 versus lane 3). Transfection efficiency and equal
protein loading were confirmed by Western blotting using
whole cell lysates. To determine the effect of TOPK on the
endogenous ubiquitination ofMKP1, TOPK�/� andTOPK�/�

MEFs were used. After treatment with MG132 and solar UV

FIGURE 3. TOPK phosphorylates MKP1 at Ser-359 in vitro and ex vivo.
A, active TOPK phosphorylated MKP1 in vitro in the presence of [�-32P]ATP
and was visualized by autoradiography. ERK2 phosphorylation of MKP1 was
used as a positive control. B, TOPK phosphorylated MKP1 in vitro at Ser-359.
The kinase reaction mixtures were used for Western blotting with anti-phos-
pho-MKP1 (Ser-359) antibody. ERK2 phosphorylation of MKP1 was used as a
positive control. Equal protein loading was visualized by Coomassie Blue (CB)
staining. IB, immunoblot. C, TOPK promoted phosphorylation of MKP1 in
HEK293 cells. HEK293 cells were transfected with pcDNA3-HA-TOPK and
pcDNA3-V5-MKP1 as indicated, and at 48 h after transfection, cells were stim-
ulated with solar UV light (60 kJ/m2) and harvested 30 min later. Whole cell
lysates were then analyzed by Western blotting. D, the phosphorylation level
of MKP1 was attenuated in RPMI7951 siTOPK melanoma cells. RPMI7951
siMock and RPMI7951 siTOPK melanoma cells were stimulated with solar UV
light (60 kJ/m2) after 24 h of serum-free starvation, and whole cell lysates were
collected at different time points as indicated. The phosphorylation levels of
TOPK (Thr-9) and MKP1 (Ser-359) were detected by Western blotting.
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light, cell extracts from each group were immunoprecipitated
with anti-MKP1 antibody, and ubiquitin was detected in the
immunoprecipitates with anti-ubiquitin antibody. Compared
with TOPK�/� MEFs, the ubiquitination level of MKP1
decreased inTOPK�/�MEFs following treatmentwithMG132
(Fig. 4B). After stimulation with solar UV light, the ubiquiti-
nation level of MKP1 decreased dramatically in both cell
types, but the ubiquitination of MKP1 in TOPK�/� MEFs
was much less than that observed in TOPK�/� MEFs. West-
ern blot analysis of whole cell lysates confirmed equal pro-

tein loading. To further confirm these results, the half-life of
endogenous MKP1 in TOPK�/� and TOPK�/� MEFs was
examined after simultaneous treatment with solar UV light
and cycloheximide. Compared with TOPK�/� MEFs, the
half-life of MKP1 in TOPK�/� MEFs decreased to 90 min
(Fig. 4C). RPMI7951 siMock and RPMI7951 siTOPK cells
were used to validate the effect of TOPK on the half-life of
MKP1. Compared with RPMI7951 siMock cells, the half-life
ofMKP1 in RPMI7951 siTOPK cells also decreased to 90min
(Fig. 4D). Collectively, these data demonstrate that, after

FIGURE 4. TOPK enhances the stability of MKP1. A, TOPK decreased the ubiquitination of MKP1 in HEK293 cells after treatment with solar UV light (60 kJ/m2).
HEK293 cells were transfected with pCMV-FLAG-ubiquitin (Flag-Ub), pcDNA3-HA-TOPK, and pcDNA3-V5-MKP1 as indicated. At 48 h after transfection, cells
were stimulated with MG132 (10 �M) for 4 h, followed by exposure to solar UV light (60 kJ/m2) and harvesting 30 min later. The samples were immunoprecipi-
tated (IP) with anti-V5 antibody and detected with anti-FLAG antibody by Western blotting. The transfection efficiency and equal protein loading were verified
by Western blotting using the whole cell lysate. IB, immunoblot. B, endogenous ubiquitination of MKP1 in TOPK�/� MEFs was decreased compared with
TOPK�/� MEFs after treatment with solar UV light (60 kJ/m2). TOPK�/� and TOPK�/� MEFs were pretreated with MG132 (10 �M) for 4 h, followed by stimulation
with solar UV light (60 kJ/m2) and harvesting 30 min later. The samples were immunoprecipitated with anti-MKP1 antibody, and ubiquitin was detected with
anti-ubiquitin antibody by Western blotting. The phosphorylation of TOPK (Thr-9) and equal protein loading were confirmed by Western blotting using the
whole cell lysate. C, the half-life of MKP1 was shorter in TOPK�/� MEFs compared with wild-type cells. TOPK�/� and TOPK�/� MEFs were stimulated with
cycloheximide (CHX; 100 �g/ml) and solar UV light (60 kJ/m2) simultaneously. The protein level of MKP1 was detected by Western blotting. D, the half-life of
MKP1 was shorter in RPMI7951 siTOPK melanoma cells compared with RPMI7951 siMock cells. The half-life of MKP1 was assessed in RPMI7951 siMock and
RPMI7951 siTOPK melanoma cells as described for C.
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stimulation with solar UV light, TOPK increases the stability
of MKP1 to extend its half-life.
TOPK Attenuates Inflammation by Inhibiting p38 Signaling—

p38 MAPK plays a central role in regulating the function of
inflammatory cells and in cytokine signaling. This protein
kinase has been studied intensively in several chronic cytokine-
dependent inflammatory diseases, including rheumatoid
arthritis, Crohn disease, psoriasis, and asthma (21). In this
study, we found that TOPK could negatively regulate the activ-
ity of p38� by increasing the stability of its specific phosphatase,
MKP1. Therefore, we hypothesized that TOPK might play a
role in the regulation of inflammation induced by solar UV
light. We first examined the effect of solar UV light on inflam-
mation-related signaling downstream of the p38� signaling
pathway. MSK1 (mitogen- and stress-activated protein kinase
1) can be activated through phosphorylation by p38� (6), which
in turn phosphorylates NF-�B p65 at Ser-276 and promotes its
DNA binding and transcriptional activity (22). ATF2 (activat-
ing transcription factor 2) is activated by inflammatory signals
and is directly phosphorylated by p38 MAPK (23). ATF2 is
essential for maximal immediate induction of adhesion mole-
cules and cytokine genes, including the adhesion molecules
E-selectin, P-selectin, and VCAM-1, as well as the cytokines
TNF-�, IL-1�, and IL-6 (24). After stimulation with solar UV
light, the phosphorylation levels of both MSK1 and ATF2
increased in a time- and dose-dependent manner, and the
MSK1 downstream NF-�B p65 also displayed a similar pattern
of change (Fig. 5A). To explore the function of TOPK in inflam-
mation, TOPK�/� and TOPK�/� MEFs were used to deter-
mine the signaling pathway changes downstream of p38 after
stimulation with solar UV light and harvesting at different time
points. The phosphorylation levels of MSK1, NF-�B p65, and
ATF2 were much higher in TOPK�/� MEFs compared with
TOPK�/� MEFs (Fig. 5B). To determine whether the signaling
pathway changes could affect the secretion of inflammatory
cytokines, we determined the concentrations of IL-6 and
TNF-� in the culture media of TOPK�/� and TOPK�/� MEFs
after treatment with solar UV light and harvesting at different
time points. Solar UV light-induced secretion of IL-6 and
TNF-� was much higher in TOPK�/� MEFs compared with
TOPK�/� MEFs (Fig. 5C). In particular, solar UV light (60
kJ/m2) had little effect on the secretion of IL-6 in TOPK�/�

MEFs. Overall, TOPK inhibits the inflammation-related down-
stream signaling pathway of p38� and the secretion of cyto-
kines induced by solar UV light.
TOPK Inhibits Inflammation Induced by Solar UV Light in

Mouse Skin—To explore the role of TOPK in solar UV light-
induced inflammation in mouse skin, adult TOPK�/� and
TOPK�/� mice were irradiated with one dose of solar UV light
(142 kJ/m2), and dorsal trunk skin samples for H&E staining
were harvested at 0, 12, and 24 h after irradiation. After treat-
ment with solar UV light, most of the horny layers of the epi-
dermis were lost in TOPK�/� mice compared with TOPK�/�

mice (Fig. 6A). Epidermal thickness, caused by edema and epi-
thelial cell proliferation, represents typical skin histological
inflammatory alterations (25). UV light-induced skin inflam-
mation is usually quantitated by measurement of the thickness
of the epidermis (26). The protective effect of compounds in

UV light-induced skin inflammation is evaluated by the
decrease in epidermal thickness (26–28). In this study, we
found that the epidermis thickness increased in a time-depen-
dent manner in TOPK�/� mice but was not obviously changed
in TOPK�/� mice (Fig. 6B). Inflammation is always accompa-
nied by increasing deposition of the extracellular matrix (29),
and moderate fibrosis was observed in TOPK�/� mice com-
pared with TOPK�/� mice. To determine themolecularmech-
anism, we prepared protein samples frommouse skin tissue for
Western blot analysis.We found that, after treatmentwith solar
UV light, the expression level of MKP1 was decreased in
TOPK�/� mice compared with TOPK�/� mice (Fig. 6C). Fur-
thermore, the phosphorylation levels of p38� and NF-�B p65
increased dramatically in TOPK�/� mice compared with
TOPK�/� mice (Fig. 6C). Collectively, these data demonstrate
that TOPK protects mouse skin from solar UV light-induced
inflammation by inhibiting the activity of the p38� signaling
pathway.
Next, we tested the effect of a specific p38 inhibitor,

SB202190, on our inflammatory model. We found that
SB202190 had no effect on the phosphorylation level of p38, but
it markedly inhibited the phosphorylation level of NF-�B p65
(supplemental Fig. S4A). We used an ELISA assay kit (eBiosci-
ence) to compare the effect of SB202190 on the production of
IL-6 in TOPK�/� and TOPK�/� MEFs exposed or not exposed
to solar UV light. We found that SB202190 suppressed the
secretion of IL-6 in both TOPK�/� and TOPK�/� MEFs (sup-
plemental Fig. S4B). Finally, we examined the effect of
SB202190 on a mouse model of solar UV light-induced inflam-
mation. We found that SB202190 inhibited solar UV light-in-
duced skin inflammation in both TOPK�/� and TOPK�/�

mice (supplemental Fig. S4C). These data suggest that TOPK is
an upstream kinase of p38 and that inhibiting p38 activity can
block the function of TOPK under solar UV conditions.

DISCUSSION

The p38� protein kinase is known to be essential in modu-
lating the expression of inflammatory cytokines, such as
TNF-�, IL-6, and IL-12, in response to proinflammatory sig-
nals. It plays a pivotal role in inflammation and has been the
subject of extensive efforts in both basic research and drug dis-
covery (30). The p38� (but not ERK or JNK) signaling pathway
is the primary pathway activated by solar UV light. The specific
p38� kinase inhibitor SB202190 not only suppresses the pro-
duction of IL-6 inMEFs after treatment with solar UV light but
also protects the epidermis from solar UV light-induced
inflammatory responses in amousemodel (31). Thus, the p38�
signaling pathway plays a pivotal role in solar UV light-induced
inflammation.
The function of TOPK in solarUV light-induced skin inflam-

mation is not yet known. However, our data suggest that TOPK
negatively regulates p38� activity by enhancing the stability of
the p38�-specific phosphataseMKP1 after treatmentwith solar
UV light. We found that TOPK inhibits p38� downstream sig-
naling, which is closely associated with inflammation. TOPK
also suppresses the secretion of TNF-� and IL-6 in MEFs after
stimulation with solar UV light.
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The results from the animal study further confirmed that
TOPK negatively regulates the p38� signaling pathway, result-
ing in inhibition of mouse skin inflammation as evidenced by a

dramatic decrease in the thickness of the epidermis and
decreases in the infiltration of immunocytes after treatment
with solar UV light. Therefore, we reasoned that TOPK plays a

FIGURE 5. TOPK inhibits the downstream p38 signaling pathway and the secretion of cytokines induced by solar UV light. A, signaling downstream of
p38� increased in a time- and dose-dependent manner following solar UV light treatment. MEFs (2 � 106/10-cm dish) were stimulated with solar UV light (60
kJ/m2) after 24 h of serum-free starvation, and whole cell lysates were collected at different time points as indicated (left panels), or MEFs were stimulated with
different doses of solar UV light as indicated, and whole cell lysates were collected 30 min later (right panels). The phosphorylation levels of MSK1 (Ser-376),
NF-�B p65 (Ser-276), and ATF2 (Thr-69/Thr-71) were determined by Western blotting using specific antibodies. �-Actin was used as a control to verify equal
protein loading. B, signaling downstream of p38� was increased in TOPK�/� MEFs compared with wild-type cells after treatment with solar UV light. TOPK�/�

and TOPK�/� MEFs were stimulated with solar UV light (60 kJ/m2) after 24 h of serum-free starvation, and whole cell lysates were collected at different time
points as indicated. The phosphorylation levels of MSK1 (Ser-376), NF-�B p65 (Ser-276), and ATF2 (Thr-69/Thr-71) were determined by Western blotting.
C, TOPK inhibited the secretion of IL-6 and TNF-� induced by solar UV light. TOPK�/� and TOPK�/� MEFs were seeded at a density of 7 � 105/well in 6-well
plates. Cells were stimulated with solar UV light (60 kJ/m2) after 24 h of serum-free starvation, and the culture media were collected at different time points as
indicated. The concentrations of IL-6 and TNF-� were determined using ELISA kits. Significant differences were determined by one-way analysis of variance. *,
p � 0.05; **, p � 0.01.
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protective function in solar UV light-induced inflammation by
negatively regulating p38� activity.

Although chronic inflammation might promote tumor for-
mation, acute inflammationmight very well inhibit tumorigen-
esis and is indeed used therapeutically to prevent tumor forma-
tion (32). Therefore, the up-regulated acute inflammation
observed in TOPK�/�micemight have a protective function in
solar UV light-induced skin carcinogenesis. Our laboratory
reported that TOPK can enhance cell transformation and pro-
mote tumorigenesis by the positive regulation of ERK and JNK
signal pathways. Thus, the function of TOPK in solar UV light-
induced skin carcinogenesis might be decided primarily by the
role of its downstream p38� in tumor development. Several
studies have described decreased activity of the p38 pathway in
different human cancers (33–35). Genetic modification of dif-
ferent members of this pathway revealed that p38� can func-
tion as a tumor suppressor. Mice with liver-specific deletion of
p38�developmore liver tumors in the diethylnitrosamine/phe-
nobarbital-induced liver cancer model (34). K-RasG12V-in-

duced lung tumorigenesis is greatly enhanced in p38� condi-
tional deletion mice (36). These studies strongly suggest that
p38� can suppress cancer development in mice. In our study,
TOPK inhibited the activity of p38� upon solar UV exposure.
We thus reasoned that TOPK might promote solar UV light-
induced skin tumorigenesis. A long-term mouse model study
should be carefully designed to address this hypothesis in future
research.
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