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Abstract

Serum stimulation of mammalian cells induces, via the MAPK pathway, the nuclear protein
DUSPS5 (dual-specificity phosphatase 5), which specifically interacts with and inactivates
the ERK1/2 MAP kinases. However, molecular mechanisms underlying DUSP5 induction
are not well known. Here, we found that the DUSP5 mRNA induction depends on a tran-
scriptional regulation by the MAPK pathway, without any modification of the mRNA stability.
Two contiguous CArG boxes that bind serum response factor (SRF) were foundina 1 Kb
promoter region, as well as several E twenty-six transcription factor family binding sites
(EBS). These sites potentially bind Elk-1, a transcription factor activated by ERK1/2. Using
wild type or mutated DUSP5 promoter reporters, we demonstrated that SRF plays a crucial
role in serum induction of DUSP5 promoter activity, the proximal CArG box being important
for SRF binding in vitro and in living cells. Moreover, in vitro and in vivo binding data of Elk-1
to the same promoter region further demonstrate a role for Elk-1 in the transcriptional regu-
lation of DUSP5. SRF and Elk-1 form a ternary complex (Elk-1-SRF-DNA) on DUSP5 pro-
moter, consequently providing a link to an important negative feedback tightly regulating
phosphorylated ERK levels.

Introduction

Mitogen-activated protein kinases (MAPK) cascades are a conserved group of signal transduc-
tion pathways responsible for the transduction of various signals to a large number of cellular
protein substrates [1]. The MAPK pathway, culminating in the activation of extracellular sig-
nal-related kinases (ERK1/2) by the MAPK kinase MEK, consists in a cascade of phosphoryla-
tion lying downstream of the cellular proto-oncogene RAS thus eliciting cellular responses like
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proliferation, differentiation, transformation, and survival. ERK1 and ERK2 isoforms are both
phosphorylated at the conserved T-X-Y motif in the activation loop of the kinase. ERK is sub-
ject to negative regulation by specific protein phosphatases. Among them, two dual-specificity
(Thr/Tyr) MAPK phosphatases (DUSPs), DUSP5 and DUSP6, localized in the nucleus [2] and
cytoplasm, respectively [3], specifically dephosphorylate ERK [2, 4, 5]. These phosphatases
belong to the large family of DUSPs, so-called as they dephosphorylate both tyrosine and ser-
ine/threonine residues [6]. The binding of DUSP6 to ERK is associated with catalytic activation
of the bound phosphatase and can play a role in cytoplasmic retention of inactivated ERK
through its NES (nuclear export signal) [7-9]. On the contrary, DUSP5 activity seems unaf-
fected upon ERK binding and phosphorylation and its basal activity in the absence of ERK acti-
vation is greater than that of DUSP6 [2]. Thus, since DUSP5 possesses a functional NLS
(nuclear localization signal) and has been proposed to act as a nuclear anchor for ERK, its sub-
strate selectivity is only determined by the specific interaction with nuclear ERK [2].

DUSP5 and DUSP6 are known to be induced by ERK signaling [10-12], and thereby are
involved in a negative feedback loop that tightly controls phosphorylated ERK (pERK) levels.
The role of DUSPs in both cancer progression and cancer resistance becomes obvious, making
them rational targets for new therapeutics [13]. In differentiated thyroid cancer, a tumorigene-
sis model studied in our laboratory, the MAPK pathway is constitutively activated [14]. Some
DUSPs have been shown to be significantly up-regulated, compared to normal thyroid tissue
[15] and are supposed to be a marker of high-risk feature in such tumors [16]. A recently pub-
lished transcriptome analysis of 496 papillary thyroid cancers confirmed that cancers with the
most robust activation of MAPK signaling presented high levels of DUSP4, DUSP5 and
DUSP6 mRNAs [17]. Modulation of DUSP5 expression has been shown to alter the decision of
growth arrest versus proliferation of human cancer cells [18, 19].

Mechanisms regulating DUSP6 expression have been largely elucidated, contrary to those
controlling DUSP5 expression. It has been shown that DUSP6 is regulated by the MAPK path-
way, at the transcriptional level, through a conserved binding site for transcription factors of the
E twenty-six family (ETS) Ets-1 and Ets-2, within a 508 bp promoter region. [11, 12, 20]. Ets-1
and Ets-2 are well known direct targets of the MAPK pathway, as most of the ET'S transcription
factors [21]. The highly conserved ETS binding site (EBS) containing an invariable core motif,
5" =GGA (A/T) -3’ , defines this family of transcription factors, including Ets-1, Ets-2 and Elk-
1. For the DUSP6 gene, Ets-1 and Ets-2 are supposed to be bound to their responsive element in
the basal state, presumably associated with co-repressors [22]. ERK-phosphorylation of specific
residues in the N terminal region of Ets-1 and Ets-2 could lead to the binding of a co-activator
(such as CBP/p300) and to an increased transcription of target genes [22-24]. DUSP6 not only
is regulated by the MAPK pathway at the transcriptional level but also at the post-transcrip-
tional level as MEK-ERK pathway has been shown to stabilize DUSP6 mRNA [25].

Concerning DUSP5, one previous study has demonstrated in a human colon-cancer cell line
that p53 could bind to a sequence located approximately 1.2 kb upstream of the transcription
start site and induce DUSP5 expression [19]. Nevertheless regulation of DUSP5 by p53 does not
explain how MAPK pathway activation is responsible for the induction of DUSP5 expression.

The purpose of this paper was to determine the precise mechanism of regulation of the
DUSP5 gene by the MAPK pathway at the transcriptional and/or post-transcriptional level. Bio-
informatic analysis allowed us to identify many EBS, putatively binding Elk-1, a member of the
ternary complex factors (TCF) sub-family of ETS transcription factors, as well as binding sites
for the serum response factor (SRF), namely CArG boxes, in a ~ 1kb promoter region of
DUSP5. The combination of one EBS and one CArG box corresponds to a serum responsive ele-
ment (SRE). In the present work we found that DUSP5 mRNA is a short-lived messenger rap-
idly induced by ERK activation and that its mRNA stability is independent from the activation
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of the MAPK pathway, unlike DUSP6. Different experimental approaches were used to under-
stand the role of the regulatory components of the DUSP5 promoter. Our findings indicate alto-
gether that the ternary complex SRF-Elk-1-SRE is crucial in regulating DUSP5 transcription,
providing a mechanistic link between MAPK pathway signaling and DUSP5 induction.

Experimental Procedures
Reagents

Actinomycin D and cycloheximide were purchased from Sigma-Aldrich. Wortmannin was
from Calbiochem. The MEK inhibitor UO126 was from Promega. Disuccinimidyl glutarate
(DSG) was from SantaCruz Biotechnology.

Cell lines

NIH/3T3 (mouse fibroblast) cell line was purchased from ATCC (American Type Culture Col-
lection) and maintained in Dulbecco’s Modified Eagle’s Medium, containing 10% foetal calf
serum (FCS) and antibiotics. Serum starvation and stimulation consisted of maintaining cells
in respectively 0.25% or 20% FCS.

Quantitative reverse transcription-PCR assay

Total RNA was extracted from cultured cells using the RNeasy Mini Kit from Qiagen and was
reverse transcribed to generate cDNA (High-Capacity™ cDNA Reverse Transcription Kit,
Applied Biosytem cat # 4368814). Real-time PCR was done using a light cycler instrument
(LightCycler™ FastStart DNA Master SYBR Green I, Roche). The relative gene expression was
calculated using the 22} method.

Immunoblotting

Whole cell lysates were analyzed by Western Blotting. Briefly, cells were lysed in 50mM
TrisHCI (pH 7.5)/ ImM EDTA/ 150mM NaCl/ 1% Nonidet P-40 and a cocktail of protease
and phosphatase inhibitors (Complete protease inhibitor cocktail tablets and PhosSTOP phos-
phatase inhibitor cocktail tablets; Roche Diagnostics). Protein concentration was determined
using the Bradford reagent (Bio-Rad). Twenty ug of lysate were subjected to SDS-PAGE on
10% acrylamide gels and transferred onto nitrocellulose membranes (Amersham Pharmacia
Biotech). Nonspecific protein-binding sites were blocked by incubation for 1 hour at room
temperature in 50mM Tris-HCl (pH8), 150mM NaCl and 0.1% Tween 20 (TBS-T) containing
10% nonfat dry milk. Incubation with primary antibodies was carried in the same buffer over-
night at 4°C. Antibodies directed against pERK from Santa Cruz Biotechnology (1:1000), Inc.
(sc-7383); total ERK (1:10000) from Cell Signaling Technology@'\ (#9102), pAKT (1:1000) from
Cell Signaling Technology™ (#9271), t-AKT (1:1000) from Cell Signaling Technology™
(#9272), and GAPDH (1:2000) from Santa-Cruz Biotechnology (sc-25778) were used. Second-
ary antibodies used were peroxidase-conjugated antirabbit IgG at 1:10000 or peroxidase-conju-
gated antimouse at 1/10000. The specific complexes were detected using the enhanced
chemiluminescence (ECL) system from Amersham Pharmacia Biotech.

Plasmid constructs for cellular transfection

A promoter region of 975 base-pair of the DUSP5 gene, containing a putative TATA box, was
isolated by PCR from a rat bacterial artificial chromosome (BAC) CH230-312K10 (CHORI
ORG) and sub-cloned into pGL3b plasmid (Promega) containing the reporter firefly luciferase.
Three shorter reporter plasmids bearing different lengths of DUSP5 promoter region were then

PLOS ONE | DOI:10.1371/journal.pone.0145484 December 21,2015 3/21



@’PLOS ‘ ONE

Transcriptional Regulation of DUSP5 by SRF and Elk-1

produced. Responsive elements in the shortest plasmid (165 bp) were mutated at various sites
with the QuikChange™ Site-Directed Mutagenesis Kit (Stratagene).

Plasmids SRF-VP16, EIk-VP16, EIk-En, and EIk-VP16 (L158P) were a gift from A.D. Scharrocks
and ER. Vickers [26, 27]. SRE-En was a gift from B. Knoll [28]. EIk-1-HA was a gift from P. Van-
houtte [29]. Plasmid expressing SRF was a gift from A. Sotiropoulos [30]. Cellular transient trans-
fection was performed with Lipofectamine Plus (Invitrogen). Luciferase assays were performed in
at least triplicate. A representative experiment of at least three independent ones is presented.

Small interference RNA transfection

Small interfering RNA (siRNA) were purchased from Eurofins MWG Operon. Two mouse
SRF or two Elk-1 siRNA were transfected simultaneously at the concentration of 50 nmol/L
each with Lipofectamine Plus (Invitrogen) in three independent experiments. A scramble
siRNA was used as control (5'-GCCACTACCTCGTTTCACA-3"). After transfection, the level
of mRNA knockdown was assessed by reverse transcription quantitative PCR.

Electrophoretic mobility shift assay (EMSA)

EMSA was performed using nuclear extracts of NTH/3T3 cells, different **P-labeled fragments of
the DUSP5 promoter and of an unrelated probe. To demonstrate the specificity of DNA/protein
complex formation, a 20-fold molar excess of the various unlabeled probes was used. To demon-
strate the presence of a specific protein in the complexes, nuclear extracts were mixed with 2 ug
of the following antibodies: SRF from Santa Cruz Biotechnology, Inc. (sc-13029X), HA-probe
from Santa Cruz Biotechnology, Inc. (sc-805X), or rabbit Ig G from Santa Cruz Biotechnology,
Inc. (sc-2027). A representative experiment of at least three independent ones is presented.

Chromatine Immunoprecipitation

NIH/3T3 cells were serum starved for 24 hours and then stimulated with 20% FCS for 30 min-
utes. A two-step cross linking procedure was used: incubation with 2 mM of disuccinimidyl glu-
tarate (DSG) for 45 minutes prior to cross-linking with formaldehyde (1%) for 10 minutes at
room temperature. Cross-linking was stopped by adding glycine and the cells lysed. Nuclear
lysates were sonicated under conditions yielding fragments ranging from 200 to 800 bp. ChIP
was performed by using the ChIP-Adem-Kit (Ademtech) and the automated purification system
“KingFisherDuo” (ThermoFisher). Cross-linking was reversed by incubation at 65°C (5 hours or
overnight). Antibodies against Elk1 and SRF from Santa Cruz Biotechnology and an antibody
against Elk1 from Millipore were used. After digestion with Proteinase K (10mg/ml, 2 hours at
37°C), DNA was purified and used for gPCR. The results were reproduced in three independent
experiments. The following mouse oligonucleotides were used for QRT-PCR in ChIP assays:
DUSP5 intron 3: 5 ~GAGACTGAGGGTGGCAAGAG (forward primer) and 5 ~ACTGGCTGT
GAGCACGTATG (reverse primer) and DUSP5 promoter: 5 ~CCACTTCCTCTTTCTCGCTCT
(forward primer) and 5" CGCAGGGTTTTATGTGAATG (reverse primer).

Statistical analysis

Statistical significance was determined using the Student’s test (online GraphPad Software).

Results
Induction and half-life of DUSP5 mRNA

To study the induction of DUSP5 mRNA, we first evaluated the response of DUSP5 gene to
extracellular signals (Fig 1). NIH/3T3 cells were serum deprived for 12 hours and then
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Fig 1. DUSP5 is an early response gene induced by ERK signalling. NIH/3T3 cells were stimulated by
FCS 20% and treated either with 20 pM UO126 (MEK inhibitor) or 80nM wortmannin (PI3K inhibitor) for the
indicated time. DUSP5 mRNA levels were measured by RT-gPCR and normalized for cyclophilin mRNA
levels. DUSP5 mRNA levels at baseline were set at 1 and values at subsequent time points are indicated as
fold induction compared to baseline. Protein expression levels were assayed by immunoblot for
phosphorylated ERK (p-ERK), total ERK (t-ERK), phosphorylated (p-AKT) and total AKT (t-AKT). The effect
of inhibitors on p-ERK and p-AKT levels is shown. * P < 0.05; ** P = non-significant.

doi:10.1371/journal.pone.0145484.g001

stimulated by 20% FCS up to 80 minutes. A rapid increase of DUSP5 mRNA level was observed
after 30 minutes (five-fold, P = 0.02), with a further increase of about twenty fold at 60

(P =4.10") and 80 minutes (P < 1.10*), in parallel with an increased ERK phosphorylation.
The DUSP5 mRNA increase was inhibited by 50 to 70% in the presence of UO126 (MEK inhib-
itor) and not significantly affected (about 30% decreased at 60 min and 30% increased at 80
min) by the PI3K inhibitor wortmannin. We confirmed at the protein level, that DUSP5
increased in parallel with the serum stimulation and decreased with MEK-15344021ERK inhi-
bition. On the opposite, DUSP5 protein levels were not affected by the PI3K inhibitor. We can
conclude that DUSP5 is an early response gene and that its induction by FCS in NIH/3T3 cells
is essentially dependent on the MEK/ERK pathway.

To test whether the rapid and consistent accumulation of DUSP5 mRNA after serum stimu-
lation was essentially due to an activation of transcription or was dependent on the mRNA sta-
bility, the serum treatment of NIH/3T3 cells was combined with low dose actinomycin D
(transcriptional inhibitor) or cycloheximide (protein synthesis inhibitor) treatment. While
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Fig 2. DUSP5 expression is regulated at the transcriptional level. (A) NIH/3T3 cells were treated with
FCS 20% alone or in combination with the transcriptional inhibitor actinomycin D (5 pg/ml) or the protein
synthesis inhibitor cycloheximide (100 pg/ml) for the indicated times. DUSP5 mRNA levels were measured by
RT-gPCR and normalized for cyclophilin mRNA levels. DUSP5 mRNA levels at baseline were set at 1 and
values at subsequent time points are indicated as fold induction compared to baseline. * P <0.05, ** P =
non-significant. (B) NIH/3T3 cells were stimulated with 20% FCS for one hour and then were treated with

5 pg/ml of actinomycin D with or without 20uM of UO126 (MEK inhibitor) for the indicated times. DUSP5
mRNA levels, before actinomycin D treatment, were taken as 100%. DUSP5 mRNA levels were measured at
different times after UO126 treatment. DUSP5 mRNA half-life (t '%) is indicated in cells with and without
(control) UO126 treatment.

doi:10.1371/journal.pone.0145484.9002

actinomycin D efficiently inhibited the increase of DUSP5 mRNA level, cycloheximide treat-
ment had no effect (Fig 2A). These data are in favor of a regulation mainly at the transcrip-
tional level. To evaluate if DUSP5 mRNA was stabilized by the MAPK pathway activation,
NIH/3T3 cells were stimulated with 20% FCS for one hour, then the half-life of DUSP5 mRNA
was calculated in the presence of actinomycin D with or without UO126. Results presented in
Fig 2B indicate that DUSP5 mRNA is a short-lived messenger (t % = 35 min) which is not sta-
bilized by ERK activation, unlike DUSP6 [25].

Regulatory regions of DUSP5 promoter

To understand the mechanisms of transcriptional regulation of the DUSP5 gene, a search for
transcription factors binding sites in the promoter sequence using the Transcription Element
Search System (TESS) program from the Department of Biology of the University of Pennsyl-
vania (http://www.cbil.upenn.edu/cgi-bin/tess/tess) revealed the presence of many core
sequences GGA(A/T) or GGA(A/C) potentially implicated in the binding of ETS-domain tran-
scription factors (EBS) [21]. We hypothesized that binding sites for ETS-domain transcription
factors, well known targets of the MAPK pathway [21], were involved in the transcriptional
regulation of DUSP5 gene. To test this hypothesis and in order to determine the core regulatory
region of the promoter, EBS located in the 5’ region of the sequence were progressively deleted
to obtain the four constructs represented in Fig 3A. Basal luciferase activities of these four
reporter constructs in serum-deprived NIH/3T3 cells were similar. Serum-induced luciferase
activities were significantly increased compared to basal values (P <0.05). An identical level of
stimulation was observed with the four constructs. Within the limits of transfection experi-
ments, this suggests that the shortest DUSP5 promoter construct is sufficient to elicit a signifi-
cant serum response, excluding a major role for sequences upstream the nucleotide -165 in
transcriptional regulation. These induction levels (i.e. between 2 and 4) have already been
observed for the DUSP6 promoter [12, 20]. ERK drives the upregulation of DUSP5 and
DUSP6, which in turn dephosphorylates and thus inactivates ERK [2, 31]. When ERK signaling
is turned off, DUSP5 and DUSP6 expression decreases. These low induction levels of DUSP5
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Fig 3. The proximal region of DUSP5 promoter is sufficient for its serum induction. (A) Reporter vectors harboring full-length or various truncations of
the promoter region of DUSP5 (250 ng) were transfected in NIH/3T3 cells with (black boxes) or without (white boxes) stimulation by FCS 20% for nine hours
(Luciferase activity was normalized to Renilla activity). Basal luciferase activities were related to that of full-length construct. Induced luciferase activities of
each vector were reported to their own basal activity. * P < 0.05. (B) The sequence of the putative proximal promoter region of DUSP5 gene is shown.
Putative transcription factor binding sites are indicated: two contiguous CArG boxes potentially implicated in binding of SRF, two EBS sequences GGA(A/C)
potentially implicated in binding of Elk-1, one putative Lef-TCF binding site (Wnt/ 3-catenin pathway), and one cAMP response element (CRE).

doi:10.1371/journal.pone.0145484.9003

and DUSP6 can be explained by this negative-feedback mechanism. Similar experiments were
conducted in the rat pheochromocytoma-derived PC12 cell line, with nerve growth factor
(NGF) as stimulation. Identical results were observed (data not shown).

Altogether, these results suggest that the proximal part of the DUSP5 promoter is sufficient
to enable activation of transcription by serum and growth factors, such as NGF, known to acti-
vate the MAPK pathway.

The sequence of the proximal promoter region is reported in Fig 3B and putative regulatory
sites are indicated. Further analysis of this region revealed the presence of sequences of interest
for the regulation of early response gene: two contiguous putative binding sites for SRF, namely
CArG boxes. A putative TATA box, corresponding to an alternative of classical TATA
box [32], located -22 base pairs upstream from the transcription start site is underlined.

Role of SRF and Elk-1 transcription factors

Among transcription factors binding to EBS, Elk-1 binding sites are known to co-localize fre-
quently with CArG box [33]. To test the implication of SRF and Elk-1 in DUSP5 promoter reg-
ulation, the shortest DUSP5 promoter reporter was transfected with plasmids expressing SRF
or Elk-1 (HA tagged) separately or in combination (Fig 4). SRF or Elk1 were both able to
induce the luciferase activity of the reporter (2 fold, P < 1.10~°) with a further increase when
SRF and Elk-1 were combined with or without serum stimulation. To study the regulation of
DUSP5 mRNA at the endogenous level, we performed siRNA silencing of SRF and Elk-1. SRF
and Elk-1 siRNA transfection led to a significant decrease in DUSP5 mRNA induction levels
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Fig 4. Induction of DUSP5 promoter by transcription factors SRF and Elk-1. NIH/3T3 cells were
transiently transfected with 250 ng of DUSP5 proximal promoter reporter alone or in combination with SRF
(100 ng) or Elk1-HA (300 ng) expression vectors. Luciferase assays were performed in sixplicate and mean
values = S.D. are shown. Cells were starved (0.25% FCS) for 24 hours and then stimulated or not with 20%
FCS for nine hours before assessment of luciferase activity. Luciferase activities were reported to the basal
luciferase activity of DUSPS5 reporter vector without SRF, Elk-1 vectors and FCS stimulation. * P < 1.107%,

doi:10.1371/journal.pone.0145484.9004

after serum stimulation in comparison with the control situation, i.e. transfection with a con-
trol siRNA (Fig 5C). It is worth noting that SRF or Elk-1 siRNA did not completely abolish the
DUSP5 mRNA serum induction. This could be explained by a lack of complete decrease of
SRF or Elk-1 mRNA by the siRNA (Fig 5A and 5B). However, this induction was not anymore
statistically significant.

Experiments with plasmids expressing dominant negative forms of SRF (SRF-En) [28] or
Elk-1 (Elk-En) [26] also support the implication of SRF and Elk-1. Serum-induced luciferase
activity of the shortest DUSP5 promoter reporter was decreased to control level by SRF-En and
even more inhibited by Elk-En in a dose-dependent manner (Fig 6A). In Fig 6B the reverse
experiment is reported: both dominant positive forms of SRF and Elk-1, SRF-VP16 [27] or
Elk-VP16 [34], were able to induce the luciferase activity of the reporter, although with variable
levels (see Figs 6B and 7A).

These results suggest that both SRF and Elk-1 may cooperate to induce the activity of
DUSP5 promoter.

Mutational analyses of DUSP5 promoter

To study in more detail promoter consensus sequences necessary and sufficient for regulation
by serum, single or combined mutation of each CArG and EBS site were performed in the
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Fig 5. Depletion of endogenous SRF or Elk-1 decreases DUSP5 mRNA induction by serum stimulation. NIH/3T3 cells were transfected with small
interfering RNA directed against SRF or Elk-1 or control siRNA. Cells were serum deprived for 12 hours and then stimulated or not with 20% FCS for one
hour. To quantify the gene-silencing efficiency by siRNA, SRF (A) and Elk-1 (B) mRNA levels were measured by RT-qPCR and normalized for cyclophilin
mRNA levels. (C) DUSP5 mRNA relative levels were compared between the situations with control siRNA and SRF or Elk-1 specific siRNA. The results
represent the mean of at least two independent experiments each performed in triplicate + standard error. * P =0.04;° P =0.8 °° P=0.05.

doi:10.1371/journal.pone.0145484.9005

shortest DUSP5 reporter vector and analyzed after transfection in NIH/3T3 cells. Mutations of
the CArG boxes performed in our study were in agreement with a reported mutation [35, 36]
resulting in the inability of binding endogenous SRF, and pointing to the crucial role of the cen-
tral 6(A/T) for SRF DNA binding [37]. The putative two central core EBS (GGAA and GGAC
respectively) were mutated to TTC as described previously [12, 38].
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reporter in combination with the indicated expression vectors or an empty control vector. Luciferase assays
were performed in triplicate and mean values = S.D. are shown. (A) Additional transfected plasmids were the
dominant negative SRF-En or Elk-En at increasing concentrations. Cells were starved (0.25% FCS) for 24
hours and then stimulated or not with 20% FCS for nine hours before assessment of luciferase activity. *

P < 0.05. (B) Increasing concentrations of the constitutively active SRF-VP16 or Elk-VP16 was transfected.
Cells were starved (0.25% FCS) for 24 hours before assessment of luciferase activity. * P < 0.05

doi:10.1371/journal.pone.0145484.g006

SRF-VP16 and Elk-VP16 induced luciferase activity of the wild type promoter, three- and
six-fold, respectively (P < 0.05) (Fig 7A). Mutations of distal or proximal CArG each allowed
the response to both dominant positive forms to occur. This result suggests that both CArG
sites may be functional and able to bind SRF even though their activity does not seem to be
additive. A combined mutation of the CArG sites reduced dramatically the response to both
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Fig 7. Role of CArG Boxes and EBS in DUSP5 transcriptional regulation. Schematic representation of the wild type DUSP5 proximal promoter is shown
on the upper left part of the figure. Different reporter constructs with the indicated CArG Box and EBS mutated sites are illustrated below. Cells were
transfected with 250 ng of each construct. At six hours post-transfection cells were serum-starved for 24 hours before assessment of luciferase activity.
Luciferase assays were performed in triplicate and mean values + S.D. are shown. (A) Cells were additionally transiently transfected with 200 ng of the
constitutively active SRF-VP16 or Elk-VP16 or an empty control vector. (B) Alternatively cells were stimulated with 20% FCS for nine hours before

assessment of luciferase activity, normalized to Renilla activity.

doi:10.1371/journal.pone.0145484.9007
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Fig 8. Elk-VP16(L158P) mutant is defective in DUSP5 transcriptional activation. Serum starved (0.25%)
NIH/3T3 cells were transiently transfected with 250 ng of DUSP5 proximal promoter reporter and with 200 ng
of the plasmids Elk-VP16 or Elk-VP16(L158P) before assessment of luciferase activity. Luciferase assays
were performed in triplicate and mean values + S.D. are shown. * P < 0.05, ** P: statistically insignificant.

doi:10.1371/journal.pone.0145484.g008

dominant positive constructs (P < 0.05): no induction by SRF-VP16 was observed and the
induction by Elk-VP16 was reduced by 50%, indicating that, at least, one CArG site integrity is
necessary for SRF action and required for optimal stimulation by Elk-VP16. Single mutation of
each EBS did not influence the responses to SRF or Elk dominant positive forms (not shown).
The same result was obtained with mutation of both EBS (Fig 7A), suggesting that Elk-1 may
act even in the absence of binding to promoter sequences. When the four sites considered were
disrupted, response to Elk-VP16 was significantly (P < 0.05) reduced to the level observed
with the double mutant CArG (Fig 7A). The same panel of reporter vector was then tested for
induction by the serum (Fig 7B). Mutation of distal CArG (CArGl1) lightly inhibited (statisti-
cally insignificant) the serum response while the proximal (CArG2) and double CArG muta-
tion (CARG1+2) almost abolished the serum effect (P < 0.05) (Fig 7B). This result suggests
that the proximal CArG seems to play a predominant role as compared to the distal one. Single
mutation of each EBS did not result in significant inhibitory effect (not shown). Mutation of
both sites did not have any inhibitory effect either, suggesting again that Elk-1 DNA binding is
not essential for transcription activation. Finally, mutation of the four sites completely counter-
acted the serum induction (P < 0.05) (Fig 7B).

Elk-1 can regulate the expression of target genes through SRF-independent and SRF-depen-
dent mechanisms [39]. In the first case, Elk-1 can bind to high affinity with EBS independently
from SRF and activate transcription. In the second case, specific interaction between the B-
box region of Elk-1 and SRF is essential for transcriptional activation of Elk-1 target genes [30,
40] and it is known that leucine 158 is a crucial amino acid for such a contact [41]. The stimula-
tion of DUSP5 promoter activity was investigated in the presence of Elk-VP16 and Elk-VP16
(L158P) mutant [26]: only the wild type Elk-VP16 construct able to interact with SRF produced
an increase in luciferase activity demonstrating that an interaction between Elk-1 and SRF is
required for DUSP5 gene activation by Elk-VP16 (Fig 8).

Binding of SRF and Elk-1 to DUSP5 promoter sequences

EMSA experiments were performed to study the binding of SRF and Elk-1 to CArG boxes and
putative EBS over the DUSP5 promoter. 5" **P labelled oligonucleotides utilized to study the
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Fig 9. Proximal promoter region of DUSP5 contains two functional CArG boxes. (A) Probes used in Electrophoretic Mobility Shift Assay (EMSA)
containing CArG boxes of the proximal promoter region of DUSP5 and an unrelated probe are shown. (B) EMSA was performed with the end labeled CArG
boxes probe using 4 pg of nuclear extracts isolated from NIH/3T3 cells stimulated or not with 20% FCS for 30 minutes. For competition experiments, different
unlabeled oligonucleotides (lane 10 to 14) were used. The indicated antibodies (lane 15 to 17) were used for supershift analysis.

doi:10.1371/journal.pone.0145484.9009

binding of SRF are represented in Fig 9A. Each probe was incubated with nuclear extracts from
control or serum-treated cells, in presence or not of competitor oligonucleotide and of control
or specific antibodies. The interaction was analyzed by non-denaturing gel electrophoresis and
autoradiography (Fig 9B). A retarded band, suggesting binding of SRF, was detected in control
and stimulated cell extracts with the wild type (WT) probe containing two CArG boxes
(CArG1+2 WT, lane 2 and 3) and with the probe containing a mutation of the distal CArG
(CArGl1 mut) (lane 4 and 5). EMSA performed with serum-stimulated nuclear cell extracts
resulted in a retarded band of increased intensity (compare lane 3 with lane 2 and lane 5 with
lane 4) suggesting a higher DNA affinity and/or level of SRF following serum stimulation. The
same band was of decreased intensity with the labelled probe mutated in the proximal CArG
(CArG2 mut) (lane 6 and 7), indicating that the proximal SRE may have a better affinity for
SRF, and plays a predominant role in serum response, according to our previous results (see
Fig 7B). Competition with unlabelled excess of CArG1+2 WT (lane 10) and CArG1 mutated
(lane 11) oligonucleotides was more efficient than with CArG2 mutated probe (lane 12). No
competition was observed with a probe containing a mutation of both CArG boxes or an unre-
lated oligonucleotide (lane 13 and 14). Most importantly, in the retarded band, the presence of
SRF in control and in stimulated cell extracts was demonstrated by the supershift with specific
SRF antibody (lane 16 and 17), indicating that SRF may bind each CArG box of DUSP5 pro-
moter even in the absence of serum stimulation (lane 2, 4, and 6).

Then the interaction of Elk-1 with promoter sequences was investigated. The probes that
were used are listed in Fig 10A. They consisted of sequences including the CArG2 box (the
most efficient for serum response) and the proximal putative EBS. Moreover, due to difficulties
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Fig 10. Proximal promoter region of DUSP5 contains a functional serum responsive element. (A) DNA
sequences of DUSP5 promoter region containing proximal CArG box (CArG2) with proximal EBS and
unrelated probe used in Electrophoretic Mobility Shift Assays (EMSA). (B) EMSA was performed with the end
labelled probe containing wild type CArG Boxe and EBS using 5 pg of nuclear extracts isolated from NIH/3T3
transfected with hemagglutinin (HA) tagged Elk-1expression plasmid. For competition experiments, different
unlabelled oligonucleotides (lane 3 to 7) were used. The indicated antibodies (lane 8 to 10) were used for
supershift analysis. (C) EMSA was performed with the end labelled probe containing wild type CArG Boxe
and mutated EBS using 5 pg of the same nuclear extracts. The indicated antibodies (lane 3 to 5) were used
for supershift analysis.

doi:10.1371/journal.pone.0145484.9g010

in obtaining a supershift with only endogenous Elk-1, the HA tagged Elk-1 expression plasmid
[29] was transfected in NIH/3T3 cells used for preparation of nuclear extract. The EMSA
experiment with a labelled probe containing WT CArG2 box and putative EBS (Fig 10B)
showed a retarded band specifically competed by excess of WT oligonucleotide (lane 3), and by
probe containing WT CArG box and mutant EBS (lane 3). On the contrary, the retarded band
was not competed by CArG2 mutant (lane 5), the double mutant (lane 6), or the unrelated
probe (lane 7). Moreover anti SRF (lane 9), anti HA (lane 10), antibodies produced a supershift
indicating the presence of SRF and Elk-1 in a ternary complex with the WT oligonucleotide.
The EMSA experiment with a labelled probe containing WT CArG2 box and mutated EBS (Fig
10C), showed a retarded band supershifted by anti SRF (lane 4), but not by anti HA antibody
(lane 5). Altogether these results demonstrate the presence of SRF in the complex bound to the
labelled probe, as expected with a WT CArG2 site. On the contrary Elk-1-HA is not found any
more in the complex suggesting that the mutation created in the putative EBS site is deleterious
for Elk-1 binding.

SRF and Elk-1 bind to the endogenous DUSP5 gene promoter

To further evaluate the binding of SRF and Elk-1 in the DUSP5 proximal promoter region, we
performed ChIP experiments (Fig 11). Using SRF (Fig 11A) and Elk-1 (Fig 11B) antibodies we
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Fig 11. SRF and Elk-1 binding to the endogenous DUSP5 promoter proximal region. ChIP assay was performed in NIH/3T3 cells stimulated for 30
minutes with 20% FCS after 24 hours of serum starvation, using an unrelated control antibody (IgG) and specific antibodies (A) for SRF or (B) Elk-1. Binding
of SRF or Elk-1 to an intronic part of the DUSP5 gene (negative control), and to the proximal part of the DUSP5 promoter was measured by gqPCR and
corrected for background measured in IgG immunoprecipitates. Graphs show the mean and standard deviation of 3 independent experiments. * P < 0.05.

doi:10.1371/journal.pone.0145484.9011

demonstrated that SRF and Elk-1 were bound to the promoter region of DUSP5 encompassing
the two CArG boxes and the EBS. No significant enrichment was seen using primers amplify-
ing the intron 3 of DUSP5 gene (used as negative control).

Discussion

In this study, we investigated the mechanisms involved in the regulation of DUSP5 gene
expression. First, we confirmed that DUSP5 is an early response gene and that the MEK-ERK
pathway is essentially involved in the regulation of DUSP5 mRNA expression in NIH/3T3 cell
line [10, 42, 43]. The Ras-ERK and PI3K-AKT pathways can negatively regulate each other’s
activity [44]. AKT negatively regulates ERK activation. Such cross-inhibition is revealed when
the PI3K pathway is chemically blocked by wortmannin, thereby releasing the cross-inhibition
and effectively activating the MAPK pathway. In our work DUSP5 mRNA decreased in the
presence of wortmannin after 60 minutes of FCS stimulation as observed by Tullai et al. [45]
and then increased after 80 minutes. Tullai et al. reached the same conclusion of a predominant
role for the MAPK pathway in the regulation of DUSP5 expression and also found that PI3K
pathway inhibition, as compared with induction with PDGF alone, decreased DUSP5 mRNA
levels of ~ 45% (30% in our work after 60 minutes of FCS stimulation) [45]. Nevertheless,
DUSPS5 protein levels do not seem to be affected by PI3K pathway inhibition [10].

We found that DUSP5 gene expression is regulated at the transcriptional level and that
DUSP5 mRNA is not stabilized by the MEK-ERK pathway, contrary to DUSP6 [25]. When
MAPK pathway is inhibited DUSP6 mRNA half-life is very short (about nine minutes) and
ERK activation results in the stabilization of DUSP6 mRNA (half-life ranging from 23 to 37
minutes) [25]. ERK is also able to bind to DUSP6 and cause its catalytic activation through the
stabilization of the active phosphatase conformation [7-9]. On the contrary, in our work,
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DUSP5 mRNA half-life remained unchanged after MAPK pathway inhibition. Previous work
has shown that DUSP5 interacts with ERK and is responsible for its nuclear anchoring, but this
binding is not accompanied by the catalytic activation of the phosphatase [2]. Furthermore,
basal activity of DUSP5 is greater than that of DUSP6 before and even after its activation by
ERK [2]. DUSP5 mRNA half-life is also comparable to that of the early response gene c-fos
mRNA (about 8 to 24 minutes according to the studied cell lines) [46]. The rapid induction
and short half-life of DUSP5 mRNA may lead to quick variation of DUSP5 protein level and
enzymatic activity, responsible for a tight control of pERK levels.

We identified several EBS in the proximal and distal part of the DUSP5 promoter sequence,
which could provide a link with the MAPK pathway regulation through the binding of TCF.
The presence of multiple binding motifs for ETS-domain transcription factors has previously
been reported as a characteristic of Elk-1 target genes [33]. However, we showed that the proxi-
mal part of the DUSP5 promoter is sufficient for its basal and serum or growth factor-induced
activity, excluding a major role for EBS located in the distal part of the promoter.

We also identified in this proximal part two contiguous CArG boxes binding SRF. Tandem
CArG elements have been described only for few genes, including SRF itself, whereas multiple
non-contiguous CArG boxes in CArG containing genes are frequently found [47]. An analysis
of the DUSP5 promoter region using the Vertebrate Multiz Alignment & Conservation track
[48] within the UCSC genome browser revealed that both core EBS sequences flanking the two
contiguous CArG boxes are identical and almost in the same position in mouse, rat, and
human. Two principal pathways regulate SRF differentially. The first one is RHO dependent,
utilizes MRTF (myocardin-related transcription factors) family, and is regulated by the level of
G-actin [49]. The second one is RAS dependent and, via ERK activation, SRF is involved in
nucleoprotein complexes containing members of the TCF subfamily of the ETS domain tran-
scriptional regulators, such as Elk-1 and recruited to EBS [49]. This pathway is illustrated by
the paradigm of regulation of the early response gene c-fos where Elk-1 and SRF dimer form
complexes on SRE which is composed of two binding sites (a CArG box for SRF and an EBS
for Elk-1) and is involved in many cellular activities including cell growth and differentiation
[50-54]. Binding of SRF to the CArG box with high affinity is required for the recruitment of
one of the members of the TCF subfamily [52, 53, 55]. Among members of the ET'S transcrip-
tion factor family, Elk-1 seems to be a good candidate for the regulation of DUSP5 gene expres-
sion for several reasons. Elk-1 is phosphorylated by ERK [36, 56, 57], thus providing an
explanation for the induction of DUSP5 by the MAPK pathway signaling. ChIP-chip analysis
highlighted that Elk-1-binding regions, mostly found within 1 kB of the transcription start site,
are frequently co-bound by SRF, over the promoter of more than 200 genes. These co-occupied
regions are more likely to be bound specifically by Elk-1 and not by other ETS-domain tran-
scription factors, such as GABPA [33]. Furthermore, Nunes-Xavier et al. [18] tested the effect
of RNA silencing of Ets-2 on DUSP5 and DUSP6 mRNA levels and found no inhibitory effect
for DUSP5 but only for DUSP6. In an extensive attempt to identify candidate transcription fac-
tor binding sites in genes regulated by specific signaling pathways in growth factor-stimulated
human glioblastoma cell line, Tullai et al. [45] reported a predicted SRF binding sites in the
DUSP5 promoter. However, fully experimental validation of the putative CArG box remained
to be provided.

As expected, the dominant negative SRF-En and Elk-En repressed DUSP5 promoter activity.
SRF-En has been shown to repress c-fos promoter activity and this effect was abolished by
mutating the c-fos CArG box [28]. Elk-En has been shown to repress luciferase activity of an
SRE reporter vector, containing both SRF binding site and an adjacent EBS motif [26]. More-
over, Elk-En is also able to repress the transcription of the SRF/TCF (Elk-1) c-fos-regulated
gene but does not interfere with the expression of the Rho-actin SRF target gene vinculin [26].
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On the other hand, dominant positive forms of SRF, SRF-VP16, and Elk-VP16 have been
shown to efficiently activate a c-fos SRE-luc construct [34, 58]. In our work, the dominant posi-
tive Elk-VP16 and SRF-VP16 induced DUSP5 promoter activity.

Our luciferase reporter assays with different mutants of the DUSP5 promoter stimulated
with serum suggest that the proximal CArG box may play a regulatory key role in DUSP5
expression. Consistently, EMSA suggests that SRF may bind the proximal CArG box with
higher affinity than the distal CArG. We suppose that only one of the two contiguous CArG
boxes of the DUSP5 promoter could play a predominant role in vivo because steric hindrance
should exclude the possibility that both CArG boxes were bound by SRF homodimers [59, 60].
Moreover, in myotubes transduced with a constitutively active form of SRF (SRF-VP16),
microarray data analyses revealed a statistically significant 1.4 fold increase in DUSP5 expres-
sion in comparison with the control situation, which is consistent with a role of SRF in the
DUSP5 transcriptional regulation [61]. As expected, the mutation of both CArG boxes and
EBS in the proximal promoter of DUSP5 abolished the induction by the serum or SRE-VP16,
but surprisingly not completely by Elk-VP16. Residual activations by Elk-VP16 of c-fos SRE
reporter vectors containing ETS mutated binding site have already been reported in serum
deprived NTH/3T3 cells [34, 35]. We have eliminated the possibility of creation of new respon-
sive elements in the mutated promoters, which could bind Elk-1 or other transcription factors.
The binding of Elk-1 to one or both EBS of the proximal DUSP5 promoter gene does not seem
to be essential to activate transcription, as suggested by induction of luciferase activity by the
serum and Elk-VP16 in the context of double EBS mutation. On the contrary, the protein-pro-
tein interaction between SRF and Elk-1 seems to be essential for efficient ternary complex for-
mation, as highlighted by the absence of induction of DUSP5 promoter reporter with the
mutant Elk-VP16 (L158P) which has lost its ability to bind SRF. Likewise, the mutant domi-
nant negative Elk-En(L158P), which is not able to bind SRF either, has been shown to cause lit-
tle repression of an SRE reporter vector (containing both SRF and EBS), but on the contrary
can efficiently repress a reporter containing just ETS motifs [26]. Thus Elk-En(L158P) failed to
repress SRE-mediated transcription but retained its ability to repress transcription from genes
whose promoter regions are uniquely bound by Elk-1[26].

Our results suggest a model in which SRF is constitutively bound to the DUSP5 promoter,
as already proposed for c-fos [36]. Upon activation of the ERK pathway, Elk-1 is phosphory-
lated [56, 62] and forms a ternary complex with SRF over one SRE of the DUSP5 promoter to
activate transcription, without necessarily binding to the EBS. One previous ChIP-Seq study
identified in a mammary human cell line the putative promoter region of DUSP5 as signifi-
cantly enriched in Elk-1 signal [63] in accordance with our data in favor of the role of Elk-1 in
the transcriptional regulation of this gene.

We hypothesize that Elk-1 could interact directly with SRF, independently of its binding to
EBS, as already described in vitro [64, 65]. A direct protein-protein interaction between the
transcription factors Elk-1 and SRF, in the absence of the SRE, has been demonstrated previ-
ously, using pull-down assays [64]. Conventional ChIP technique using a single formaldehyde
cross-linking step did not reproducibly demonstrate the presence of Elk-1 over the SRE of the
DUSP5 gene in living cells (data not shown). Using a ChIP method including a two-step cross-
linking that first stabilizes large multiprotein complexes over DNA with DSG followed by the
conventional formaldehyde cross-linking, we successfully demonstrated the presence of Elk-1
over the SRE of the DUSP5 gene in NIH/3T3 cells. This pitfall supports the hypothesis of a
direct protein-protein interaction between Elk-1 and SRF without necessarily DNA binding.
Our EMSA performed with recombinant Elk-1-HA, demonstrated, in vitro, the presence of
Elk-1 in the supershifted bands obtained with anti-HA antibody and suggested that the muta-
tion created in the putative proximal EBS site (i.e. GGAC) of the DUSP5 promoter may be
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deleterious for Elk-1 binding. The putative core sequence of the proximal EBS site (i.e. GGAC)
of the DUSP5 promoter identified by the TESS program has until recently only been described
in vitro but not in vivo [21]. However others [66] identified a consensus Elk-1(5'-GGAC-3')
sequence within the neuregulin 3 (NRG3) promoter region using TFsearch software. Then
they successfully precipitated this NRG 3 promoter region with anti-Elk-1 antibodies in ChIP
assays of the nuclear fractions of HEK293 cells.

Furthermore our data suggesting that serum stimulation may result in increased binding
capacity of SRF to CArG boxes is consistent with results previously reported [67-69]. Site spe-
cific phosphorylation of SRF by several kinases including pp90™* which is itself phosphorylated
and activated by MAPK, has been shown to enhance the rate and affinity with which SRF associ-
ates with the SRE [67]. Increased DNA binding capacity does not seem to be explained by an
increased dimerization of SRF, whereas change in the conformation of SRF that facilitates DNA
binding could be an alternative explanation [69]. However, SRF mutants that cannot be phos-
phorylated were capable of activating transcription of SRF-dependent proliferation genes such
as c-fos [65, 68]. Moreover, SRF level seems to remain unchanged after serum stimulation [70].

In summary, we have shown that the DUSP5 phosphatase is regulated at the transcriptional
level by the MAPK pathway and that SRE is involved in the regulation of this early response
gene. We propose a model in which SRF is bound to DUSP5 promoter in the basal state, and
Elk-1 could also be recruited at the DUSP5 promoter through direct association with SRF
regardless of its DNA-binding or through its binding site and activate transcription. Thus
induction of DUSP5 by the MEK-ERK pathway serves as an important feedback loop that con-
trols activation of ERK1/2.
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