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MAPK phosphatase-1 (DUSP1/MKP-1) is a mitogen and
stress-inducible dual specificity protein phosphatase, which can
inactivate all three major classes of MAPK in mammalian cells.
DUSP1/MKP-1 is implicated in cellular protection against a
variety of genotoxic insults including hydrogen peroxide, ioniz-
ing radiation, and cisplatin, but its role in the interplay between
different MAPK pathways in determining cell death and sur-
vival is not fully understood. We have used pharmacological and
genetic tools to demonstrate that DUSP1/MKP-1 is an essential
non-redundant regulator of UV-induced cell death in mouse
embryo fibroblasts (MEFs). The induction of DUSP1/MKP-1
mRNA and protein in response to UV radiation is mediated by
activation of the p38a but not the JNK1 or JNK2 MAPK
pathways. Furthermore, we identify MSK1 and -2 and their
downstream effectors cAMP-response element-binding pro-
tein/ATF1 as mediators of UV-induced p38a-dependent
DUSP1/MKP-1 transcription. Dusp1/Mkp-1 null MEFs display
increased signaling through both the p38a and JNK MAPK
pathways and are acutely sensitive to UV-induced apoptosis.
This lethality is rescued by the reintroduction of wild-type
DUSP1/MKP-1 and by a mutant of DUSP1/MKP-1, which is
unable to bind to either p38a or ERK1/2, but retains full activity
toward JNK. Importantly, whereas small interfering RNA-medi-
ated knockdown of DUSP1/MKP-1 sensitizes wild-type MEFs to
UV radiation, DUSP1/MKP-1 knockdown in MEEFS lacking
JNK1 and -2 does not result in increased cell death. Our results
demonstrate that cross-talk between the p38a and JNK path-
ways mediated by induction of DUSP1/MKP-1 regulates the cel-
lular response to UV radiation.

Dual specificity mitogen-activated protein kinase phospha-
tases (DUSPs or MKPs)? act in direct opposition to dual speci-
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ficity MAPK kinases (MKKs or MEKs) by dephosphorylating
and inactivating MAPKs, thus regulating the physiological out-
come of signaling (1). The MKPs comprise a family of 10
enzymes, each having distinct properties in terms of transcrip-
tional regulation, subcellular localization, and substrate speci-
ficity (2). The inducible, nuclear phosphatase DUSP1/MKP-1
was the first of this family of enzymes to be discovered. Al-
though first characterized as an ERK1 and -2 phosphatase in
vitro, it was subsequently demonstrated to have activity toward
p38 and JNK MAPKSs and to be capable of inactivating all three
classes of MAPK in vivo (3, 4). This broad substrate selectivity is
governed by the ability of DUSP1/MKP-1 to form physical
complexes with ERK, p38, and JNK MAPKs. Complex forma-
tion is also accompanied by catalytic activation of DUSP1/
MKP-1 in vitro (5).

Recent studies of mice lacking DUSP1/MKP-1 have con-
firmed that the inactivation of multiple MAPK pathways by
DUSP1/MKP-1 plays a key role in a wide variety of physiologi-
cal settings in vivo. Thus, Dusp1/Mkp-1~'" mice display abnor-
malities in the innate immune response, T-cell activation and
function, and metabolic homeostasis (6—-10). At the cellular
level, the ability of DUSP1/MKP-1 to regulate the activities of
p38 and JNK signaling have been implicated in the responses
to a wide variety of stress conditions, and mouse embryo
fibroblasts (MEFs) lacking DUSP1/MKP-1 are sensitive to
cisplatin, hydrogen peroxide, anisomycin, and ionizing radi-
ation (11-14).

Despite these advances, the relationships between the MAPK
pathways involved in the inducible expression of DUSP1/
MKP-1 and those that regulate cell survival or cell death are less
clear. For instance, both p38 and JNK have been implicated in
the transcriptional induction of DUSP1/MKP-1 in response to
bacterial lipopolysaccharide (LPS), whereas the ERK pathway is
able to regulate the induction of DUSP1/MKP-1 by cisplatin
(15-17). Enhanced JNK activation has been proposed to medi-
ate cell death in Dusp1/Mkp-1~'— MEFs exposed to cisplatin,
whereas inhibition of the p38 pathway is reported to prevent
cell death following anisomycin treatment and serum starva-
tion (13, 14). Some of this complexity may be due to agonist or
cell type differences, but may also be due to an over-reliance on

element-binding protein; MSK, mitogen and stress-activated kinase;
MEF, mouse embryo fibroblast; BisTris, 2-[bis(2-hydroxyethyl)amino]-2-
(hydroxymethyl)propane-1,3-diol; MTS, 3-(4,5-dimethylthiazol-2-yl)-
5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium.
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the use of chemical inhibitors of MAPK signaling, with attend-
ant problems of drug potency and/or specificity.

Here we have used a combination of genetic and pharmaco-
logical tools to explore the involvement of MAPK signaling in
the transcriptional induction of DUSP1/MKP-1 in response to
UV radiation, and the subsequent effect of this induction on
UV-induced cell death. These tools include MEFs in which
defined MAPKs have been deleted as well as cells lacking key
downstream effectors and regulators of MAPK signaling,
including DUSP1/MKP-1 itself. We demonstrate definitively
that the induction of DUSP1/MKP-1 transcription by UV radi-
ation (as well as cisplatin and oxidative stress) opposes apopto-
sis, and is dependent on signaling via p38«. This involves down-
stream effectors of p38 signaling, including the MSK1 and -2
protein kinases and transcription factors CREB/ATF1. Inter-
estingly, neither JNK1 nor -2 play any role in mediating DUSP1/
MKP-1 expression in response to these stresses. In contrast, UV
radiation-induced apoptosis in cells lacking DUSP1/MKP-1 is
mediated by JNK signaling alone. Our findings highlight a
mechanism in which expression of DUSP1/MKP-1 mediates
cross-talk between the p38 and JNK pathways to regulate the
cellular response to UV and other DNA damaging agents.

EXPERIMENTAL PROCEDURES

Reagents—The inhibitor SB203580 was purchased from
Calbiochem. Actinomycin D was from Sigma. Antibodies
against phospho-ERK1/2, ERK1/2, phospho-p38, p38, phos-
pho-JNK1/2, JNK, MSK1, phospho-CREB/ATF1, phospho-
Jun, Jun, phospho-MK2, MK2, and caspase-3 were purchased
from Cell Signaling Technology. Antibodies against DUSP1/
MKP-1 and Tubulin were from Santa Cruz Biotechnology.
Mouse anti-poly(ADP-ribose) polymerase antibody was pur-
chased from AbD Serotec. Cisplatin and hydrogen peroxide
were from Sigma. Tumor necrosis factor o was from R&D Sys-
tems. Fetal bovine serum (FBS) was obtained from Invitrogen.
Cells were irradiated with defined doses of UV (254 nm) using
a Stratalinker (Stratagene).

Generation of Immortalized Mouse Embryo Fibroblasts—
Primary MEFs were isolated from 15- to 16-day-old embryos
generated by crossing Duspl/Mkp-1"'~ (18) mice. Embryos
were genotyped by PCR, using two separate reactions with the
primer pair 5'-CAGGTACTGTGTGTCGGTGGTGCTA-
ATG-3" and 5'-CTATATCCTCCTGGCACAATCCTCC-
TAG-3’ for the wild-type allele or 5'-AAATGTGTCAGTTT-
CATAGCCTGAAGACG-3" and 5'-CTATATCCTCCTGGC-
ACAATCCTCCTAG-3' for the mutant allele. Head and internal
organs were removed on a Petri dish in phosphate-buffered
saline and the trunk was dissected in 10 ml of Dulbecco’s
modified Eagle’s medium supplemented with 0.05% trypsin
(Invitrogen) with fine scissors. Following incubation at 37 °C
for 10 min, the solution was pipetted 5 times with a 20-ml glass
pipette. This was repeated with 10- and 5-ml glass pipettes with
10-min incubations at 37 °C in between before trypsinization
was terminated by adding 5 ml of FBS. Cells were then trans-
ferred into a Falcon tube and incubated for 2 min at 4 °C to
allow solid tissue to sediment. The supernatant was then trans-
ferred into a new tube through a 70-mm cell strainer (Falcon).
Following centrifugation, the pellet was washed once with com-
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plete medium (Dulbecco’s modified Eagle’s medium supple-
mented with 10% FBS, penicillin (100 units/ml), and streptomy-
cin (100 pg/ml)). Cells were counted and plated at 10 X 10°
cells per 15-cm plate. The next day, the medium was changed
and the cells were cultured until they reached confluency. The
cells were subcultured at a density of 5-10 X 10° cells per
15-cm plate every 3 days. This process was repeated until cells
reached crisis and became established cell lines.

Cell Culture and Transfections—Immortalized MEFs were
grown in Dulbecco’s modified Eagle’s medium supplemented
with 10% FBS, penicillin (100 units/ml), and streptomycin (100
png/ml). FLAG-tagged p38c, both wild-type and p38a T180A/
Y182F (AGF), were expressed from pcDNA3 and pCMV,
respectively (19). A CREB was expressed from the pRC vector
(20), whereas Myc-tagged DUSP1/MKP-1 and kinase interac-
tion motif mutant DUSP1/MKP-1 were expressed from pSG5.
Transfections were carried out in 60-mm dishes (Iwaki) using
Lipofectamine LTX (Invitrogen) and Plus reagent according to
the manufacturer’s instructions. Control siRNA oligos and
siRNA oligos (Ambion) targeting DUSP1, MSK1, and MSK2
(100 pmol) were transfected using Lipofectamine RNAi Max
(Invitrogen).

Generation of Stable Cell Lines Containing a DUSP1/MKP-1
Luciferase Reporter—A 3-kb fragment containing the human
proximal DUSPI promoter was excised from pGL3-MKP-1-luc
(22) using Ncol and blunt end ligated into the EcoRYV site of the
vector pGL4.28hyg (Promega) to produce pGL4.28-MKP-1-
luc. Immortalized MEFs were transfected with pGL4.28-MKP-
1-luc, using Lipofectamine LTX, and subjected to three rounds
of selection using hygromycin (100 ng/ml, Sigma) before basal
and UV-induced luciferase activities were determined. Cells
were routinely cultured in Dulbecco’s modified Eagle’s medium
containing hygromycin at a concentration of 100 ug/ml.

SDS-PAGE and Western Blotting—Cells were lysed in MKK
lysis buffer (0.27 M sucrose, 1 mm EDTA, 1 mm EGTA, 10 mm
Tris, 1% Triton-X) containing protease inhibitors (Roche
Applied Science) and phosphatase inhibitors (sodium fluoride,
sodium B-glycerophosphate, and sodium orthovanadate). Gel
electrophoresis was performed using the NuPAGE system
(4-12% BisTris gels, Invitrogen). Western blotting was per-
formed as described previously (21).

Flow Cytometry—Adherent cells were collected via trypsiniza-
tion and combined with non-adherent cells. These were pelleted
and fixed in 70% ethanol before treatment with RNase A (50
pg/ml) and staining with propidium iodide (100 wg/ml). Flow
cytometry was carried out on a BD Bioscience FACscan machine,
and analysis was performed using CellQuest software. Apoptotic
cells were assumed to have sub-G; DNA content, and the result
was expressed as a percentage of total cells counted.

Survival Assays—MTS assays were carried out in 24-well
plates using the One Solution CellTiter kit from Promega
according to the manufacturer’s instructions. Results were
expressed as a percentage of untreated control values.

Quantitative Real Time RT-PCR—RNA was precipitated in
ethanol, then isolated using RNeasy purification kits (Qiagen).
c¢DNA was generated using reverse transcription reagents
(Applied Biosystems). TagMan quantitative RT-PCR was car-
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FIGURE 1. Induction of DUSP1/MKP-1 by UV radiation. A, wild-type MEFs were either mock irradiated or ; _

exposed to 30 J/m? UV and then incubated at 37 °C for the indicated times. Cells were then lysed, and proteins tion 9f D,USPI/MKP 1 mRNA and
analyzed by SDS-PAGE and Western blotting using the indicated antibodies (left). DUSP1/MKP-1 mRNA levels ~ protein in these cells (Fig. 1A).
were also determined using quantitative RT-PCR (right). B, wild-type MEFs were exposed to 0, 10, 30, or 100 Importantly, the appearance of

J/m? UV and incubated for 1 h at 37 °C. Cells were then lysed, and DUSP1/MKP-1 mRNA levels were determined
using quantitative RT-PCR (left). Proteins were also analyzed by SDS-PAGE and Western blotting using the

MKP-1 protein correlated tempo-

indicated antibodies (right). C, wild-type MEFs were either treated with 300 um H,0, (Ox) for 3horexposedto ~ rally with the inactivation of both
30J/m? UV (UV) and incubated for 1 h, before addition of 2 ug/ml of actinomycin D. Cells were then lysed at the JNK and p38a.

indicated times, and DUSP1/MKP-1 mRNA levels were determined using quantitative RT-PCR. Experiments

were performed three times, each with triplicate determinations, and mean values with associated errors are Recently, DUSP1/MKP-1 mRNA

shown (mean = S.E.).

ried out as described in Ref. 21 on an ABI Prism 7700 machine,
and analyzed using Sequence Detector software. All probes
were pre-designed and obtained from Applied Biosystems. The
following primer/probe sets were used: B-actin, DUSPI,
DUSP2, DUSP4, DUSP5, DUSP6, DUSP7, DUSPS, DUSP9,
DUSP10, DUSP16, and c-Fos. Sample data were normalized to
B-actin.

Luciferase Assays—Cells were transfected in 24-well plates
with a luciferase reporter construct consisting of a 3-kb frag-
ment of the human Duspl/Mkp-1 promoter cloned into the
pGL3 vector (22). Empty pGL3 was used as a negative control,
and pRL-TK (Renilla luciferase driven by the herpes simplex
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has been shown to be stabilized

by oxidative stress-induced binding

of RNA-binding proteins HuR and
NF90 (24). In agreement with Kuwano et al. (24) we find that
exposure of MEFs to hydrogen peroxide causes a significant
increase in DUSP1/MKP-1 mRNA stability. In contrast, the sta-
bility of DUSP1/MKP-1 mRNA in UV-irradiated cells is
unchanged (Fig. 1C). This suggests that increased DUSP1 tran-
scription results in the induction of DUSP1/MKP-1 mRNA by
UV. Indeed, we observe that the induction of DUSP1/MKP-1
protein by UV radiation is abolished by the transcription inhib-
itor actinomycin D (supplemental Fig. S1). DUSP1/MKP-1
mRNA and protein levels increase in a UV dose-dependent
manner (Fig. 1B). However, at high UV fluence (100 J/m?),
DUSP1/MKP-1 protein levels actually decline and this corre-
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FIGURE 2. DUSP1/MKP-1 induction by UV is mediated by p38a. A, wild-type (WT) or p38a~/~ MEFs were
either mock irradiated or exposed to 30 J/m? UV and then incubated at 37 °C for the indicated times. Cells
were then lysed, and DUSP1/MKP-1 mRNA levels were determined using quantitative RT-PCR (left). Proteins
were also analyzed by SDS-PAGE and Western blotting using the indicated antibodies (right). B, wild-type (WT)
or Jnk1/27/~ MEFs were either mock irradiated or exposed to 30 J/m? UV and then incubated at 37 °C for the
indicated times. Cells were then lysed, and DUSP1/MKP-1 mRNA levels were determined using quantitative
RT-PCR (left). Proteins were also analyzed by SDS-PAGE and Western blotting using the indicated antibodies
(right). C, wild-type, p38a~'~, or Jnk1/2~’~ MEFs were starved for 16 h in medium containing 0.5% FBS, then
stimulated with 15% FBS for the indicated times. Cells were then lysed, and proteins analyzed by SDS-PAGE and
Western blotting using the indicated antibodies. D, p38a~’~ MEFs were transfected with either empty vector,
orexpression vectors (Vec) encoding either wild-type p38« or a non-activable (AGF) mutant of p38c. Cells were
mock irradiated or exposed to 30 J/m? UV and then incubated at 37 °C for 1 h before lysis. DUSP1/MKP-1 mRNA
levels were determined using quantitative RT-PCR (left). Proteins were also analyzed by SDS-PAGE and Western
blotting using the indicated antibodies (right). Experiments were performed three times, each in triplicate, and
mean values with associated errors are shown (mean * S.E.).

g
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lates with increased phosphorylation of both p38a and JNK
(Fig. 1B). Our data suggests that low fluences of UV leads to
increased transcription of the DUSP1/MKP-1 gene and to sub-
sequent dephosphorylation of both p38a and JNK MAPKs.
However, this mechanism is disrupted at high UV fluences,
probably as a result of UV-mediated inhibition of DUSP1/

MKP-1 translation (25). lable residues (Fig. 2D).
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The Induction of DUSP1/MKP-1
mRNA and Protein in UV-irradi-
ated Cells Is Mediated by p38a—
Although signaling through the
MAPK pathways has been impli-
cated in transcriptional regulation
of DUSP1/MKP-1 in response to
stress, it is unclear which pathways
and downstream effectors are in-
volved. For example, the classical
ERK MAPK is reported to mediate
induction of DUSP1/MKP-1 in
response to cisplatin (12, 15),
whereas ERK, p38c, and JNK have
been implicated in DUSP1/MKP-1
induction by bacterial LPS, hydro-
gen peroxide, and sodium arsenite
(16, 17, 22, 26, 27). In addition, the
DUSP1/MKP-1 gene is reported to
be a target for a number of MAPK-
regulated transcription factors, in-
cluding p53, NF-«B, and ATF2 and
-7,and to be down-regulated in cells
lacking c-Fos (28 -31).

Data implicating MAPK signaling
in DUSP1/MKP-1 induction has
been obtained using pharmacologi-
cal inhibitors where drug specificity
is questionable, particularly in the
case of inhibition of JNK signaling
by SP600125 (32). To overcome
these limitations, we have used
MEFs derived from wild-type mice
and animals lacking either p38a
(33) or both major isoforms of JNK
(JNK1 and JNK2) (34).

Deletion of p38a reduces the level
of UV-inducible DUSP1/MKP-1
mRNA by ~75%, and DUSP1/
MKP-1 protein is almost undetect-
able in UV-irradiated p38a '~ MEFs
(Fig. 2A4). In contrast, loss of both
JNK1 and JNK2 has no significant
effect on the induction of either
DUSP1/MKP-1 mRNA or protein by
UV (Fig. 2B). Loss of either p38« or
JNK1/2 does not affect inducible
expression of DUSP1/MKP-1 in
response to non-stress stimuli, as the
DUSP1/MKP-1 protein is induced
normally in response to serum stimu-

lation (Fig. 2C). The greatly reduced expression of DUSP1/MKP-1
in p38a /" MEFs is not a nonspecific effect of gene loss, as UV
inducible expression of both DUSP1/MKP-1 mRNA and protein
is rescued in these cells by re-expression of wild-type p38a;, but not
by a mutant in which the phosphoacceptor sites within the activa-
tion loop of the kinase have been substituted by non-phosphory-
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FIGURE 3. DUSP1/MKP-1 induction by both cisplatin and oxidative stress is mediated by p38a. A, wild-

type (WT) or p38a~/~ MEFs were treated with 100 um cisplatin for the indicated times. B, wild-type or p38a™/~
MEFs were treated with 300 um hydrogen peroxide for the indicated times. Cells were then lysed, and proteins
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independent experiments.

Finally, we also examined the involvement of p38a and JNK
signaling in the induction of DUSP1/MKP-1 by both cisplatin
and hydrogen peroxide. In both cases, loss of p38a greatly
reduced the induction of DUSP1/MKP-1 mRNA and protein
(Fig. 3, A and B), whereas loss of JNK1 and -2 had no significant
effect (data not shown). We conclude that signaling through the
p38a MAPK pathway mediates the induction of DUSP1/
MKP-1 mRNA and protein in response to UV radiation, cispla-
tin, and hydrogen peroxide.

UV-induced Expression of DUSP1/MKP-1 Is Mediated by
MSK1 and -2—Having established that p38a activation is crit-
ical for the stress-responsive regulation of DUSP1/MKP-1, we
next addressed a number of possible downstream effectors of
p38aactivity. The p53 tumor suppressor has been implicated in
mediating DUSP1/MKP-1 transcription (28, 29), and p53 is a
well characterized target of p38a MAPK in cells exposed to
genotoxic stress (35, 36). We utilized HCT116 colon cancer
cells and their isogenic p53-null derivatives (37) to study the
p53 dependence of UV-induced DUSP1/MKP-1 mRNA
expression. DUSP1/MKP-1 mRNA is robustly induced by UV
radiation in HCT116 cells irrespective of p53 status (Fig. 44).
Furthermore, this induction is inhibited by SB203580, a specific
inhibitor of p38« and -B (data not shown). This observation,
coupled with the fact that we observe induction of DUSP1/
MKP-1 mRNA and protein in MEFs where the immortalization
process is accompanied by loss of the p53 or p19*** tumor
suppressors (38), indicates that p53 function is not essential for
UV-induced expression of DUSP1/MKP-1.

The c-Fos transcription factor is a transcriptional target of
MAPK signaling, and is also phosphorylated and activated by
the p38a pathway in UV-irradiated cells (39, 40). Furthermore,
failure to induce DUSP1/MKP-1 in MEFs derived from
c-Fos~ '~ mice during the late phase response to UV irradiation
has been linked with increased JNK activation and apoptosis
(30). However, we observe that DUSP1/MKP-1 mRNA is
induced with normal kinetics during the early response to UV
radiation in MEFs derived from c-Fos™ '~ mice (Fig. 4B). Fur-
thermore, DUSP1/MKP-1 mRNA levels are actually increased
at later times after UV irradiation in c-Fos~/~ MEFs. This is
reflected in higher protein levels, and is not mediated by
increased mRNA stability (supplemental Fig. S2, A and B). We
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JNK and p38a MAPKs (41, 42). A
recent paper (31) reported that
feedback regulation of p38a MAPK
signaling by DUSP1/MKP-1 was
abrogated in the livers of double
knock-out mice lacking ATF2 and the related transcription fac-
tor ATF7. We obtained MEFs from Atf2~/~ /Atf7~/~ animals,
but these show no apparent defect in the UV-induced expres-
sion of DUSP1/MKP-1 mRNA when compared with MEFs
from mice lacking ATF7 alone (Fig. 4C). The induction of
DUSP1/MKP-1 by y-radiation is an NF-«B-dependent process
(14), and p38« is a known transducer of survival signals via
NF-kB in UV-irradiated cells (43). However, we found that
DUSP1/MKP-1 mRNA induction is unaffected by overexpres-
sion of the NF-«B repressor Mad3, despite efficient inhibition
of a bona fide NF-kB-dependent reporter (Fig. 4D).
DUSP1/MKP-1 mRNA is inducible by cAMP-dependent sig-
naling via CREs within the gene promoter (44— 46). The transcrip-
tion factor CREB is phosphorylated by protein kinase A in
response to elevated cAMP levels. However, CREB is also a sub-
strate for the mitogen and stress-activated kinases (MSKs)-1 and
-2, which are in turn activated by ERK and p38a MAPKs (47, 48).
Interestingly, p38a-mediated MSK1 activation is also associated
with the phosphorylation of histone H3 associated with the
DUSP1/MKP-1 gene in response to sodium arsenite, and is
thought to play a role in chromatin remodeling associated with the
stress-induced transcriptional induction of DUSP1/MKP-1 (22).
To determine whether p38«a-mediated activation of MSK1
and MSK2 is involved in the UV-inducible expression of
DUSP1/MKP-1, we assessed the induction of DUSP1/
MKP-1 in wild-type MEFs depleted of MSK1 and MSK2 by
siRNA-mediated knockdown. UV-inducible phosphorylation
of both CREB and ATF1 was significantly reduced in cells trans-
fected with siRNAs targeting both MSK1 and -2, and this was
accompanied by a significant reduction in the levels of both
DUSP1/MKP-1 mRNA and protein following exposure to UV
radiation (Fig. 5A4). In contrast, DUSP1/MKP-1 induction by
serum stimulation was unaffected by knockdown of MSK1 and
-2 (data not shown). To probe the involvement of CREB in the
UV-induced expression of DUSP1/MKP-1, we used hemagglu-
tinin-tagged A-CREB, a dominant-negative form of CREB that
lacks the DNA binding domain, but is able to dimerize with
endogenous CREB and ATF1, thus preventing DNA binding
(20). Expression of A-CREB caused a significant reduction in
DUSP1/MKP-1 mRNA and protein levels in UV-irradiated
MEFs (Fig. 5B). In agreement with these findings, a luciferase

AV DN

VOLUME 285+NUMBER 34+AUGUST 20, 2010


http://www.jbc.org/cgi/content/full/M110.117911/DC1

DUSP1/MKP-1 Regulates the Cellular Response to UV Radiation

>

st

MAPKSs, and to protect cells against
UV-induced cell death (49). How-
ever, the effects of endogenous
DUSP1/MKP-1  knockdown or
deletion have not previously been
assessed in the context of the
response to UV-induced DNA dam-
age. We obtained immortalized
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FIGURE 4. DUSP1/MKP-1 induction by UV is independent of p53, c-Fos, ATF2, and NF-kB. A, HCT116 p53*/*,
and p53~/~ cells were either mock irradiated or exposed to 100 J/m? UV and then incubated at 37°C for 1 h.
B, wild-type (WT) and c-Fos ™/~ MEFs were either mock irradiated or exposed to 30 J/m? UV and then incubated at
37 °Cfor the indicated times. C, Atf7 '~ /Atf2"/* and Atf7 '~ /Atf2~/~ MEFs were either mock irradiated or exposed
to 30 J/m? UV and then incubated at 37 °C for the indicated times. D, wild-type MEFs were transfected with either
empty vector, or an expression vector encoding Mad3. After 24 h, cells were exposed to 30 J/m? UV and then
incubated at 37 °C for the indicated times. DUSP1/MKP-1 mRNA levels were assessed by quantitative RT-PCR (left).
Wild-type MEFs were cotransfected with the NF-«kB reporter construct 3xkB-ConA-luc and either an empty vector or
an expression vector encoding Mad3. Renilla luciferase was included as a transfection control. Cells were then
stimulated with either 10 ng/ml of bovine serum albumin (BSA) or tumor necrosis factor (TNF) a.. After 8 h, cells were
lysed, and luciferase activities were determined (right). Experiments were performed three times, each with triplicate
determinations and mean values with associated errors are shown (mean = S.E.). B-gal, B-galactosidase.

reporter driven by a 3-kb fragment of the Dusp1/Mkp-1 pro-
moter shows significant UV-inducible activity when stably
transfected into wild-type MEFs. Furthermore, this activity is
suppressed by the p38« inhibitor SB203580 (Fig. 5C), the over-
expression of A-CREB (Fig. 5D), or siRNA-mediated knock-
down of both MSK1 and -2 (Fig. 5E). We conclude that the
p38a signal transduction pathway activates UV-inducible
DUSP1/MKP-1 transcription at least in part by the MSK1/2-
dependent phosphorylation of CREB/ATFI.

DUSP1/MKP-1 Is an Essential, Non-redundant Regulator of
Both JNK and p38« Signaling in UV-irradiated MEFs—Condi-
tional overexpression of DUSP1/MKP-1 has been demon-
strated to suppress the activity of both the p38a and JNK
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Jj_ MEFs from Dusp1/Mkp-1~'" mice,
T3 and determined the kinetics of ERK,

p38a, and JNK phosphorylation fol-
lowing UV irradiation (Fig. 6A4). The
most obvious effects of Duspl/
Mkp-1 deletion are that both the
magnitude and duration of p38a
and JNK phosphorylation are
greatly increased, with significantly
elevated levels seen up to 16 h after
irradiation. The classical ERK1/2
pathway is also modulated by
DUSP1/MKP-1, with a rapid but
transient phosphorylation observed
in cells lacking DUSP1/MKP-1,
whereas no significant increase in
ERK phosphorylation is seen in
wild-type MEFs. Our results suggest
that DUSP1/MKP-1 is the major
phosphatase responsible for the
inactivation of both p38« and JNK,
and also that endogenous DUSP1/
MKP-1 is responsible for preventing
significant activation of the ERK
pathway in UV-irradiated cells. In
support of the former, we also
observe that DUSP1/MKP-1 is the
only member of the DUSP/MKP
family to exhibit significantly in-
creased mRNA levels in UV-irradi-
ated wild-type MEFs. Furthermore,
deletion of Duspl/Mkp-1 does not
lead to compensatory changes in the
mRNA levels of 8 of the other 9
DUSP/MKP transcripts (Fig. 6B).
The exception is the ERK-specific
phosphatase DUSP6/MKP-3, which
is slightly up-regulated in Duspl/Mkp-1~'~ MEFs. As the
DUSP6/MKP-3 gene is a transcriptional target of the ERK path-
way (21), this is probably due to the transient increase in ERK
activation we observe in cells lacking DUSP1/MKP-1.
Consistent with increased p38a and JNK phosphorylation in
cells lacking DUSP1/MKP-1, we also observe modulation of
several MAPK targets. These include increased levels of c-Fos
mRNA (Fig. 7A) and increased phosphorylation of MAPK-
activated protein kinase 2 (MAPKAP kinase 2 or MK2) and
c-Jun (Fig. 7B). In agreement with our conclusion that
the Duspl/Mkp-1 gene is transcriptionally up-regulated in
response to p38« signaling, a luciferase reporter driven by a
3-kb fragment of the DUSPI/MKP-1 promoter shows
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into Duspl/Mkp-1 null MEFs

MKP-1 when compared with wild-type

cells. The apparent lack of

phospho-p38 response in the latter reflects the

decreased sensitivity of this

reporter following transient trans-

fection. This activity is completely

. suppressed by exposure to the

phospho-INK 172 8a and -B inhibitor, SB203580
(Fig. 7C).

Cells Lacking DUSP1/MKP-1 Show
Increased Sensitivity to UV-induced
phospho-ERK 1/2 Apoptosis Mediated by JINK—MEFs

from mice lacking DUSP1/MKP-1

ERK 1/2 are sensitive to a range of chemical
and physical stress conditions

Tubulin including hydrogen peroxide, cis-
platin, anisomycin, and ionizing

MKP-1 -/- radiation (11-14). However, the
role of DUSP1/MKP-1 in protection

B 0.07 against UV-induced cell death has
only been addressed by conditional
0.06 4 I.I]'] mCon overexpression of DUSP1/MKP-1
nuve in U937 human leukemia cells

(49). To determine whether endog-
enous DUSP1/MKP-1 protects cells
against UV radiation, we first com-
pared the survival of wild-type and
Duspl/Mkp-1~'~ MEFs. Cells lack-
ing DUSP1/MKP-1 show signifi-
cantly decreased viability when
compared with wild-type cells as
assessed using the MTS assay at UV
fluences between 10 and 100 J/m?
(Fig. 84). This decrease in viability is
characterized by hallmarks of apo-

0_] ptotic or programmed cell death,
wT | WT| KO | WT| KO | wT| KO | WT| KO [WT| KO| WT| KO|WT| KO | WT| KO| WT| KO including increased caspase-depen-
DUSP1 | DUSP2 | DUSP4 | DUSP5 | DUSP6 | DUSP7 | DUSP8 | DUSP9 | DUSP10| DUSP16 dent cleavage of both poly(ADP-
FIGURE 6. DUSP1/MKP-1 is an essential non-redundant regulator of UV-induced p38«and JNK signaling. ribose) polymerase and caspase-3
A, wild-type (WTl or Duspl/.Mk.p-I”* MEFs were either mock irradiated or exposed to 30 J/m? UV and then  itself (Fig. 8B), and increased accu-
(ot ot 7 for e e sl v ten e v sl b7 509 PAGE 19 mulaon of cls with ub-G, DNA
exposed to 30 J/m? UV and then incubated at 37 °C for 1 h. DUSP/MKP mRNA levels were determined using ~ content (Fig. 8, C and D). This is

quantitative RT-PCR. Experiments were performed three times, each with triplicate determinations, and mean unlikely to be due to long-term
values with associated errors are shown (mean = S.E.). KO, knock-out.

>

2
@

JNK 1/2

Relative Expression
o
o
S

o
=}
o

0.01 -

adaptation to gene loss, as specific

FIGURE 5. Induction of DUSP1/MKP-1 by UV is dependent on signaling via MSK1/2 and CREB/ATF1. A, wild-type MEFs were transfected with either a
control siRNA, or siRNAs targeting MSK1 and MSK2. Cells were either mock irradiated or exposed to 30 J/m? UV and then incubated at 37 °C for the indicated
times. Cells were then lysed and either DUSP1/MKP-1 mRNA levels were determined using quantitative RT-PCR (left) or proteins were analyzed by SDS-PAGE
and Western blotting using the indicated antibodies (right). B, wild-type MEFs were transfected with either empty vector or an expression vector (Vec) encoding
hemagglutinin-tagged A-CREB. After 24 h, cells were either mock irradiated or exposed to 30 J/m? UV and then incubated at 37 °C for the indicated times. Cells
were then lysed and either DUSP1/MKP-1 mRNA levels were determined using quantitative RT-PCR (left) or proteins were analyzed by SDS-PAGE and Western
blotting using the indicated antibodies (right). Wild-type MEFs stably transfected with the MKP-1 reporter pGL4.28-MKP-1-luc were either pre-treated for 1 h
with dimethyl sulfoxide (DMSO) or 10 um SB203580 (C), transfected with either empty vector or an expression vector encoding A-CREB (D), or transfected with
either a control siRNA or siRNAs targeting MSK1 and -2 (£). Cells were then either mock irradiated or exposed to 30 J/m? UV and incubated at 37 °C for 8 h. Cells
were then lysed, firefly luciferase activity was quantified and its levels normalized to protein concentration. Experiments were performed three times, each with
triplicate determinations, and mean values with associated errors are shown (mean = S.E.). DMSO, dimethyl sulfoxide; HA, hemagglutinin.
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FIGURE 7. Loss of DUSP1/MKP-1 results in increased MAPK signaling and gene transcription. A, wild-
type (WT) or Dusp1/Mkp-1—'~ MEFs were either mock irradiated or exposed to 30 J/m? UV and then
incubated at 37 °Cfor the indicated times. c-Fos mRNA levels were determined using quantitative RT-PCR.
B, wild-type or Dusp1/Mkp-1~'~ MEFs were either mock irradiated or exposed to 30 J/m? UV and then
incubated at 37 °C for the indicated times. Cells were lysed, and proteins analyzed by SDS-PAGE followed
by Western blotting using the indicated antibodies. C, wild-type or Dusp1/Mkp-1~/~ MEFs were cotrans-
fected with a firefly luciferase reporter driven by the proximal 3-kb region of the DUSP1/MKP-1 promoter
and as a transfection control a plasmid encoding Renilla luciferase. After 24 h, cells were preincubated
with either dimethyl sulfoxide (DMSO) or 10 um SB203580 (SB), exposed to 30 J/m? UV, and then incubated
at 37 °Cfor 5 h. Cells were lysed, and luciferase activities were determined. Experiments were performed
three times, each with triplicate determinations and mean values with associated errors are shown

(mean = S.E.).

siRNA-mediated knockdown of DUSP1/MKP-1 also leads to
increased phosphorylation of p38«a and JNK, and is accompa-
nied by a significant decrease in viability after UV irradiation
(Fig. 8, Eand F). To dissect out the MAPK pathways involved in
mediating cell death in Duspl/Mkp-1~'~ MEFS, we first
employed SB203580, a specific inhibitor of p38« and -B. As
expected, SB203580 blocked the UV-induced phosphorylation
of the p38 substrate MAPKAP kinase 2/MK2. However, this
drug did not affect levels of UV-induced lethality, indicating
that the sustained activation of p38 MAPK seen in cells lacking
DUSP1/MKP-1 does not modulate UV-induced apoptosis (Fig.
9, A and B). Increased JNK activity has been implicated in cell
death in cells lacking DUSP1/MKP-1 in response to cisplatin
and ionizing radiation, largely based on the ability of the chem-
ical inhibitor SP600125 to reduce levels of apoptosis (12, 14). To
circumvent problems associated with chemical inhibition of
JNK, we have made use of wild-type DUSP1/MKP-1 and a
DUSP1/MKP-1 mutant (MKP-1M). MKP-1 M contains substi-
tutions within the highly conserved kinase interaction motif in
the amino-terminal non-catalytic domain of the protein.
Although MKP-1 M retains its ability to bind to and inactivate
JNK, it is no longer able to interact with or inactivate ERK or
p38a (5). The re-expression of wild-type DUSP1/MKP-1 leads
to suppression of ERK, p38«, and JNK activation in UV-irradi-
ated Duspl/Mkp-1—'~ MEFs, and also results in a significant
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rescue of UV-induced lethality (Fig.
9, C and D). In contrast, expression
of MKP-1 M does not affect phos-
phorylation of ERK, or the ability of
UV radiation to activate p38c, but
does result in complete abolition
of INK phosphorylation. Interest-
ingly, MKP-1 M expression res-
" cues UV-induced lethality in
Tubulin Duspl/Mkp-1-'— MEFs almost as
a effectively as wild-type DUSP1/
MKP-1 -/- MKP-1 (Fig. 9D). Finally, we
have assessed the effects of
siRNA-mediated knockdown of
DUSP1/MKP-1 on the UV sensi-
tivity of both wild-type MEFs and
MEFs lacking JNK1 and JNK2.
Although knockdown of DUSP1/
MKP-1 in wild-type cells results in
a significant increase in levels of
phospho-JNK and a significant
decrease in survival after UV irra-
diation, DUSP1/MKP-1 knock-
down has no effect on the viability
of cells lacking both JNKI and
JNK2 after UV irradiation (Fig. 9,
E and F). This indicates that these
JNK isoforms are the relevant tar-
get for DUSP1/MKP-1 in protec-
tion against UV-induced lethality.
Overall, our data demonstrate that
it is the prolonged activation of
JNK, and not p38«, which is
important in mediating UV-induced cell death.

DISCUSSION

We have investigated the mechanism of induction of
DUSP1/MKP-1, and the role subsequently played by this phos-
phatase in the modulation of the apoptotic response to UV
radiation. Apoptosis is an important means by which cells with
irreparably damaged DNA can be removed. DUSP1/MKP-1 is
highly expressed in human tumors and, in some cases, is an inde-
pendent prognostic indicator (50, 51). Moreover, DUSP1/MKP-1
isinduced by cisplatin and can mediate chemoresistance (52). This
latter observation suggests that DUSP1/MKP-1 could be a poten-
tial therapeutic target. The identification of the pathways respon-
sible for DUSP1/MKP-1 induction by DNA damaging agents
including UV and cisplatin is therefore of interest.

We have demonstrated that DUSP1/MKP-1 induction by UV
radiation, cisplatin, and oxidative stress is dependent on p38« sig-
naling, but is completely independent of JNK1 and -2. A previous
report (22) suggested that increased p38a-mediated histone H3
phosphorylation within chromatin associated with the DUSP1/
MKP-1 gene is involved in mediating its stress-induced transcrip-
tion. Furthermore, the MSK1 protein kinase was activated in a
p38a-dependent manner with identical kinetics to those of H3
modification in cells exposed to sodium arsenite, suggesting that
MSKI1 may be the relevant H3 kinase. A more recent report sug-
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FIGURE 8. Loss of DUSP1/MKP-1 sensitizes cells to UV-induced apoptosis. A, wild-type (WT) or Dusp1/Mkp-1~'~ MEFs were exposed to 0, 10, 30, or 100 J/m?
UV, and then incubated at 37 °C for 36 h. Cell survival was assessed by MTS assay, and results were normalized to untreated control values. B, wild-type or
Dusp1/Mkp-1~'~ MEFs were exposed to 30 J/m? UV, and then incubated at 37 °C for the indicated times. Cells were lysed, and proteins analyzed by SDS-PAGE
followed by Western blotting using the indicated antibodies. C and D, wild-type or Dusp1/Mkp-1~/~ MEFs were exposed to 30 J/m? UV, and then incubated at
37 °Cfor 48 h. Cells were fixed in ethanol and stained using propidium iodide. Cell death was assessed by flow cytometry. E, wild-type MEFs were transfected
with either a control siRNA, or an siRNA targeting DUSP1/MKP-1. After 48 h, cells were exposed to 30 J/m? UV. Cell survival was assessed after 36 h by MTS assay,
and results were normalized to untreated control values. F, wild-type MEFs were transfected as in E, exposed to 30 J/m? UV, and then incubated at 37 °C for the
indicated times. Cells were then lysed, and proteins analyzed by SDS-PAGE followed by Western blotting using the indicated antibodies. Experiments were
performed three times, with triplicate determinations, and mean values with associated errors are shown (mean = S.E.). * = p < 0.05, comparing the survival
of UV-irradiated cells transfected with either control or DUSP1/MKP-1 siRNA using the Student’s t test. PARP, poly(ADP-ribose) polymerase.

gests an even stronger link between histone H3 phosphorylation —own expression by reversing this chromatin modification (53).

and DUSP1/MKP-1 expression, postulating that DUSP1/MKP-1  However, we have examined the kinetics of H3 phosphorylation
isitselfa histone H3 Ser-10 phosphatase and negatively regulatesit  and, although loss of this modification does correlate temporally
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cells were lysed, and proteins analyzed by SDS-PAGE followed by Western blotting using the indicated anti-
bodies. B, Dusp1/Mkp-1~'~ MEFs were treated as in A. After 36 h, cell survival was assessed by MTS assay and the
results normalized to untreated control values. C, Dusp1/Mkp-1—'~ MEFs were transfected with either empty
vector or an expression vector encoding either wild-type (WT) MKP-1 or MKP-1 M. After 24 h, cells were exposed
to 30 J/m? UV and incubated at 37 °C for 1 h. Cells were then lysed, and proteins analyzed by SDS-PAGE
followed by Western blotting using the indicated antibodies. D, Dusp1/Mkp-1~'~— MEFs were transfected as in
C. After 24 h, cells were exposed to 30 J/m? UV. Following incubation at 37 °C for 36 h, cell survival was assessed
by MTS assay, and the results were normalized to untreated control values. * = p < 0.05, comparing the survival
of UV-irradiated cells transfected with empty vector with those transfected with either an expression vector
encoding WT MKP-1, or those transfected with an expression vector encoding MKP-1 M using Student's t test.
E, wild-type and Jnk1/27/~ MEFs were transfected with either a control siRNA, or an siRNA targeting DUSP1/
MKP-1. After 48 h, cells were either mock irradiated or exposed to 30 J/m? UV, and then incubated at 37 °C for
the indicated times. Cells were lysed, and proteins analyzed by SDS-PAGE followed by Western blotting using
the indicated antibodies. F, wild-type and Jnk1/2~/~ MEFs were transfected as in E, then either mock irradiated
or exposed to 30 J/m? UV. Cell survival was assessed after 36 h by MTS assay, and results were normalized to
untreated control values. * = p < 0.05, comparing the survival of UV-irradiated cells transfected with control
siRNA and those transfected with an siRNA targeting MKP-1 using Student’s t test. Experiments were per-
formed three times, each with triplicate determinations, and mean values with associated errors are shown
(mean = S.E.).

response to bacterial LPS in alveolar
macrophages (27). However, more
recent studies using conditional
deletion of p38« in the myeloid lin-
eage have demonstrated that this
kinase is an essential component of
the signaling pathways activated
downstream of Toll-like receptors
in response to LPS in bone marrow-
derived macrophages (56). Interest-
ingly, LPS-inducible expression of
DUSP1/MKP-1 was significantly
attenuated in these cells, as was the
amount of phosphorylated CREB
associated with the DUSP1/MKP-1
gene promoter. In parallel experi-
ments performed in Mskl/Msk2
double knock-out macrophages,
LPS-inducible DUSP1/MKP-1 ex-
pression was also significantly
reduced (57). Our results indicate
that the regulation of DUSP1/
MKP-1 expression following both
the engagement of Toll-like recep-
tors in macrophages, and the in-
duction of DNA damage in MEFs,
share common pathway compo-
nents downstream of p38a MAPK.

The greatly extended time course
of both p38 and JNK phosphoryla-
tion observed in UV-irradiated
Duspl/Mkp-1"'~ MEFs suggests
that the induction of this phospha-
tase is the predominant mechanism
by which the activity of these
MAPKs is regulated. We have
assessed the mRNA levels of all 10
members of the DUSP/MKP family,
and find that DUSP1/MKP-1 is the
only phosphatase that shows a sig-
nificant increase in expression after
treatment with UV or cisplatin.
Interestingly, several DUSP/MKP
genes are reported to be responsible
for the coordinated regulation of

with induction of the DUSP1/MKP-1 protein in wild-type cells, H3
dephosphorylation occurs with identical kinetics in MEFs lack-
ing DUSP1/MKP-1 (data not shown), indicating that DUSP1/
MKP-1 is not the relevant activity. Our own data suggests a
more direct role for MSK1 and -2 in regulating DUSP1/MKP-1
expression via phosphorylation of transcription factors CREB/
ATF1. Interestingly, a recent report (54) indicates that it may be
the recruitment of MSK1 by phospho-CREB itself that facilitates
histone H3 phosphorylation at CRE-dependent promoters.
Recent work has identified DUSP1/MKP-1 as a critical neg-
ative regulator of MAPK signaling in the innate immune
response (55). Initial reports indicated that ERK activity was
required for the transcriptional activation of DUSP1/MKP-1 in
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JNK activity in human embryonic kidney 293T cells exposed to
hydrogen peroxide (58). However, we observed that peroxide-
treated MEFs respond very similarly to UV-irradiated cells, in
that DUSP1/MKP-1 is the only phosphatase to show significant
up-regulation (data not shown). This is consistent with recent
observations of increased p38a/JNK activation and lethality in
peroxide-treated MEFs from Duspl/Mkp-1 knock-out mice
(11).

The involvement of DUSP1/MKP-1 in the regulation of UV-
induced lethality was surmised from previous experiments in
which DUSP1/MKP-1 was conditionally overexpressed in a
human leukemia cell line (49). Here we have shown for the first
time using loss of function experiments that the induction of
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endogenous DUSP1/MKP-1 and the resulting inhibition of JNK
activity is essential in protecting cells from the lethal effects of
UV radiation. This finding is consistent with a role for persis-
tent JNK activation in the promotion of cell death (59), and the
observation that cells lacking JNK1 and JNK2 are relatively
resistant to UV-induced apoptosis (60). In contrast, INK-medi-
ated activation of ATF2 and c-Jun has also been implicated in
the stress-induced transcription of several genes involved in
DNA repair (61). It is possible that Dusp1/Mkp-1 null cells may
operate a more efficient DNA repair program than their wild-
type counterparts, due to enhanced JNK signaling. However,
our results indicate that prolonged JNK activation in these cells
overrides any survival advantage by initiating programmed cell
death. Christmann et al. (30) have suggested that reduced levels
of DNA repair may result in impaired transcription of DUSP1/
MKP-1, resulting in JNK-mediated cell death. Deletion of
DUSP1/MKP-1 may thus uncouple a mechanism that links
DNA repair efficiency to survival via the modulation of JNK
activity. This will be the focus of a future investigation.

In conclusion, our findings indicate that DUSP1/MKP-1
induction represents a mechanism by which cross-talk between
two distinct stress-inducible MAPK pathways regulates the
biological outcome of signaling. Signal integration by the p38«a
and JNK pathways has emerged as an important determinant of
cellular responses in a wide variety of tissues and pathologies,
including inflammation and cancer (62). Our work suggests
that cross-talk mediated by DUSP1/MKP-1 plays a key role in
determining cell fate following exposure to DNA damaging
agents such as UV radiation and cisplatin.
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