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Background

Abstract

Physical activity promotes specific adaptations in most tissues including skele-
tal muscle. Acute exercise activates numerous signaling cascades including
pathways involving mitogen-activated protein kinases (MAPKs) such as extra-
cellular signal-regulated kinase (ERK)1/2, which returns to pre-exercise level
after exercise. The expression of MAPK phosphatases (MKPs) in human skele-
tal muscle and their regulation by exercise have not been investigated before.
In this study, we used mRNA sequencing to monitor regulation of MKPs in
human skeletal muscle after acute cycling. In addition, primary human myo-
tubes were used to gain more insights into the regulation of MKPs. The two
ERK1/2-specific MKPs, dual specificity phosphatase 5 (DUSP5) and DUSP6,
were the most regulated MKPs in skeletal muscle after acute exercise. DUSP5
expression was ninefold higher immediately after exercise and returned to
pre-exercise level within 2 h, whereas DUSP6 expression was reduced by 43%
just after exercise and remained below pre-exercise level after 2 h recovery.
Cultured myotubes express both MKPs, and incubation with dexamethasone
(Dex) mimicked the in vivo expression pattern of DUSP5 and DUSP6 caused
by exercise. Using a MAPK kinase inhibitor, we showed that stimulation of
ERK1/2 activity by Dex was required for induction of DUSP5. However,
maintaining basal ERK1/2 activity was required for basal DUSP6 expression
suggesting that the effect of Dex on DUSP6 might involve an ERK1/2-inde-
pendent mechanism. We conclude that the altered expression of DUSP5 and
DUSP6 in skeletal muscle after acute endurance exercise might affect ERK1/2
signaling of importance for adaptations in skeletal muscle during exercise.

2007). The effects of exercise on health and the study of
underlying mechanisms have gained much interest

Physical activity is beneficial for health, and may prevent
development of many chronic diseases like obesity and
type 2 diabetes (Knowler et al. 2002; Catenacci and Wyatt
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because of its marked potential to combat the global epi-
demic of obesity and type 2 diabetes (Pedersen and Saltin
2015). Physical activity promotes specific reactions and
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Regulation of DUSP5 and DUSP6 in Skeletal Muscle

adaptations in most tissues of the body including skeletal
muscle. The effects depend on variables like duration,
intensity, and type of exercise (Egan and Zierath 2013).
Long-term training causes changes in contractile proteins,
mitochondrial function, capillary density, and oxidative
capacity along with altered expression of proteins
involved in several metabolic and signaling pathways
(Hawley et al. 2014). These long-term adaptations to
exercise are due to repeated bouts of muscle contraction.
A single bout of exercise activates numerous signal trans-
duction cascades and promotes changes in mechanical
strain, ATP turnover, calcium flux, and production of
reactive oxygen species (Egan and Zierath 2013). One of
the pathways elicited by acute exercise is the mitogen-
activated protein kinase (MAPK) pathway involving p38
MAPK, c-Jun N-terminal kinases (JNK), and extracellular
signal-regulated kinase (ERK) 1/2 (Aronson et al. 1997;
Widegren et al. 2000). In human skeletal muscle, ERK1/2
phosphorylation is increased in an intensity-dependent
manner by acute contractions. After exercise this phos-
phorylation is rapidly reduced, and resting levels are
restored within 60 min (Krook et al. 2000; Widegren
et al. 2000).

MAPKs including ERK1/2 are dephosphorylated by
MAPK phosphatases (MKPs) on both the threonine/ser-
ine and tyrosine residues. MKPs belong to a subfamily of
the dual specificity phosphatases (DUSPs) family and
include 10 members, which differ in their substrate speci-
ficity, subcellular localization, tissue expression, and
inducibility by extracellular stimuli (Camps et al. 2000).
Among the MKPs, DUSP5 and DUSP6 (also known as
MKP-3) are specific to ERK1/2 (Arkell et al. 2008;
Kucharska et al. 2009) and display specific cellular distri-
bution. DUSP5 is located in the nucleus (Mandl et al.
2005), whereas DUSP6 is found in the cytoplasm (Groom
et al. 1996; Muda et al. 1996). Both DUSP5 and DUSP6
sequester unphosphorylated ERK1/2 in the nucleus and
cytoplasm, respectively (Karlsson et al. 2004; Mandl et al.
2005). In mammalian cells like NIH 3T3 fibroblasts, some
stimuli such as growth factors and lipopolysaccharide
(LPS) regulate expression of DUSP5 and DUSP6 via ERK
activity (Ekerot et al. 2008; Kucharska et al. 2009).

The expression and regulation of both ERK1/2-specific
DUSP5 and DUSP6 in human skeletal muscle have not
been investigated. In this study, we focus on the expres-
sion of different MKPs in human skeletal muscle as well
as adipose tissue, and their regulation by exercise. We
observed that acute exercise altered the expression of
most MKPs, where DUSP5 and DUSP6 showed the most
prominent alteration and were oppositely regulated. We
observed that acute stimulation with dexamethasone
(Dex) can mimic this in vivo pattern of DUSP5 and
DUSP6 expression and provide evidence for the
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involvement of ERK1/2 signaling in regulation of these
MKPs in primary human myotubes.

Methods

Human exercise intervention study

Sedentary men (age 40-65 years) participated in a training
intervention study described in detail by Langleite et al.
(2016). Briefly, men in the control group had a mean body
mass index (BMI) of 23.5 + 2.0 kg/m* (n = 13) and nor-
mal fasting and 2 h serum glucose levels. In the dysglycemic
group, the mean BMI was 28.9 + 2.5 kg/m” (n = 11) and
the participants had fasting glucose concentration
>5.6 mmol/L and/or impaired oral glucose tolerance test
(2 h serum glucose concentration >7.8 mmol/L). All partic-
ipants were subjected to a combined strength and
endurance training program for 12 weeks (long-term exer-
cise), including two endurance bicycle sessions (60 min
each) and two whole-body strength training sessions
(60 min each) per week. In addition, the participants per-
formed an acute exercise test (45 min cycling at 70%
VO,max, after 10 min warm up) before as well as after the
long-term exercise (Fig. 1). The study was registered with
the U.S. National Library of Medicine Clinical Trials
registry (NCT01803568).

Biopsies from m. vastus lateralis were taken pre-exer-
cise, immediately after, and 2 h after completing the acute
exercise bout. Moreover, adipose tissue biopsies were
taken 30-60 min after completing the acute exercise bout.
The samples were taken both at baseline and after
12 weeks of exercise intervention, and in total, six biop-
sies from skeletal muscle and two from periumbilical sub-
cutaneous adipose tissue were obtained during the study
from each participant. From one subject, the 2 h samples
are missing both at baseline and after 12 weeks. The tis-
sue samples were immediately transferred to RNA-later
(Qiagen, Limburg, Netherland), kept overnight at 4°C,
and transferred to —80°C until further processing.

High throughput mRNA sequencing

RNA was isolated from biopsies of skeletal muscle and
adipose tissue, reverse transcribed into ¢cDNA and deep
sequenced (Li et al. 2014). In brief, an Illumina HiSeq
2000 platform with multiplex design was used to amplify
and deep sequence sonicated cDNA fragments with 51 bp
nucleotides. Tophat 2.0.8 with Bowtie 2.1.0 was used with
default settings (Langmead et al. 2009; Kim et al. 2013)
to align the RNA-seq reads against the UCSC hgl9 anno-
tated transcriptome and genome. Gene filtering and nor-
malization were performed with EdgeR v3.4.2 (Robinson
et al. 2010) using a negative binominal generalized linear
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Figure 1. Design of 12 weeks exercise intervention study. Skeletal muscle biopsies were harvested pre-exercise (pre), immediately after (0 h),
and 2 h after an acute (45 min) bicycle sessions, both at baseline and after 12 weeks of exercise intervention. Adipose tissue biopsies were
taken 30-60 min after the acute exercise at baseline as well as after 12 weeks of exercise intervention.

model in R v3.0.3 (The R Foundation, Vienna, Austria).
Normalized gene expression levels are presented in frag-
ments per kB mapped reads (FPKM).

Culture of primary human skeletal muscle
cells

Biopsies from either m. obliquus internus abdominis or m.
vastus lateralis of three male donors (age 33-62 years)
were used to isolate primary satellite cells (Haugen et al.
2010). In addition, human satellite cells from one female
donor were obtained from Lonza (Basel, Switzerland).
The cells were subcultured using SkGM Bullet kit (Lon-
za) containing 2% fetal bovine serum (FBS) to establish
stocks of cells in passage 5. For experiments, myoblasts
were seeded in cell culture dishes and proliferated in
growth medium (DMEM/F12 HAM 1:1 [Gibco, Life
Technologies, Grand Island, NY; Sigma-Aldrich, St.
Louis, MO]) containing GlutaMAX™ (Gibco, Life Tech-
nologies, Paisley, UK), 50 U/mL penicillin, 50 g/mL
streptomycin, 10% FBS, 1 nmol/L insulin, 10 ng/mL epi-
dermal growth factor, 2 ng/mL basic fibroblast growth
factor, and 0.4 mg/mL Dex (Sigma-Aldrich). When the
cells were 80% confluent, differentiation was initiated by
switching from growth medium to differentiation med-
ium (DMEM/F12 HAM 1:1 containing GlutaMAX ™,
50 U/mL penicillin, 50 g/mL streptomycin, and 2% horse
serum [Sigma-Aldrich]) for 5 days to obtain multinucle-
ated myotubes. Prior to final incubations, medium was
changed to serum-free differentiation medium for 16 h.
Then Dex (0.5 umol/L) was added to the cells for the
indicated times. MAPK kinase (MEK) inhibitor PD98059
(PD, 10 pmol/L, Cell Signaling Technology, Danvers,
MA) was added to the cells for 1 h prior to Dex. Because
the stock solution of PD was prepared in dimethyl sulf-
oxide (DMSO), controls containing 0.1% DMSO were
included in all experiments involving the inhibitor. No
difference was found between control cells and cells incu-
bated with 0.1% DMSO.
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Quantitative real-time PCR

Total RNA was isolated from cell cultures using the
RNeasy Mini kit (Qiagen, Hilden, Germany) according to
the manufacturer’s protocol. RNA was reverse transcribed
into ¢cDNA using High Capacity cDNA Reverse Trans-
ferase Kit (Thermo Fisher, Foster City, CA), and RNA
expression was analyzed by quantitative real-time PCR
using TagMan probes and predesigned primers (Thermo
Fisher). The following targets were analyzed: DUSP5
(Hs00244839 m1), DUSP6 (Hs04329643 s1), MYH?2
(Hs00430042_m1), and MYOG (Hs00231167_ml).
Expression of the housekeeper gene large ribosomal pro-
tein PO (RPLPO, Hs99999902_m1) was used for normal-
ization, and CT values were calculated using the AACT
method.

Immunoblotting

Cells were lysed in a buffer containing 50 mmol/L HEPES
(pH 7.4), 1% Triton X-100 (v/v), complete protease inhi-
bitor cocktail, and PhosSTOP phosphatase inhibitor cock-
tail (both from Roche Diagnostics, Basel, Switzerland),
followed by pulse-mode ultrasonication. Lysates were cen-
trifuged at 10,000 g for 15 min; supernatants were trans-
ferred to fresh tubes and protein concentrations were
determined. Equal amounts of protein were loaded to
SDS-PAGE using 4-20% Criterion XT Bis-Tris precast
gels (Bio-Rad, Hercules, CA) followed by transfer onto
polyvinylidene fluoride membrane (Immobilon-P; Milli-
pore, Billerica, MA). TBST-T blocking buffer containing
20 mmol/L Tris pH 7.5, 137 mmol/L NaCl, 0.1% Tween-
20 (v/v), and 3% bovine serum albumin (w/v) was used
to block nonspecific protein binding by incubating the
membrane for 1 h at room temperature. Incubation with
primary antibodies was performed in the same buffer
overnight at 4°C. Antibodies directed against phospho-
ERK1/2 (Thr202/Tyr204) (Cell Signaling Technology),
total ERK1/2 (Cell Signaling Technology), and tubulin
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(Millipore) were used. Peroxidase-conjugated anti-rabbit
IgG was used as secondary antibody. The SuperSignal
West Dura Extended Duration Substrate from Thermo
Fisher Scientific was used for enhanced chemilumines-
cence detection. The signals were visualized and evaluated
on a ChemiDoc Touch Imaging System (Bio-Rad).

Presentation of data and statistics

Data are presented as means = SEM. Statistical signifi-
cance was determined by Student’s t-test or one-way
ANOVA (post hoc test Tukey’s multiple comparison test)
using GraphPad Prism 6 software, and P < 0.05 was con-
sidered statistically significant.

Results

Expression of MKPs in human skeletal
muscle and adipose tissue

mRNA sequencing of skeletal muscle and adipose tissue
biopsies revealed that nine of 10 members of the MKP
family were expressed in both tissues (Fig. 2). The expres-
sion level of different MKPs varied between 45 =+ 4.6
FPKM (DUSPI) and 0.25 £+ 0.03 FPKM (DUSP5) in
skeletal muscle, and 68 4+ 4.4 FPKM (DUSPI) and
0.87 + 0.09 FPKM (DUSP2) in adipose tissue, which
means that DUSP1 was the most abundantly expressed
MKP in both tissues. DUSPI, DUSP2, DUSP4, DUSP5,
and DUSP6 were more highly expressed in adipose tissue
compared with skeletal muscle, whereas DUSP7, DUSPS,
DUSP10, and DUSPI6 exhibited similar expression in
both tissues.

For most of the MKPs there were no differences
between the control and dysglycemic group at baseline
(Table 1). However, DUSP4 expression was significantly
lower in skeletal muscle of the control group, whereas its
expression in adipose tissue was higher in the control
group. Moreover, a higher expression of DUSPIO in adi-
pose tissue of dysglycemic men was observed.

Acute exercise enhanced DUSP5 and reduced
DUSP6 mRNA expression in skeletal muscle

At baseline, the mRNA expression of DUSPI, DUSP2,
DUSP4, DUSPS8, DUSPI0, and DUSPI16 was increased
immediately after acute exercise compared to pre-exercise
(Table 2). Expression of DUSP2, DUSP4, and DUSPIl6
remained elevated 2 h after exercise, DUSP8 mRNA
expression returned to pre-exercise level within the 2 h
recovery period, whereas DUSPI and DUSPI0 mRNA
expression were significantly lower (~70% and 50%,
respectively) 2 h after exercise as compared to pre-
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exercise values. Moreover, mRNA expression of DUSP7
was unaltered just after exercise and 30% reduced after
2 h recovery. When comparing the expression of DUSPs
between controls and dysglycemic subjects at 0 h and 2 h,
we found no difference at baseline as well as after
12 weeks exercise intervention.

DUSP5 and DUSPé6 displayed the most striking pattern
of alteration by acute exercise in skeletal muscle, whereas
no change was observed in adipose tissue (Fig. 3). At
baseline, DUSP5 mRNA expression increased 9.1-fold just
after exercise and returned to the pre-exercise level within
2 h. DUSP6 expression was oppositely regulated and
decreased by 43% immediately after exercise, and the
mRNA expression was still 30% reduced compared to the
pre-exercise expression after 2 h recovery. We observed
no difference in pre-exercise mRNA expression and regu-
lation of DUSP5 and DUSP6 by acute exercise between
control and dysglycemic men at baseline (Table 1; Fig. 3A
and B). After 12 weeks of training, pre-exercise DUSP5
mRNA expression was significantly increased 1.8-fold in
the dysglycemic group (Fig. 3A; Table 3), whereas the
pre-exercise mRNA expression of DUSP6 was significantly
increased 1.5-fold in the control group (Fig. 3B; Table 3).
Acute response to exercise remained unchanged in the
dysglycemic group following 12 weeks of exercise inter-
vention. Moreover, there were no significant changes in
the expression of MKPs in adipose tissue after 12 weeks
of exercise (Table 3).

Expression of DUSP5 and DUSP6 in primary
skeletal muscle cells

Primary human skeletal muscle cells were used as an
in vitro model, and the mRNA expression of DUSP5 and
DUSP6 was monitored during myogenic differentiation
(Fig. 4). DUSP5 mRNA expression decreased on the first
day of differentiation, which probably is related to the
change of growth medium containing 10% FBS and sev-
eral growth factors to differentiation medium containing
2% horse serum with no growth factors. During the fol-
lowing 6 days, no change in DUSP5 mRNA expression
was observed. DUSP6 mRNA expression increased ~3.5-
fold during differentiation. The proper differentiation of
myotubes was monitored by assessing mRNA expression
of the myogenic markers MYH2 encoding MHClIa, which
was increased 10-fold (Fig. 4C), and MYOG, which was
increased fourfold (Fig. 4D).

MRNA expression of DUSP5 and DUSP6 was
regulated by Dex

Plasma cortisol levels increase during acute exercise
(Duclos et al. 2003) as also observed in our study

© 2017 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
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Figure 2. Baseline mRNA expression of MAPK phosphatases (MKPs) in biopsies from (A) skeletal muscle and (B) adipose tissue. Data represent
means + SEM; circles indicate individual expression levels of all participants (n = 24). MAPK, mitogen-activated protein kinases.

Table 1. mRNA expression of MKPs in biopsies from human skeletal muscle and adipose tissue at baseline.

) Skeletal muscle Adipose tissue
Alternative
MKPs name Control Dysglycemic Control Dysglycemic
DUSP1 MKP-1 48.41 + 12.48 51.43 + 7.52 63.03 + 10.15 68.67 + 7.30
DUSP7 PYSr2 9.42 + 0.69 9.94 + 0.76 8.64 + 0.54 8.06 + 0.27
DUSP10 MKP-5 6.64 + 0.35 7.91 £+ 0.99 3.13 £ 0.34 4.32 + 0.31
DUSP6 MKP-3 3.20 + 0.26 3.30 + 0.37 35.78 + 1.93 30.98 + 1.86
DUSP16 MKP-7 3.03 £ 0.11 3.13 £ 0.10 4.67 + 0.20 456 + 0.22
DUSP8 hVH-5 2.67 + 0.26 2.83 £ 0.20 2.89 + 0.31 3.51 £ 0.20
DUSP2 PAC1 0.38 + 0.05 0.35 4+ 0.03 0.85 + 0.27 1.07 + 0.17
DUSP4 MKP-2 0.22 + 0.03 0.38 + 0.08 25.43 + 3.46 13.39 + 1.43
DUSP5 VH3 0.27 + 0.05 0.22 + 0.02 1.94 + 0.17 1.89 + 0.15

Comparison of MKPs expression between the control (n = 11) and dysglycemic group (n = 13) at baseline in biopsies from human skeletal
muscle and adipose tissue. Values represent means FPKM =+ SEM; P-values were calculated by unpaired Student’s t-test, P < 0.05 versus
control group (bold). MKPs, MAPK phosphatases; DUSP, dual specificity phosphatase; FPKM, fragments per kB mapped reads.
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Table 2. Regulation of mMRNA expression of MKPs in human skeletal muscle at baseline after acute exercise.

0 h versus pre-exercise

2 h versus pre-exercise

MKPs All Control Dysglycemic All Control Dysglycemic
DUSP5 10.85 + 1.28 11.18 + 1.72 10.45 + 2.00 1.25 +0.14 1.34 + 0.25 1.16 £ 0.13
DUSP2 6.77 + 1.48 7.45 + 2.29 5.96 + 1.87 8.31 + 0.94 9.36 + 1.58 7.16 + 0.90
DUSP1 4.00 + 0.55 4.45 + 0.79 3.47 + 0.76 0.41 + 0.07 0.39 + 0.07 0.44 + 0.09
DUSP8 2.19 + 0.19 2.42 + 0.31 1.91 + 0.15 1.23 + 0.11 1.26 + 0.19 1.19 + 0.11
DUSP4 1.97 + 0.30 2.16 + 0.42 1.74 + 045 2.36 + 0.34 2.73 + 0.55 1.96 + 0.38
DUSP16 1.51 £+ 0.05 1.52 + 0.07 1.50 + 0.08 1.15 + 0.04 1.22 + 0.05 1.09 + 0.07
DUSP10 1.23 £+ 0.07 1.20 + 0.07 1.26 £ 0.13 0.56 + 0.05 0.59 + 0.09 0.51 + 0.05
DUSP7 0.99 + 0.04 1.00 + 0.06 0.97 + 0.04 0.72 + 0.04 0.74 + 0.07 0.71 + 0.05
DUSP6 0.62 + 0.06 0.61 + 0.07 0.63 + 0.09 0.72 + 0.06 0.72 + 0.09 0.73 + 0.07

Data represent mean fold changes + SEM for all participants together (n = 24) or for separate groups (n = 11, controls; n =13,
dysglycemics); P-values were calculated by paired Student’s t-test, P < 0.05 versus pre-exercise (bold). Baseline pre-exercise values are
presented in Table 1. MKPs, MAPK phosphatases; DUSP, dual specificity phosphatase.

(Norheim et al. 2014). To investigate a potential link
between changes in plasma cortisol concentration and the
regulation of DUSP5 and DUSP6 mRNA expression dur-
ing acute exercise, we incubated primary human myo-
tubes with 0.5 umol/L Dex for 15-240 min. DUSP5
mRNA expression increased 2.1-fold after 1 h and
returned to basal level after 4 h (Fig. 5A). DUSP6 mRNA
expression was reduced by 25% after 1 h and by 40%
after 2—4 h Dex exposure (Fig. 5B). However, there was
no correlation between the change in plasma cortisol dur-
ing the acute exercise bout and the change of expression
of either MKP (data not shown).

Induction of DUSP5 mRNA expression occurs
via ERK1/2

Myotubes were incubated 15-240 min with Dex to assess
the effect on ERK1/2 phosphorylation. As shown in
Figure 6A, phosphorylation of ERK1/2 was increased after
15 min of Dex incubation (1.6-fold, P = 0.01), and
returned to basal level within 30 min. The MEK inhibitor
PD98059 (PD) reduced the basal phosphorylation of
ERK1/2 by 63%. Preincubation of myotubes with PD for
1 h followed by 15 min Dex exposure completely abol-
ished phosphorylation of ERK1/2 (Fig. 6B), whereas total
protein level of ERK1/2 was unaffected (data not shown).

Monitoring the effect of PD on mRNA expression of
both MKPs in myotubes revealed that inhibiting ERK1/2
activity caused a reduction of DUSP5 mRNA expression
by 65% (Fig. 6C), which was not restored by 1 h admin-
istration of Dex in addition to PD. Moreover, 1 h incuba-
tion of myotubes with PD reduced the mRNA expression
of DUSP6 by 60% to a similar extent as Dex (Fig. 6D).
Combining PD and Dex further reduced the mRNA
expression of DUSP6 to 16% of control cells.
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Discussion

Regulation of DUSP5 and DUSP6 mRNA
expression

We observed that after acute endurance exercise DUSP5
was the most enhanced, whereas DUSP6 was the most
downregulated MKP among DUSPs expressed in human
skeletal muscle (Table 2). Moreover, short-term incuba-
tion of myotubes with Dex could mimic this pattern
in vitro (Fig. 5). We further demonstrated that induction
of DUSP5 depended on ERK1/2 signaling.

Using microglia, Ham et al. (2015) showed that incu-
bation with LPS induced DUSP5 and repressed DUSP6
mRNA expression, which is comparable to our results.
Other scientists reported on induction of DUSP5 mRNA
expression in different mammalian cells by serum, heat
shock, and vascular endothelial growth factor (Ishibashi
et al. 1994; Kwak and Dixon 1995; Bellou et al. 2009;
Kucharska et al. 2009). For DUSP6, fibroblast growth fac-
tor (Li et al. 2007; Ekerot et al. 2008), platelet-derived
growth factor (Jurek et al. 2009), nerve growth factor
(Camps et al. 1998), and hypoxia (Bermudez et al. 2011)
have been reported to induce its expression. However, we
are the first to show that Dex induces DUSP5 while
decreasing DUSP6 mRNA expression in primary human
myotubes. Although we observed a significant increase in
plasma cortisol after exercise as expected (Norheim et al.
2014), this increase did not correlate with the changes
observed in the mRNA expression of DUSP5 and DUSP6
in skeletal muscle biopsies. An explanation might relate
to differences in the dynamics of cortisol action in vivo
and in vitro, differences between different glucocorticoids,
or unknown factors. Our result on DUSP6 repression is
in contrast to a study in rat hepatoma cells where Dex

© 2017 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
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Figure 3. DUSP5 and DUSP6 expression in skeletal muscle and adipose tissue before and after long-term exercise. Control (n = 13) and
dysglycemic (n = 11) men performed an acute bout of exercise (45 min, 70% VO, max) at baseline and after 12 weeks of exercise. Skeletal
muscle biopsies (A and B) were taken before (pre), immediately after (0 h), and 2 h after the acute bout. Adipose tissue biopsies (C and D)
were taken 30-60 min after exercise. mMRNA expression of DUSP5 (A and C) and DUSP6 (B and D) was assessed by RNA-seq. Data represent
mean FPKM + SEM; P-values were calculated by paired Student’s t-test. *P < 0.05 versus pre, *P < 0.05 versus corresponding value at

baseline.

incubation enhanced DUSP6 mRNA expression after 6 h
(Xu et al. 2005). The discrepancy might be explained by
the use of different cell types (liver vs. skeletal muscle),
and differences between cancer cell lines and primary
cells. The effect of glucocorticoids on MKPs is not well
studied except for DUSPI1, which is induced by Dex in
different cell types (Kassel et al. 2001; Lasa et al. 2002;
Clark et al. 2008; Shah et al. 2014).

Induction of DUSP5 mRNA expression in skeletal mus-
cle cells occurred via activation of ERK1/2 as shown by
the use of PD. This finding is supported by studies in

© 2017 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

The Physiological Society and the American Physiological Society.

other cell types like NIH 3T3, HeLa, and COS-1 cells
(Mandl et al. 2005; Kucharska et al. 2009). Kucharska
et al. reported that a serum-induced increase of DUSP5
mRNA expression was prevented by the MEK inhibitor
U0126. They also showed that signaling pathways involv-
ing JNK, p38 MAPK, or PI3K were not involved in the
induction of DUSP5 by serum (Kucharska et al. 2009).
ERK1/2 phosphorylates mitogen- and stress-activated
kinases 1 and 2 as well as p90 ribosomal S6 kinase. These
kinases may act on different transcription factors includ-
ing Elk-1. A recent study by Buffet et al. (2015) revealed
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Table 3. Regulation mRNA expression of MKPs in skeletal muscle and adipose tissue in relation to long-term exercise.

Skeletal muscle

Adipose tissue

MKP All Control Dysglycemic All Control Dysglycemic
DUSP5 1.76 + 0.24 1.67 £ 0.41 1.88 + 0.20 1.16 + 0.08 1.19 £ 0.11 1.12 £ 0.13
DUSP4 1.62 + 0.30 2.01 £ 0.48 1.15 + 0.27 1.23 £ 0.15 1.14 + 0.17 1.34 + 0.25
DUSP6 1.58 + 0.14 1.68 + 0.20 1.46 + 0.22 1.01 + 0.04 0.99 4+ 0.05 1.03 + 0.07
DUSP10 1.37 + 0.10 1.50 + 0.12 1.21 £ 0.17 1.14 + 0.07 1.21 £ 0.11 1.06 + 0.09
DUSP2 1.17 £ 0.12 1.12 £ 0.17 1.23 +0.18 1.21 £ 0.19 1.15 4+ 0.26 1.27 +0.28
DUSP1 1.11 £ 0.18 1.26 + 0.31 0.93 +£ 0.12 1.18 £ 0.10 1.08 +£ 0.13 1.31 £ 0.16
DUSP8 1.09 + 0.08 1.12 + 0.15 1.05 4+ 0.06 1.18 4+ 0.09 1.25 +0.14 1.09 + 0.09
DUSP16 1.05 + 0.04 1.11 £ 0.04 0.99 + 0.08 1.08 + 0.04 1.07 + 0.06 1.09 + 0.06
DUSP7 0.98 + 0.05 0.96 + 0.09 1.02 + 0.06 0.97 + 0.04 0.94 + 0.05 0.99 + 0.06

Data represent mean fold changes 4+ SEM for all participants together (n = 24) or for separate groups (n = 11, controls; n = 13, dysglycemic
subjects); P-values were calculated by paired Student’s t-test, P < 0.05 versus baseline (bold). MKPs, MAPK phosphatases; DUSP, dual speci-

ficity phosphatase.
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Figure 4. DUSP5 and DUSP6 mRNA expression in primary cultures of human myotubes. Primary human myoblasts from four donors were
seeded, and differentiation was initiated at 80% confluency. RNA was harvested before start of the differentiation and at indicated time points.
MRNA expression of DUSP5 (A), DUSP6 (B), and differentiation markers MYH2 (C) and MYOG (D) were monitored by gPCR and normalized to
RPLPO expression. Data represent means + SEM; P-values were calculated by one-way ANOVA. *P < 0.05 versus day O of differentiation. DUSP,
dual specificity phosphatase; gPCR, quantitative real-time PCR; RPLPO, ribosomal protein PO.

that Elk-1 is involved in the transcriptional control of
DUSP5, providing a link between ERKI/2 activation,
induction of DUSP5, and consequently an inhibition of
ERK1/2 activity.

Interestingly, we observed that incubating myotubes
with PD reduced DUSP6 mRNA expression along with

2017 | Vol. 5 | Iss. 19 | e13459
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decreasing basal ERK1/2 phosphorylation. This observa-
tion has been reported also in other studies (Bermudez
et al. 2011; Ham et al. 2015) and may suggest that a cer-
tain ERK1/2 activity is required to maintain the basal
level of DUSP6. Moreover, we found that combining PD
and Dex further reduced the mRNA expression of DUSP6

© 2017 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
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Figure 5. Effect of Dex on DUSP5 and DUSP6 mRNA expression.
At day 6 of differentiation, primary human myotubes were
incubated with 0.5 pmol/L Dex, and expression of DUSP5 (A) and
DUSP6 (B) was monitored by qPCR. Data represent means + SEM;
P-values were calculated by one-way ANOVA. *P < 0.05 versus O h,
n > 3. Dex, dexamethasone; DUSP, dual specificity phosphatase;
gPCR, quantitative real-time PCR.

compared to both PD and Dex alone. Hence, we suggest
that the effect of Dex on DUSP6 mRNA expression may
be independent of its effect on ERK1/2 activity.

Potential interaction between ERK1/2
activity and DUSP5/DUSP6 during exercise

Acute endurance exercise stimulates MAPK pathways in
skeletal muscle including ERK1/2 and its upstream regula-
tors Raf-1 and MEK (Aronson et al. 1997; Widegren et al.
2001). Widegren et al. (1998) observed maximum activity
of ERK1/2 after 30 min of exercise. After 60 min of exer-
cise, phosphorylation of ERK1/2 was slightly reduced, and
after cessation of exercise, ERK1/2 activity was restored to

© 2017 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
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pre-exercise level within 60 min. Increasing ERK1/2 activ-
ity promotes enhanced DUSP5 mRNA expression (Fig. 7).
DUSP5 dephosphorylates and sequesters inactive ERK in
the nucleus, which might explain the slightly reduced
ERK1/2 phosphorylation observed after 60 min of exer-
cise. The exercise-induced activation of the ERK1/2 path-
way stops when exercise is terminated, whereas DUSP5 is
still highly expressed. In our study, we found ninefold
higher DUSP5 mRNA expression just after exercise com-
pared to pre-exercise expression. This suggests that
restoration of pre-exercise level of ERK1/2 phosphoryla-
tion within short recovery time may involve DUSP5 activ-
ity. Unfortunately, no sample material from our study
was left to study phosphorylation of ERK1/2 and protein
level of DUSP5 and DUSP6 after acute exercise. Hence,
we do not know whether the regulation of DUSP5 and
DUSP6 mRNA expression by acute exercise is followed by
corresponding alterations of the protein level. However,
others reported that changes in mRNA level of DUSP5
and DUSP6 resulted in corresponding alterations of pro-
tein level (Nunes-Xavier et al. 2010; Ham et al. 2015).
After 2 h recovery, DUSP5 mRNA expression was
restored to its pre-exercise level because ERK1/2 activity
was also on its pre-exercise level (Fig. 7). Thus, DUSP5
may play an important role in controlling nuclear ERK1/
2 signaling in a stimulus- and time-dependent manner.

Although acute exercise induced DUSP5 mRNA expres-
sion, we observed that mRNA expression of DUSP6 was
reduced immediately after and 2 h after exercise. This dif-
ference in kinetics compared to DUSP5 was also observed
in vitro. As mentioned earlier, DUSP6 dephosphorylates
active ERK1/2 and binds to inactive ERK1/2 in the cyto-
plasm thereby competing with MEK, the upstream kinase
of ERK1/2. Hence, a sustained reduction of DUSP6 may
increase the relative amount of ERK1/2 available for
phosphorylation by MEK, which may promote ERK1/2
activation in the cytoplasm and may help to restore the
basal ERK1/2 activity.

Physiological impact of DUSP5 and DUSP6

The physiological role of DUSP5 in skeletal muscle in the
context of exercise is largely unexplored. We hypothesize
that its role in the tight regulation of ERK1/2 signaling
might be related to the regulation of fatty acid metabo-
lism. This assumption is based on studies showing that
inhibition of ERK1/2 prevented contraction-induced
translocation of fatty acid translocase (FAT/CD36) to the
plasma membrane (Turcotte et al. 2005; Raney and Tur-
cotte 2007). Thus, uptake of fatty acids during contrac-
tion was not increased when ERK1/2 activity was blocked.
Moreover, contraction-induced activation of ERK1/2
increased fatty acid oxidation, which was reduced by

2017 | Vol. 5 | Iss. 19 | e13459
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Figure 6. Dex induced ERK1/2 phosphorylation, which was required for mRNA expression of DUSP5 and DUSP6. (A) Primary human myotubes
were incubated with 0.5 pmol/L Dex for 15-240 min and phosphorylation of ERK1/2 was monitored. (B) Cells were incubated with 10 umol/L
PD for 1 h prior to incubation with Dex (15 min), and phosphorylation of ERK1/2 was monitored. (C) DUSP5 and DUSP6 (D) mRNA expression
were monitored by qPCR after exposure to PD (1 h), Dex (1 h) and a combination of both, respectively. Data represent means + SEM; P-values
were calculated by one-way ANOVA. *P < 0.05 versus control, P < 0.05 versus Dex, n > 3. Dex, dexamethasone; ERK, extracellular signal-
regulated kinase; DUSP, dual specificity phosphatase; PD, MEK inhibitor PD98059; gPCR, quantitative real-time PCR.

inhibition of ERK1/2 (Raney and Turcotte 2007). FAT/
CD36 is also present in mitochondrial membranes
(Campbell et al. 2004; Bezaire et al. 2006), and the mito-
chondrial FAT/CD36 protein content was increased by
muscle contraction in parallel with enhanced fatty acid
oxidation in wild-type but not FAT/CD36 knockout mice
(Holloway et al. 2009). These and other studies suggest a
key role for FAT/CD36 in the exercise-induced increase
of fatty acid uptake and oxidation (Yoshida et al. 2013),
which is regulated by ERK1/2 signaling. Hence, DUSP5-
mediated deactivation of ERK1/2 signaling after exercise
might be important to prevent excessive uptake of fatty
acids by limiting high ERK1/2 activity to periods of mus-
cle activity.

Bonen et al. observed a permanent relocation of FAT/
CD36 to the sarcolemma in skeletal muscle of type 2 dia-
betic patients leading to a marked increase in skeletal mus-
cle fatty acid transport (Bonen et al. 2004; Aguer et al.
2010). Lipid oversupply may lead to the accumulation of
lipids interfering with insulin signaling as observed in type
2 diabetic and obese individuals (Holloway et al. 2010).
Thus, the higher pre-exercise DUSP5 mRNA expression

2017 | Vol. 5 | Iss. 19 | e13459
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after 12 weeks exercise in dysglycemic subjects may reflect
an adaptation to exercise, which is required to further
impede FAT/CD36 translocation to sarcolemma by deacti-
vating ERK1/2. This may reduce lipid supply to skeletal
muscle and may improve insulin sensitivity in the dysg-
lycemic group, which is a well-known effect of exercise.
Also for DUSP6, the current knowledge on its impact
on skeletal muscle is rather limited. One study investigat-
ing skeletal muscle regeneration identified DUSP6 as tar-
get of the homeo domain transcription factor Six1, which
is expressed in satellite cells (Le Grand et al. 2012). These
stem cells mediate skeletal muscle growth and regenera-
tion, for example, after exercise and injury. Six1 is impor-
tant to ensure replenishment of the stem cell pool. By
controlling DUSP6 mRNA expression, Six] may control
the duration of ERK1/2 signaling during muscle regenera-
tion. DUSP6 has been studied more extensively in rela-
tion to metabolism. Genetic or diet-induced obese mice
display elevated hepatic DUSP6 expression (Xu et al.
2005; Wu et al. 2010). DUSP6 promotes gluconeogenic
gene transcription and is involved in the regulation of
hepatic gluconeogenesis (Xu et al. 2005; Wu et al. 2010).

© 2017 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
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Figure 7. Hypothetical interplay between ERK1/2 signaling, DUSP5, and DUSP6 in skeletal muscle before and after exercise. Before exercise,
basal phosphorylation of MEK and ERK1/2 is low. Inactive ERK1/2 is bound to inactive MEK and DUSP6 in cytoplasm (resting). DUSP6 is
expressed at higher levels than DUSP5. During exercise MEK is activated by RAF leading to increased phosphorylation of ERK1/2, which is
translocated into the nucleus and increases ERK1/2 target gene expression including DUSP5 (exercise). Enhanced DUSP5 increases
dephosphorylation and trapping of ERK1/2 in the nucleus, and less ERK1/2 is recycled to cytoplasm. A higher proportion of cytoplasmic ERK1/2
is available for phosphorylation by MEK due to reduced level of DUSP6 (exercise). During recovery, MEK and ERK1/2 activities are reduced to
basal level, normalizing the DUSP5 level. ERK1/2 is translocated back to the cytoplasm and most of it is bound to MEK, whereas DUSP6 level is
still low (recovery). ERK, extracellular signal-regulated kinase; DUSP, dual specificity phosphatase; MEK, MAPK kinase.

Moreover, long-term exercise in mice reduced hepatic skeletal muscle, in particular during exercise, remain elu-
DUSP6 expression and suppressed gluconeogenesis (Souza sive, and further studies are needed to clarify the impact
Pauli et al. 2014). However, other functions of DUSP6 in of our observations.
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Conclusion

Our study shows that acute exercise affects mRNA expres-
sion of the two ERKI1/2-specific MKPs DUSP5 and
DUSP6 in human skeletal muscle, but not in adipose tis-
sue. This may suggest a potential role for DUSP5 and
DUSP6 in controlling exercise-activated ERK1/2 signaling
in human skeletal muscle.
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