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Abstract Apoptosis signal-regulating kinase 1 (ASK1), a
member of the MAP kinase kinase kinase, is activated by
several death stimuli and is tightly regulated by several
mechanisms such as interactions with regulatory proteins
and post-translational modifications. Here, we report that
dual-specificity phosphatase 13A (DUSP13A) functions as
a novel regulator of ASK1. DUSP13A interacts with the
N-terminal domain of ASK1 and induces ASK1-mediated
apoptosis through the activation of caspase-3. DUSP13A
enhances ASKI kinase activity and thus its downstream
factors. Small interfering RNA (siRNA) analyses show that
knock-down of DUSP13A in human neuroblastoma SK-N-
SH cells reduces ASKI1 kinase activity. The phosphatase
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activity of DUSP13A is not required for the regulation of
ASKI. This regulatory action of DSUP13 on ASK1 activity
involves competition with Aktl, a negative regulator of
ASKI1, for binding to ASKI1. Taken together, this study
provides novel insights into the role of DUSP13A in the
precise regulation of ASKI1.
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Introduction

Apoptosis signal-regulating kinase 1 (ASK1), a member of
the serine/threonine kinase family, plays an important role in
various cellular processes including cell growth, mitogen-
activated protein kinase (MAPK) signaling, and apoptosis.
ASKI activates both the c-Jun N-terminal kinase (JNK) and
the p38 signaling pathways by phosphorylating and thereby
activating MKK4 (SEK1)/MKK?7 and MKK3/MKKG®6, which
are upstream regulators of JNK and p38, respectively [1, 2].
The kinase activity of ASK1 is stimulated by a variety of
cellular death signals, including hydrogen peroxide (H,O, as
a reactive oxygen species donor) [3, 4], tumor necrosis
factor-o. (TNF-o) [5], Fas ligand [6], serum withdrawal [3],
and endoplasmic reticulum (ER) stress [7].

ASKI activity appears to be enhanced by its interaction
with several positive cellular partners, such as TNF
receptor associated factors (TRAFs) [5, 6, 8], DS3L1 [9],
Gl to S phase transition protein 1 (GSPT1) [10], and
JSAP1/JIP3 [11]. On the other hand, ASKI1 activity is
suppressed in cells via its interaction with several negative
regulatory partners, including thioredoxin [3, 12], glutare-
doxin [4], 14-3-3 [13], Hsp90 [14], and Aktl (protein
kinase B) serine/threonine kinase [15].
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ASKI1 contains three major domains, an N-terminal
domain, a central kinase domain, and a C-terminal domain.
The N-terminal domain of ASK1 appears to play a negative
regulatory role, as the N-terminal deletion mutant of
ASK1, ASK1AN, shows higher kinase activity and greater
pro-apoptotic activity than wild-type ASK1 [16].

ASK1 is regulated by phosphorylation and dephospho-
rylation. When overexpressed or stimulated, ASKI1
undergoes conformational changes in the ASKI1 oligomer,
which induces trans-autophosphorylation of Thr-845 [17].
Aktl phosphorylates Ser-83 of ASK1 and negatively reg-
ulates the pro-apoptotic activity of ASKI. In addition,
protein phosphatase 5 (PP5) dephosphorylates Thr-845
within the kinase domain of ASK1 and thereby inactivates
ASK1 [18]. In an effort to identify ASKI-regulating
phosphatases, we used the ASKI1 N-terminal regulatory
domain as bait for immunoprecipitation screening of 46
human protein-tyrosine phosphatases (PTPs). Among sev-
eral ASKl-interacting phosphatases, dual-specificity
phosphatase 13A (DUSP13A) was a novel ASKl-inter-
acting partner. DUSP13A, also known as muscle-restricted
dual-specificity phosphatase (MDSP), is encoded by the
upstream open reading frame (ORF) of the DUSP13 locus
[19]. Two distinct DUSP13 proteins are encoded due to
alternative splicing of the ORF of the DUSPI13 locus. The
second protein is DUSPI3B (also known as testis and
skeletal muscle-specific dual-specificity phosphatase,
TMDP) which is encoded by the downstream ORF. These
two proteins share 42% identity in amino acid sequences.
DUSPI13A is a member of the dual-specificity phosphatase
subgroup and is closely related to VHI-related (VHR)
protein-tyrosine phosphatase. Expression of DUSP13A is
increased during postnatal muscle development. DUSP13A
dephosphorylates both phospho-Tyr and phospho-Thr res-
idues but does not target MAP kinases [19].

In the present study, we show that DUSP13A physically
interacts with and activates ASK1. Activation of ASK1 by
DUSPI13A leads to the initiation of the caspase-3 depen-
dent apoptosis pathway. Expression of either wild-type
DUSPI3A or inactive DUSPI3A mutant induces ASK1
autophosphorylation and JNK/p38 activation. Further study
shows that DUSP13A induces ASK1-mediated apoptosis
by facilitating dissociation of Aktl from ASKI.

Materials and methods

Cell culture and transfection

Human embryonic kidney (HEK) 293 cells, mouse
embryonic fibroblasts (MEF), and human SK-N-SH cells

(brain neuroblastoma metastasized to bone marrow),
obtained from Korean Cell Line Bank (KCLB) were

maintained at 37°C in Dulbecco’s modified Eagle’s med-
ium (DMEM, Invitrogen, Carlsbad, CA) supplemented
with 10% fetal bovine serum (FBS, Invitrogen) and peni-
cillin/streptomycin in the presence of 5% CO,. For
transient transfection, 1.4 x 10° cells were plated in each
60-mm cell culture plate, grown overnight, and transfected
with DNA using LipofectAMINE (Invitrogen).

Plasmid construction

HA-ASK1 expression plasmid was obtained from
Dr. Hidenori Ichijo. The expression constructs of other
HA-tagged ASK1 mutants (ASK1 1-460, ASK1 1-666,
ASK1 K domain (amino acids 649-940), and ASKI1
C-terminal domain (amino acids 941-1,375), were gener-
ated by polymerase chain reaction (PCR) and subcloning
into pcDNA3 plasmid (Invitrogen). The FLAG- or
HA-tagged DUSP13A and DUSP13A DACS mutant
(D97A and C128S) were constructed in pcDNA3.1/Zeo
plasmid (Invitrogen). HA-tagged Aktl expression plasmid
was subcloned into pcDNA3. His-tagged DUSP13A WT,
DUSPI3A DACS, and His-MKK6 were constructed in
pET28a plasmid (Novagen, Darmstadt, Germany) for
protein expression in Escherichia coli. For DUSP13A
siRNA expression, the target sequence of DUSP13A used
was 5'-aaagGCAGGGAAGTCTTCTTGCA-3’ (sense) and
5'-a2aaTGCAAGAAGACTTCCCT GC-3’ (antisense). The
complementary double-stranded siRNA oligonucleotides
were inserted into pBabe-Dual vector (Addgene, Cam-
bridge, MA, USA) using Bbsl restriction enzyme sites as
described [20, 21]. All of the constructs were confirmed by
DNA sequencing.

Antibodies and proteins

His-tagged DUSP13A proteins were overexpressed in
E. coli and bound to Ni-NTA beads (Qiagen, Hilden,
Germany). The bound His-DUSP13A proteins were treated
with imidazole to elute DUSP13A from the beads. The
eluted DUSP13A proteins were used for in vitro assays.
The phosphatase activity of His-DUSP13A and DUSP13A
DACS were assayed at 30°C in 100 pl of reaction buffer
containing 100 mM Tris—HCI pH 8.2, 40 mM NaCl, 1 mM
DTT, 20% glycerol, 500 uM 3-O-Methylfluorescein
Phosphate (OMFP; Sigma, St. Louis, MO, USA). The
amount of 3-O-methylfluorescein was determined by the
absorbance change at 490 nm or fluorescence change of
excitation at 485 nm and emission at 525 nm.

Purified His-DUSP13A was used to immunize mice.
HA-Aktl was overexpressed in HEK 293 cells, purified
using anti-HA affinity matrix (Roche Diagnostics, India-
napolis, IN, USA), and used in later experiments.
Polyclonal anti-Aktl, anti-phospho-Aktl (Ser-473), anti-
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phospho-ASK1 (Ser-83), anti-COX IV, anti-cytochrome c,
anti-cleaved caspase-3 (Asp-175), and anti-caspase-9 (C9)
antibodies were from Cell Signaling Technology (Danvers,
MA, USA). Anti-ASK1 agarose bead, anti-ASK1 antibody,
and anti-HA antibody were from Santa Cruz Biotechnol-
ogy. Anti-FLAG M2 affinity agarose beads, anti-FLAG M2
antibody, and anti-tubulin antibody were from Sigma-
Aldrich.

Reverse transcription-polymerase chain reaction
(RT-PCR)

Total RNAs were prepared from cells by Trizol (Roche,
Basal, Switzerland) and reverse transcription was per-
formed by using M-MLV (Invitrogen). PCR for human
DUSPI3A was carried out using the following primers:
forward  5-GGCAAGTTCCAGGTGGACAC-3'  and
reverse 5'-GTTGTCCAGAACCTGGAGCTG-3'.

Binding assays and immunoblotting analysis

HEK 293 cells were co-transfected with ASKI1 and
DUSPI13A expression plasmids. After 48 h of transfection,
cells were washed twice with phosphate buffered saline
(PBS) buffer and lysed in PTP lysis buffer (0.5% NP-40,
0.5% Triton X-100, 150 mM NaCl, 20 mM Tris—HCI pH
8.0, 1 mM EDTA, 1% glycerol, 1 mM phenylmethylsul-
fonyl fluoride and 1 pg/ml aprotinin) for 30 min at 4°C,
followed by centrifugation at 13,000 rpm for 30 min. The
soluble fractions were incubated with 20 pl of anti-FLAG
M2-agarose (Sigma) at 4°C for 4 h with rotation. After
binding, the beads were collected by centrifugation at
5,500 rpm for 2 min and washed five times in the PTP lysis
buffer. The bound proteins were eluted with the SDS-
PAGE sample buffer and then separated by SDS-PAGE,
followed by immunoblotting with anti-FLAG antibody
(1:10,000 dilution; Sigma) or anti-HA antibody (1:1,000
dilution; Santa Cruz Biotechnology, Inc., Santa Cruz, CA,
USA). The protein bands were visualized by the ECL
detection system (PIERCE, Rockford, IL, USA).

To examine in vivo interaction between the endogenous
proteins, cell lysates were prepared from human neuro-
blastoma SK-N-SH cells as described above and subjected
to immunoprecipitation with agarose beads coupled with
anti-ASK1 antibody or with DUSP13A-specific mouse IgG
followed by incubation with protein A/G agarose for 5 h at
4°C. The bound proteins were analyzed by immunoblotting
with anti-ASK1 antibody or mouse anti-DUSP13A IgG.

For in vivo competition assays, HEK 293 cells were
transfected with FLAG-ASK1 (1 pg), HA-DUSP13A (0,
0.5, 1, or 2 pg), and HA-Aktl (1 pg) plasmids. After 48 h
of transfection, cells were washed twice with PBS buffer
and lysed in PTP lysis buffer for 30 min at 4°C, followed

by centrifugation at 13,000 rpm for 30 min. The soluble
fractions were incubated with 20 pl of anti-FLAG M2
affinity agarose (Sigma) at 4°C for 4 h with rotation. The
bound proteins were eluted with the SDS-PAGE sample
buffer and then separated by SDS-PAGE, followed by
immunoblotting with anti-FLAG antibody or anti-HA
antibody.

ASK1 oligomerization assay

To examine the effect of DUSP13A on the oligomerization
of ASK1, HEK 293 cells were transfected with expression
plasmids producing FLAG-ASK1 or HA-ASKI, respec-
tively. After 48 h of transfection, both cell lysates were
mixed together and incubated in the presence of recombi-
nant DUSPI3A WT or mutant. The samples were
incubated with 20 pl of anti-FLAG M2 affinity agarose
(Sigma) for 5h at 4°C. The immunoprecipitates were
eluted with the SDS-PAGE sample buffer and then sepa-
rated by SDS-PAGE, followed by immunoblotting with an
anti-HA antibody.

In vitro kinase assay

For ASK1 kinase activity assays, transfected HEK 293
cells were harvested and lysed with the lysis buffer con-
taining 0.5% NP-40, 0.5% Triton X-100, 150 mM NaCl/
20 mM Tris-HCl pH 8.0, 1 mM EDTA, 1% glycerol,
1 mM phenylmethylsulfonyl fluoride and 1 pg/ml aproti-
nin. Cell lysates were subjected to centrifugation at
13,000 rpm for 30 min at 4°C. The soluble fraction was
then subjected to immunoprecipitation with anti-FLAG
M2-agarose by incubation at 4°C for 4 h. Immunoprecip-
itates were assayed for the ASK1 kinase activities by using
His-MKK®6 as a substrate. Kinase assays were performed
for 30 min at 30°C in the final reaction mixture—1 pCi
[y-**P] ATP, 1 pg of His-MKK6 and His-DUSP13A in
kinase reaction buffer (20 mM Tris—HCI, pH 7.5, 20 mM
MgCl,). Phosphorylated substrates were visualized and
quantified after SDS-PAGE gel electrophoresis and auto-
radiography. Transfection efficiencies of cells were
detected by Western blotting with an anti-FLAG antibody.

Cell viability assay

Cell viability was determined using a CCK-8 cell viability
assay kit (DOJINDO Laboratories, Japan). Transfected
MEF cells (5 x 10° cells/well) were cultured in DMEM
medium supplemented with 5% FBS and incubated for
48 h in a 96-well plate. Then, 10 pl of cell viability assay
kit solution was added to each well of the plate. After
incubation for 1 h at 37°C in the dark, absorbances were
measured at 450 nm using a multiwell plate reader.
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Measurement of caspase-3 activity and detection
of caspase-3 or -9

Caspase-3 activity was measured as described [9]. MEF
cells (2 x 10%60 mm plate) were transfected with both
FLAG-ASK1 and FLAG-DUSP13A expression plasmids.
After 24 h of transfection, cells were transferred to 100-
mm plates and grown to 80% confluence. Then, cells were
exposed to serum-free DMEM for 24 h before collection
for measurement.

For detection of caspase-3 or -9, SK-N-SH or MEF cells
were co-transfected with expression plasmids producing
FLAG-ASK1 and FALG-DUSPI13A. The cell lysates were
electrophoresed on SDS-PAGE and transferred to nitro-
cellulose membranes followed by immunoblotting with an
anti-caspase-3 or anti-caspase-9 antibody.

Detection of cytochrome c release

MEEF cells were transfected with FLAG-ASK1 or FLAG-
DUSP13A expression plasmid. After 48 h of transfection,
cytosolic and mitochondrial fractions were separated with
the Qproteome Cell Compartment kit (Qiagen). The pres-
ence of cytochrome c in the cytosolic fraction was assessed
by immunoblotting with an anti-cytochrome ¢ antibody.

Results
ASKI1 interacts with DUSP13A

To identify PTPs that associate with and regulate ASKI,
we performed in vitro binding assays with the N-terminal
regulatory domain (residues 1-666) of ASK1 and 46 PTPs.
Human embryonic kidney (HEK) 293 cells were transiently
co-transfected with HA-ASK1 (1-666) and FLAG-PTP
expression plasmids. FLAG-PTPs were pulled down by
anti-FLAG affinity agarose, followed by immunoblotting
with an anti-HA antibody to detect ectopically expressed
ASKI in the pulled-down PTP complexes. We repeated the
pull-down experiments three times and found that
DUSPI13A interacted with ASK1 in all experiments (data
not shown).

To confirm the interaction between full-length ASKI
and DUSP13A in mammalian cells, HEK 293 cells were
transiently co-transfected with FLAG-ASK1 and HA-
DUSPI3A expression plasmids. FLAG-ASK1 was pulled
down with anti-FLAG affinity agarose, followed by
immunoblotting with an anti-HA antibody to detect bound
DUSPI13A in the pulled-down ASK1 complexes (Fig. 1a).
To test if DUSP13A could bring down ASKI in a reci-
procal manner, we performed co-immunoprecipitation
assays with the expressed HA-ASK1 and FLAG-DUSP13A

proteins and found HA-ASK1 in the immunoprecipitated
FLAG-DUSP13A complex (Fig. 1b). DUSPI3B, the
encoded protein from the downstream ORF of the DUSP13
locus, did not interact with ASK1 (data not shown).

Polyclonal antibody specific for DUSP13A was gener-
ated in mice and used to screen for the presence of
endogenous DUSP13A in various cell lines. The RT-PCR
and immunoblotting analysis data showed that DUSP13A
is specifically expressed in human neuroblastoma SK-N-
SH cells, whereas it is not detected in HEK 293, Hep3B,
and HelLa cells (data not shown). To confirm the observed
ASKI1-DUSPI13A interaction under physiological condi-
tions, we examined the association of endogenous ASK1
and DUSP13A proteins in non-transfected SK-N-SH cells.
SK-N-SH cell lysates were immunoprecipitated with an
anti-ASK1 polyclonal antibody, and the immunoprecipi-
tates were analyzed by immunoblotting with an anti-
DUSPI3A antibody (Fig. 1c). The in vivo interaction not
change with H,O, or TNF-o treatment, suggesting that
binding of DUSP13A to ASKI1 is independent of oxidative
stress, at least in part. The N-terminal domain (residues
1-666) of ASK1 (ASK-N) was found to be responsible for
the binding to DUSP13A, whereas the kinase domain
(residues 649-940, ASK-K) and C-terminal regulatory
domain (residues 941-1,375, ASK-C) showed no affinity
for DUSP13A (Fig. 1d). Collectively, these data indi-
cate that ASKI1 specifically interacts with DUSP13A
through the N-terminal domain of ASKI in an oxidative
stress-independent manner.

DUSP13A enhances ASK1-mediated cell death
and caspase-3 or -9 cleavage

We next carried out a series of experiments to examine the
role of DUSP13A on the regulation of ASK1. Since auto-
phosphorylation of ASK1 is proportional to ASK1 kinase
activity, we investigated whether DUSP13A could enhance
ASK1 autophosphorylation. HEK 293 cells that do not
express endogenous DUSP13A were co-transfected with
FLAG-ASK1 and various amounts of FLAG-DUSP13A
expression plasmids. With FLAG pull-down immunopre-
cipitates, the effects of DUSP13A on the ASK1 activity in
immunocomplexes were determined by autophosphoryla-
tion assays (Fig.2a). Results show that DUSPI3A
enhanced ASK1 autophosphorylation in a dose-dependent
manner. To further investigate whether ASK1 activity was
dependent on the DUSP13A expression level, we per-
formed DUSP13A RNA knock-down experiments using
small interfering RNA (siRNA) that specifically targeted
DUSPI13A mRNA. Immunoblotting analyses and ASKI1
kinase assays with cell lysates from SK-N-SH cells trans-
fected with DUSP13A siRNA expression plasmid or
control siRNA plasmid revealed that knock-down of
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Fig. 1 Interaction between ASK1 and DUSP13A. a HEK 293 cells
were co-transfected using HA-DUSPI3A with or without FLAG-
ASKI1. After 48 h of transfection, cells were lysed and immunopre-
cipitated with anti-FLAG M2-agarose. Immunoprecipitates were
subjected to immunoblot analysis with an anti-HA antibody (fop).
Middle and bottom panels show expression levels of HA-DUSP13A
and FLAG-ASKI1 in cell lysates, respectively. b HEK 293 cells were
transfected using HA-ASK1 with or without FLAG-DUSP13A. Co-
immunoprecipitation was carried out as described above. ¢ Endog-
enous interaction between ASK1 and DUSPI3A is independent of
H,0, and TNF-a. Lysates from SK-N-SH cells treated with H,O,
(1 mM, 1 h) or TNF-« (20 ng/ml, 1 h) were immunoprecipitated with
anti-ASK1 (H-300) beads and immunoblotted with an anti-DUSP13A
antibody or ASKl-specific antibody. The far right lane (control)
shows the immunoblotting of anti-ASK1 (H-300) beads alone used in

DUSPI13A expression also reduced ASK1 autophosphory-
lation and kinase activity (Fig. 2b). We next tested whether
DUSP13A enhanced ASK1-induced cell death of HEK 293
cells. ASK1-induced cell death was significantly increased
in the presence of DUSPI3A while in the absence of
DUSP13A ASKI1 induced cell death slightly (Fig. 2c),
suggesting that DUSP13A acts as an activator in ASKI1-
mediated cell death. Since ASK1 induces apoptosis by
activating caspase-9 and caspase-3 [16], we examined the
effect of DUSP13A on ASKIl-mediated apoptosis by
detection of active caspase-3 or -9. Cells co-transfected
with both ASK1 and DUSPI3A expression plasmids
showed higher caspase-3 or -9 cleavage than cells trans-
fected with the ASK1 expression plasmid alone (Fig. 2d),

Lysate

the immunoprecipitation to confirm no indigenous IgG reactivity. The
levels of endogenous proteins were measured by appropriate
antibodies. d DUSP13A preferentially interacts with the N-terminal
domain of ASKI1. HEK 293 cells were co-transfected with FLAG-
DUSP13A and either HA-ASK1-WT or its deletion mutants, as
indicated. Cell lysates were immunoprecipitated with anti-FLAG M2-
agarose. Immunoprecipitates and aliquots of each lysate were
subjected to SDS-PAGE followed by immunoblotting with anti-HA
and anti-FLAG antibodies, as indicated. ASK/ apoptosis signal-
regulating kinase 1, ASKI-FL full-length ASK1, ASKI-N ASKI
N-terminal domain (residues 1-666), ASKI-K ASK1 kinase domain
(residues 649-940), ASKI-C ASK1 C-terminal domain (residues 941—
1375), DUSPI3A dual-specificity phosphatase 13A, IgG immuno-
globulin G, SDS-PAGE sodium dodecyl sulfate-polyacrylamide gel
electrophoresis, TNF-o. tumor necrosis factor-o, HA hemagglutinin

suggesting that DUSP13A upregulates the ASK1-mediated
caspase-3 and -9 activities.

DUSPI13A interferes with ASK1-Aktl complex
formation in a phosphatase activity-independent
manner

Since DUSPI3A interacts with the N-terminal domain of
ASKI and activates ASK1, we investigated the mechanism
of ASK1 activation by DUSP13A. It has been reported that
ASK1 physically associates with Aktl [15]. In addition,
Aktl phosphorylates ASK1 at Ser-83 and inhibits ASKI1-
mediated cell death [15]. Therefore, it is possible that
DUSPI13A may regulate phosphorylation at Ser-83 of
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Fig. 2 DUSP13A activates ASK1 kinase activity. a HEK 293 cells
were co-transfected using 1 pug (4) or 2 pug (++4) of FLAG-
DUSP13A expression plasmid. After 48 h of transfection, cells were
lysed and immunoprecipitated with anti-FLAG M2 affinity agarose.
ASKI activities were determined by in vitro phosphorylation assays.
b Knock-down of DUSP13A reduces the activation of ASK1. SK-N-
SH cells were transfected with plasmid pBabe-Dual-DUSP13A or the
empty vector pBabe-Dual. After 48 h of transfection, cell lysates
were immunoprecipitated with anti-ASK1 agarose and analyzed for
autophosphorylation and in vitro kinase activities of ASKI. In vitro

ASKI1. We first examined whether DUSPI3A inhibits
phosphorylation of ASK1 at Ser-83. Co-transfection of
FLAG-ASK1 and FLAG-DUSPI3A expression plasmids
decreased the phosphorylation of ASK1 at Ser-83. Further
decrease was observed in a dose-dependent manner with up
to 2 pg of FLAG-DUSP13A plasmid (Fig. 3a).

We then examined whether DUSP13A can directly
dephosphorylate phospho-Ser-83 in vitro. After transfec-
tion of FLAG-ASK1 WT or FLAG-ASK1 S83A plasmid,
cells were treated with or without H,O, and ASK1 was
immunoprecipitated from the cell extracts using anti-
FLAG M2-agarose. Immunoprecipitated ASK1 was incu-
bated with purified recombinant DUSP13A wild-type (WT)
protein. We also used the catalytically inactive double
mutant DUSP13A DACS (D97A and C128S) protein as a
control. The phosphorylation status of ASK1 was deter-
mined by immunoblotting analysis using anti-phospho-
ASKI (Ser-83) antibody (Fig. 3b). Treatment of cells with
H,0,; reduced the phosphorylation level of Ser-83 (Fig. 3b,
lane 4), suggesting that dephosphorylation of Ser-83 is

|
| ﬁ < DUSP13A

DUSP13A siRNA - +
Fold: 1.0 03
Fold: 1.0 05
kinase assay
IB: 0-DUSP13A | awem = |« DUSP13A
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Caspase-9
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Caspase-3
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kinase assays were performed using His-MKKG®6 as a substrate. Kinase
activity was normalized to the expression level of ASK1. ¢ MEF cells
were transfected with 1 pg of FLAG-ASKI and 1 pg of FLAG-
DUSP13A plasmids as indicated. To minimize the influence of
transfection reagents, mock-transfected cells were considered 100%
viable. Cell viability was determined by using the CCK-8 kit. Graphs
represent the mean of three independent experiments. Error bars
indicate £ SEM. d Effect of ASK1 and DUSPI3A on cleaved
caspase-3 or-9. After transfection, MEF cells were lysed and
immunoblotted with anti-caspase-3 and anti-caspase-9 antibodies

related to ASK1 activation. However, DUSP13A failed to
dephosphorylate pSer-83 of ASK1 in vitro (Fig. 3b, lanes 2
and 5), which suggests that pSer-83 is not a target for
dephosphorylation by DUSP13A even though its phos-
phorylation level is decreased in cells overexpressing
DUSPI13A (Fig. 3a).

Since DUSP13A does not dephosphorylate pSer-83 of
ASKI1 but inhibits Aktl activity toward ASK1, we next
examined whether DUSP13A competes with Aktl for
binding to ASKI1 in vitro (Fig. 3c). ASK1 was immuno-
precipitated and dephosphorylated with calf intestine
phosphatase (CIP). When the CIP-treated ASK1 was incu-
bated with Aktl, Aktl phosphorylated Ser-83 of ASKI.
Additional incubation with recombinant DUSP13A did not
induce dephosphorylation of pSer-83 (Fig. 3c, lane 4).
However, when Aktl and DUSP13A WT were added at the
same time, Aktl was unable to phosphorylate Ser-83
(Fig. 3c, lane 7). Incubation with DUSP13A DACS mutant
also produced the same result (Fig. 3c, lane 8). These
results indicate that DUSPI3A, regardless of its
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Fig. 3 DUSPI3A competes with Aktl for binding to ASK1. a HEK
293 cells were transfected with 1 pg of FLAG-ASKI and 0.2, 0.5, or
1 ng of FLAG-DUSP13A expression plasmid. After 48 h of trans-
fection, cells were lysed with PTP lysis buffer. Cell lysates were
subjected to immunoblotting using anti-FLAG and anti-phospho-
ASKI1 (Ser-83) antibodies. b HEK 293 cells were transfected with
1 pg of FLAG-ASKI1 WT or FLAG-ASK1 S83A plasmid. After 48 h
of transfection, cells were treated with or without 1 mM H,O, for 1 h
and ASK1 was immunoprecipitated from the cell extracts using anti-
FLAG M2-agarose. Immunoprecipitated ASK1 was incubated with
recombinant WT or double mutant His-DUSP13A protein (1 pg) and
the phosphorylation status of ASK1 was monitored by immunoblot
analysis using anti-phospho-ASK1 (Ser-83) antibody. FLAG-ASK1
S83A was used as a control. ¢ HEK 293 cells were transfected with
1 ng of FLAG-ASKI1 plasmid. After 48 h of transfection, cells were
lysed and immunoprecipitated with anti-FLAG M2 affinity agarose.
The ASKI1 immunoprecipitates were treated with calf intestine
phosphatase (CIP) in the absence of phosphatase inhibitors. After

< Akt1

Lysate

CIP treatment, ASK1 was incubated with both His-DUSP13A (WT or
double mutant) and purified HA-Akt1 at the same time, or with HA-
Aktl first and then with His-DUSPI3A (WT or double mutant).
Samples were subjected to SDS-PAGE, followed by immunoblotting
with anti-FLAG and anti-phospho-ASK1 (Ser-83) antibodies.
d Dissociation of Aktl from ASKI1 is DUSP13A dose-dependent in
cells. HEK 293 cells were transfected with FLAG-ASK1 (1 pg), HA-
DUSP13A WT or inactive mutant (0, 0.5, 1, or 2 pg), and HA-Aktl
(1 pg) plasmids. Associations of DUSP13A and Aktl with ASK1
were detected by immunoprecipitation with anti-FLAG M2 affinity
agarose followed by immunoblotting with an anti-HA antibody.
e DUSPI3A induces dissociation of Aktl from ASK1-Aktl complex
in vitro. ASK1-Aktl complexes were immunoprecipitated with anti-
FLAG M2 affinity agarose from HEK 293 cells overexpressing
FLAG-ASK1 and HA-Aktl. Recombinant His-DUSP13A (1, 2, or
3 png) was added and incubated for 2 h at 4°C. The agarose-bound
proteins were washed three times with PTP lysis buffer and then
separated by SDS-PAGE, followed by immunoblotting analysis
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Fig. 4 DUSPI3A has no effect on Aktl activity and ASKI
oligomerization. a HEK 293 cells were transfected with 0.5, 1, or
2 ng of FLAG-DUSPI13A expression plasmid. After transfection,
cells were lysed with PTP lysis buffer. Cell lysates were subjected to
immunoblotting using anti-Aktl and anti-phospho-Aktl (Ser-473)
antibodies. b HEK 293 cells were separately transfected with 1 pg of

phosphatase activity, disables Aktl kinase activity and thus
inhibits of Aktl-mediated ASK1 phosphorylation at Ser-83.

We then investigated whether DUSP13A inhibits bind-
ing of Aktl to ASK1 in a dose-dependent manner in cells
(Fig. 3d). Associations of DUSP13A and Aktl with ASK1
were detected by immunoprecipitation with anti-FLAG M2
affinity agarose followed by immunoblotting with an anti-
HA antibody. The results showed that the binding of Aktl
to ASKI1 gradually decreased, concomitant with an
increase of DUSP13A bound to ASKI1. The catalytically
inactive DUSP13A mutant also bound to ASKI1 and
inhibited Aktl binding to ASK1 in a dose-dependent
manner. The reduction of complex formation between
ASKI1 and Aktl in the presence of DUSP13A suggests that
DUSPI13A competes with Aktl for binding to ASKI.

To further confirm that DUSP13A is a direct competitor
of Aktl for binding to ASK1, we performed in vitro binding
competition assays (Fig. 3e). Recombinant DUSP13A
proteins were incubated with ASK1-Aktl complexes that
were immunoprecipitated from cells overexpressing ASK1
and Aktl. After removal of unbound proteins, levels of
DUSPI3A and Aktl bound to ASK1 were detected by
immunoblotting analysis. With an increase of DUSP13A
WT or mutant, the level of Aktl bound to ASK1 was
reduced in vitro. The in vitro results indicate that DUSP13A
acts as a direct competitor of Aktl for binding to ASKI1.

(ng)
<p-Akt1
<Akt1
<4DUSP13A
Transfection
FLAG-ASK1 + HA-ASK1 + DUSP13A
(n9) ¥
(ng)
Anti-FLAG IP
< ASK1  /
Wash
1B

FLAG-ASK1 or HA-ASKI1 plasmid. After 48 h of transfection, cells
were lysed in lysis buffer. Both cell lysates were mixed and incubated
in the presence of DUSP13A WT or mutant. FLAG-ASK1 was
immunoprecipitated with anti-FLAG M2 affinity agarose. Pulled-
down ASKI1 complexes were immunoblotted with an anti-HA
antibody

DUSPI13A has no effect on Aktl activity and ASKI1
oligomerization

Since DUSP13A interferes with Aktl action on ASKI1, it is
also possible that DUSP13A may directly inhibit Aktl
activity by dephosphorylating active Aktl. Since Aktl is
activated when Ser-473 is phosphorylated [22], we inves-
tigated the effect of DUSP13A on the phosphorylation
status of Ser-473 of endogenous Aktl, as assessed by
immunoblotting analysis using an antibody that specifically
recognizes phospho-Ser-473 of Aktl (Fig. 4a). The results
indicate that DUSP13A does not dephosphorylate active
Aktl.

Since activation of ASK by DUSP13A may result from
enhanced ASKI1 oligomerization, we tested whether
DUSPI13A induces ASK1 dimerization to increase ASK1
activity (Fig. 4b). HEK 293 cells expressing HA-ASKI1 or
FLAG-ASK1 were lysed and then both cell lysates were
mixed together and incubated in the presence of recombi-
nant DUSPI3A WT or mutant. After further incubation
with anti-FLAG affinity agarose, FLAG-ASK1 bound
beads were spun down, followed by immunoblotting
analysis. DUSP13A did not change the interaction between
FLAG-ASK1 and HA-ASKI1. These results indicate that
DUSP13A does not function as an inducer of ASKI
oligomerization.
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Fig. 5 DUSP13A enhances ASKI kinase activity and apoptosis in a
manner independent of the phosphatase activity. a Autophosphorylation
activity and in vitro kinase activity relative to the amount of ASK1 are
shown as fold increase relative to that of FLAG-ASK1 from transfected
HEK 293 cells. Top autophosphorylation assay of ASK1, middle in vitro
kinase assay using His-MKK®6 as a substrate, bottom immunoblotting of
ASK1 with anti-FLAG-M2 antibody. b Overexpression of DUSP13A
activates JNK1/p38 activity in the presence of ASK1. After transfection
into MEF cells, cells were lysed with lysis buffer and immunoblotted by
appropriate antibodies. ¢ Activation of caspase-3 by DUSP13A in MEF
cells. After 48 h of transfection, cells were lysed, and the caspase-3
activities in lysates were measured using DEVD-7-amino-4-

methylcoumarin as a substrate. Cells treated with 1 mM H,O, for 16 h
were used as a positive control. Graphs represent the mean of three
independent experiments. Error bars indicate = SEM. d Processing of
caspase-9 is induced by ASK1 and DUSP13A. After 48 h of transfection,
MEEF cells were lysed and immunoblotted with anti-caspase-9 antibody.
e DUSP13A enhances the ASK1-mediated release of cytochrome c into
the cytosol. The release of cytochrome c¢ into the cytosol of transfected
MEF was determined by immunoblotting after separation of cytosol (SN)
from other organelles (p). The presence of tubulin (cytosol marker) and
COX IV (mitochondria marker) in each fraction was revealed by
immunoblotting; p pellets, SN supernatants
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DUSPI13A enhances ASKI1 kinase activity
and apoptosis in a manner independent
of the phosphatase activity

Given that both DUSP13A DACS mutant and DUSP13A
WT compete with Aktl for binding to ASK1, we further
examined whether the catalytically inactive DUSPI3A
mutant affects ASKI1 activity. HEK 293 cells were
transfected with FLAG-ASK1 plasmid and ASK1 was
immunoprecipitated from the cell extracts using anti-
FLAG M2-agarose. Addition of recombinant His-
DUSP13A WT to immunoprecipitated ASK1 resulted in
activation of both MKKG6 phosphorylation and ASKI1
autophosphorylation. The DUSP13A mutant was as effec-
tive as the WT in its ability to activate ASK1 (Fig. 5a).
Thus, the phosphatase activity of DUSP13A was not nec-
essary for ASK1 activity. To confirm the role of DUSP13A
in ASK1 signaling in cells, we assessed the endogenous
levels of phospho-JNK and phospho-p38, which are ASK1
downstream factors. With co-expression of DUSP13A (WT
or DACS) and ASK1, phospho-JNK and phospho-p38 were
more apparent than with expression of ASKI alone
(Fig. 5b). We next examined whether the DUSP13A-ASK1
signal was accompanied by apoptotic features such as
induction of caspase-3 activity and cleavage of caspase-9
(Fig. 5c, d). Whereas DUSPI13A (WT or DACS)-trans-
fected cells showed no significant increase of caspase-3
activity and cleavage of caspase-9, ASK1-expressing cells
exhibited apparent increases of caspase-3 activity and
cleavage of caspase-9. Cells co-transfected with ASK1 and
DUSPI3A (WT or DACS) expression plasmids showed
higher caspase-3 activity and cleavage of caspase-9 than
cells transfected with ASK1 expression plasmid alone
(Fig. Sc, d, respectively). It has been reported that activa-
tion of ASKI induces cytochrome c¢ release from
mitochondria as well as activation of caspase-9 and cas-
pase-3 [16]. We also confirmed that cytochrome c release
from mitochondria into cytosol was significantly enhanced
in the presence of both ASKI1 and DUSP13A (WT or
DACS) (Fig. 5e). Collectively, these data suggest that
DUSPI13A enhances ASKI1 kinase activity and cytochrome
c-mediated apoptosis in a manner independent of the
phosphatase activity.

Discussion

DUSPI3A is a member of the DUSP family, which is
composed of 61 VHI-like genes in the human genome
[23]. Some DUSPs have been shown to inhibit the MAPK
pathway while others are known to be activators [24].
DUSPI3A was originally identified as a muscle-restricted
dual-specificity phosphatase (MDSP), the expression level

of which was increased from the third week after birth to
adulthood in mouse and which might be involved in
postnatal muscle development [19]. However, its physio-
logical substrate has not been identified. Even though
DUSPI13A is closely related to VH1-related (VHR), it does
not target MAPK proteins as substrates [19]. The present
study demonstrates that DUSP13A is involved in the
positive regulation of the ASK1-MAPK pathway by reg-
ulating ASK1 activity. Whereas association of DUSP13A
with ASK1 is required for ASK1 activation, treatment with
TNF-o or H,O,, two potent ASKI1 activators that induce
phosphorylation of ASK1, did not modulate the interaction
between DUSP13A and ASKI. This suggests that phos-
phorylation of ASKI1 is not necessary for binding to
DUSPI13A, thus binding of ASK1 to DUSP13A is inde-
pendent of oxidative stress, at least in part. Moreover, RT-
PCR results show that TNF-a and H,O, have no effect on
the transcription of DUSP13A (data not shown). It has been
reported that several DUSPs are induced upon stimulation
of HEK 293T cells with H,O, and these dephosphorylate
active JNK [25]. Therefore, consistent expression of
DUSPI3A and stress-independent interaction with ASK1
suggest that DUSP13A may have another role in regulating
ASKI1 rather than a role as an ASK1 phosphatase. It is
possible that DUSP13A functions as an intrinsic activator
of ASK1, i.e., it is responsible for basal ASK1 activity in
DUSP13A-expressing cells.

Our results show that DUSP13A does not dephosphor-
ylate ASK1 and that DUSP13A phosphatase activity is not
necessary for ASKI1 activation. The DUSP13A DACS
(D97A and C128S) mutant enhanced the activation of
ASKI1 in the same manner as the wild-type protein. There
are similar cases in which the phosphatase activities of
DUSPs are not required for the activation of MAPK
pathways. Low-molecular-mass dual-specificity phospha-
tase-3 (LDP-3) enhances activation of JNK and p38,
independent of its phosphatase activity [26]. Stress-acti-
vated protein kinase (SAPK) pathway-regulating
phosphatase 1 (SKRP1) also activates the JNK pathway
regardless of its phosphatase activity [27]. There are two
possible mechanisms for how DUSP13A enhances activa-
tion of the ASK1 pathway. One is that DUSP13A functions
as a competitor of negative regulators of ASK1 pathway.
The other is that DUSP13A acts as a scaffold protein [26,
27]. In both cases, the phosphatase activity of DUSP13A
would not be essential. Based on our results, it appears that
DUSP13A enhances ASK1 activity by blocking the access
of Aktl, an ASK1 inhibitor, to ASK1. Since the DUSP13A
DACS (D97A and C128S) mutant functions as a trapping
mutant incapable of catalysis [28, 29], it is likely that the
mutant inhibits the access of Aktl to ASK1 by associating
with ASK1. Among several ASK1 regulators, GSPT1 plays
arole similar to DUSP13A in regulating ASK1, such that it
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dissociates 14-3-3, another inhibitor of ASK1, from ASK1
to activate ASK1 [10]. Therefore, the major role of
DUSPI3A might be to act as a competitor of negative
regulators of the ASK1 pathway.

DUSP13A expression is cell type- and developmental
stage-specific, which suggests that an additional role for
DUSP13A may exist. Since the substrates that are
dephosphorylated by DUSP13A are not known, it is
important to identify genuine substrates to determine how
DUSP13A is involved in biological processes such as
development.
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