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Abstract
Spatiotemporal aspects of ERK activation are stimulus-specific and dictate cellular consequences.
They are dependent upon dual specificity phosphatases (DUSPs) that bind ERK via docking domains
and can both inactivate and anchor ERK in cellular compartments. Using high throughput
fluorescence microscopy in combination with a system where endogenous ERKs are removed and
replaced with wild-type or mutated ERK2-green fluorescent protein (GFP), we show that ERK2
activation responses to epidermal growth factor (EGF) and protein kinase C (PKC) are transient and
sustained, respectively. PKC-mediated ERK2 activation is associated with prolonged nuclear
localization in the dephosphorylated form, whereas EGF-stimulated ERK2 activation mediates only
transient nuclear accumulation. By using short inhibitory RNAs to nuclear inducible DUSP1, -2, or
-4 (alone or in combination), we demonstrate that all three of these enzymes contribute to the
dephosphorylation of PKC (but not EGF)-activated ERK2 in the nucleus but that they have opposing
effects on localization. DUSP2 and -4 inactivate and anchor ERK2, whereas DUSP1
dephosphorylates ERK in the nucleus but allows its traffic back to the cytoplasm. Overexpression
of DUSP1, -2, or -4 prevented ERK2 activation, but only DUSP2 and -4 caused ERK2-GFP nuclear
accumulation or could be immunoprecipitated with ERK2. Furthermore, protein synthesis inhibition
or replacement of wild-type ERK2-GFP with docking domain mutants selectively increased PKC
effects on ERK activity and altered ERK2-GFP localization. These mutations also impaired the
ability of ERK2-GFP to bind DUSP2 and -4. Together, our data reveal a novel, stimulus-specific,
and phosphatase-specific mechanism of ERK2 regulation in the nucleus by DUSP1, -2, and -4.

Extracellular signal-regulated kinases 1 and 2 (ERK1/2, referred to as ERK2 herein) are the
prototypic members of the mitogen-activated protein kinase (MAPK) family, and are activated
by a wide variety of stimuli. The biological outcome of ERK signaling is dependent upon the
magnitude, duration, and localization of its activation (1-3). ERK is typically associated with
its upstream activator MAPK/ERK kinase (MEK) in the cytosol of quiescent cells. Upon
phosphorylation by MEK, ERKs dissociate and typically translocate to the nucleus where they
can phosphorylate transcription factors and immediate early gene products, leading to altered
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gene expression (1-3). Transient versus sustained activation of ERK governs the difference
between quiescence and proliferation in fibroblasts and epithelial cells (2-5). Cells in which
ERK nuclear translocation is prevented remain quiescent, even if ERK phosphorylation is
sustained (6). Similarly, the interruption of sustained ERK phosphorylation with inhibitors
abolishes G1/S transition (5).

The activity and localization of ERK are regulated by dual specificity phosphatases (DUSPs),
which act by directly binding to and catalyzing the removal of phosphorylated Thr and Tyr
within the activation loop (7,8). A highly related subfamily of DUSPs, termed the nucleus-
inducible MAPK phosphatases (MKPs), are rapidly induced by stimuli and localize exclusively
to the nucleus. This group consists of DUSP1/MKP-1, DUSP2/PAC1, DUSP4/MKP-2, and
DUSP5 (referred to using DUSP nomenclature herein). Each of these enzymes is able to
dephosphorylate ERK and, with the exception of DUSP5, is also active with respect to c-Jun
N-terminal kinase (JNK) and/or p38 (7-11). Accordingly, they function in negative feedback
loops of ERK regulation.

The specificity of ERK binding to phosphatases and other substrates is regulated through a
system of docking domains. Two such motifs that govern these interactions are termed D-
(docking) and DEF (docking site for ERK, FXFP)-domains. The D-domains are characterized
by a string of basic amino acid residues (consensus, (K/R)2–3X1–6(L/I)X(L/I)) that facilitate
docking to ERK via the common docking motif, located opposite the catalytic cleft (12,13). In
contrast, DEF-domains have a consensus site of (F/Y)X(F/Y)P, which binds to ERK through
a motif adjacent to the catalytic site (14). All of the nuclear inducible MKPs have a D-domain
motif, which determines substrate specificity (7,12,15), whereas DEF-domains have only been
identified in DUSP1 and DUSP4 (7,16,17). Where studied, both D- and DEF-motifs have a
large influence on phosphatase association and catalysis (10,11,15,17-21). However, little is
known about how these motifs influence the spatiotemporal aspects of ERK regulation.

Sustained, mitogenic ERK activation in fibroblasts has been shown to induce expression of
nuclear proteins that mediate the dephosphorylation and scaffolding of ERK, resulting in its
accumulation in the nucleus (22,23). This nuclear ERK accumulation is also dependent upon
both protein synthesis and D-domain interactions (23) and was therefore postulated to involve
the nuclear inducible MKPs. A recent study provided the first direct evidence for this, showing
that DUSP5 is rapidly induced by ERK stimuli and when overexpressed can co-
immunoprecipitate with ERK and cause its nuclear accumulation in a D-domain-dependent
manner (10). In contrast, although DUSP1 contains both D- and DEF-domain binding motifs
and can efficiently dephosphorylate ERK (11,12,15,16,20), it cannot be co-
immunoprecipitated with ERK nor cause its nuclear retention on overexpression (10,15,24).
DUSP2 and DUSP4 have not been studied in this context.

Here we have used siRNA to knock down endogenous ERKs in HeLa cells, and recombinant
adenovirus (Ad) to add back either wild-type ERK2-GFP or ERK2-GFP that has been mutated
to impair D- or DEF-domain-dependent binding. Using immunofluorescent staining and a
semi-automated system for image acquisition and analysis, we now use this model to explore
how DUSP1, DUSP2, and DUSP4 shape spatiotemporal aspects of ERK signaling in response
to EGF and a PKC-activating phorbol ester, and the dependence of their effects on D- or DEF-
domain interactions.

EXPERIMENTAL PROCEDURES
Engineering of Plasmids and Viruses

The pCR3.1 vector was purchased from Invitrogen. pSRα Myc-tagged DUSP1, DUSP2, and
DUSP4 vectors were a gift from Prof. Stephen Keyse (Cancer Research UK, University of
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Dundee). Viral shuttle vectors were constructed initially by subcloning a KpnI-NotI digest of
ERK2-GFP in pEGFP-N1 (a gift from Prof. Louis Luttrell, Medical University of South
Carolina, Charleston) into a corresponding digest of pacAd5CMV K-N pA (donated by Prof.
Beverly Davidson, University of Iowa, Iowa City). Y261A and D319N mutations were
introduced using a QuikChange PCR-based mutagenesis kit (Stratagene, Amsterdam,
Netherlands) and the following primers: 5′-AAT TTA AAA GCT AGA AAC GCT TTG CTT
TCT CTC CCG CAC-3′ and 5′-GCA GTA TTA TGA CCC AAG TAA TGA GCC CAT TGC
TGA AGC-3′ along with antisense primers according to manufacturer's recommendations and
using the pacAd5CMV ERK2-GFP vector as the template. Viruses were generated from shuttle
vectors as described (25). Briefly, 4.5 μg of shuttle vectors were digested alongside 1.5 μg of
pacAd5 9.2–100 sub360 backbone vector (donated by Prof. Beverly Davidson, University of
Iowa, Iowa City) with PacI. Cut shuttle and backbone vectors were then mixed and transfected
into low passage HEK293 cells using Superfect (Qiagen, Crawley, UK). Cells were left to
allow recombination between shuttle and backbone vectors. Verification of recombination was
performed by restriction digest and sequence analysis, and Ad vectors were grown to high titer
and purified according to standard protocols (26).

Cell Culture and Transfection
HeLa cells were cultured in 10% FCS-supplemented Dulbecco's modified Eagle's medium
(DMEM). For 96-well plate experiments, cells were harvested by trypsinization and seeded at
5 × 103 cells/well, using RNAiMAX reagent (Invitrogen) and the manufacturer's reverse
transfection protocol. Cells were transfected with two siRNA duplexes (Qiagen, Crawley, UK)
as follows: for ERK1, 5′-CGU CUA AUA UAU AAA UAU AdTdT-3′,5′-UAU AUU UAU
AUA UUA GAC GdGdG-3′, 5′-CCC UGA CCC GUC UAA UAU AdTdT-3′, and 5′-UAU
AUU AGA CGG GUC AGG GdAdG-3′; and for ERK2, 5′-CAC UUG UCA AGA AGC GUU
AdTdT-3′,5′-UAA CGC UUC UUG ACA AGU GdTdT-3′, 5′-CAU GGU AGU CAC UAA
CAU AdTdT-3′, and 5′-UAU GUU AGU GAC UAC CAU GdAdT-3′, which were identified
and validated in a recent publication (13). A mixture of all four ERK1/2 duplexes or control
siRNA against GFP (Ambion, Warrington, UK) was used in experiments at 1 nM total
concentration. For DUSP siRNA transfection, 10 nM SMARTpool or nontargeting control
siRNA mixtures (Dharmacon, Cramlington, UK) were included in the transfections. For
combination knockdown experiments, each SMARTpool siRNA was added at 10 nM to the
ERK1/2 siRNAs and compared with control groups transfected with identical concentrations
of control siRNA. Sixteen hours after siRNA transfection, cells were transduced with 2 ×
106 pfu/ml Ad wild-type, Y261A, or D319N ERK2-GFP vector in DMEM with 10% FCS. The
Ad-containing medium was removed after 4–6 h and replaced with fresh DMEM supplemented
with 0.1% FCS. The cells were then maintained for 16–24 h in culture prior to stimulation with
EGF (Calbiochem) or phorbol 12,13-dibutyrate (PDBu; Sigma). In some experiments, cells
were treated with 30 μM cycloheximide (Sigma) for 30 min prior to stimulation. Expression
levels of GFP-tagged fusions were compared using Western blotting techniques (see Fig. 1A
and Fig. 3A) as well as comparison of mean cell fluorescence in microscopy assays (not shown).

Western Blotting
HeLa cells were simultaneously plated and transfected in 6-well plates (2.5 × 105 cells/well)
with 1 nM ERK1/2 siRNAs and 10 nM control or SMARTpool siRNAs prior to Ad transduction
as above. Following treatment noted in figure legends, cells were lysed as described (27), prior
to Western blotting. Total and ppERK1/2 were detected using polyclonal rabbit anti-total
ERK1/2 and rabbit anti-ppERK1/2 (1:1000; Cell Signaling Technology, Hitchin, UK),
respectively. Loading controls were assayed by staining parallel blots with mouse anti-β-actin
(AC-15, 1:5000; Sigma). Antibodies were visualized by using horseradish peroxidase-linked
secondary antibody and enhanced chemiluminescence kit (GE Healthcare).
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Co-immunoprecipitation
HeLa cells were simultaneously plated and transfected in 9-cm plates (2 × 106 cells/plate) with
1 nM control or ERK1/2 siRNAs as described above. Sixteen hours after siRNA transfection,
cells were transfected with 10 μg of pCR3.1, pMyc-DUSP1, pMyc-DUSP2, or pMyc-DUSP4
using Superfect (Qiagen) according to manufacturer's instructions, and in add-back
experiments simultaneously transduced with 2 × 106 pfu/ml Ad wild-type, Y261A, or D319N
ERK2-GFP vector in DMEM with 10% FCS. The Ad-containing medium was removed after
3 h and replaced with fresh DMEM supplemented with 0.1% FCS. The cells were then
maintained for 16–24 h in culture prior to lysis and immunoprecipitation using a mammalian
Myc tag Co-IP kit (Pierce) according to manufacturer's instructions. Whole cell lysate controls
and Myc immunoprecipitates were assayed for ERK1/2, ERK2-GFP, and Myc-DUSP content
by Western blotting with polyclonal rabbit anti-total ERK1/2 (Cell Signaling Technology) and
mouse monoclonal anti-Myc (9E10, Santa Cruz Biotechnology, Santa Cruz, CA).

Quantitative PCR
HeLa cells were simultaneously plated and transfected in 6-well plates (2.5 × 105 cells/well)
with 1 nM ERK1/2 siRNAs and 10 nM control or SMARTpool siRNAs prior to Ad transduction
and serum starvation as described above. Cells were stimulated with 10 nM EGF or 1 μM PDBu
before extraction of total RNA using the RNeasy kit according to the manufacturer's
instructions (Qiagen). Contaminating genomic DNA was removed from columns using an
additional DNase (Qiagen) digestion step. Complementary DNA was then prepared for 1 μg
of each total RNA sample using a cloned avian myeloblastosis virus first-strand synthesis kit
according to the manufacturer's instructions (Invitrogen). cDNAs were then quantified relative
to expression of human GTPase-activating protein using the following primers: 5′-CAA CGA
GGC CAT TGA CTT CAT AG-3′ and 5′-CAA ACA CCC TTC CTC CAG CA-3′ for DUSP1;
5′-AAA ACC AGC CGC TCC GAC-3′ and 5′-CCA GGA ACA GGT AGG GCA AG-3′ for
DUSP2; 5′-CTG GTT CAT GGA AGC CAT AGA GT-3′ and 5′-CGC CCA CGG CAG TCC-3′
for DUSP4; and 5′-GGG AAG GTG AAG GTC GGA GT-3′ and 5′-GAG TTA AAA GCA
GCC CTG GTG A-3′ for the human GTPase-activating protein internal control. PCR primers
were mixed with 50 ng of reverse transcription-PCR template and SYBR Green PCR master
mix (Applied Biosystems, Warrington, UK), and the comparative CT method was used to detect
relative expression curves on an ABI PRISM 7500 detection system (Applied Biosystems).

Semi-automated Image Acquisition and Analysis
Cells were transfected with siRNA, transduced with Ad vectors, and plated as described above
on Costar plain black-wall 96-well plates (Corning, Arlington, UK). For anti-Myc
immunostaining experiments, cells were transfected with pCR3.1, pMyc-DUSP1, pMyc-
DUSP2, or pMyc-DUSP4 using Superfect (Qiagen), according to manufacturer's instructions,
simultaneously with viral transduction. Following treatment as noted in the figure legends,
cells were washed in ice-cold phosphate-buffered saline (PBS) before fixation in 4%
paraformaldehyde/PBS and permeabilization in −20 °C methanol. After blocking in 5% normal
goat serum/PBS, cells were probed with rabbit anti-ppERK1/2 polyclonal antibody (1:300,
Cell Signaling Technology) or mouse anti-Myc (Santa Cruz Biotechnology) in PBS. Alexa
546-conjugated goat anti-rabbit or Alexa 546-conjugated goat anti-mouse secondary antibody
(1:300, Invitrogen) was used to visualize ppERK1/2 and Myc antibody binding, respectively.
4′,6-Diamidino-2-phenylindole (DAPI; 600 nM) in PBS was used to stain nuclei. Image
acquisition in each well was performed on an IN Cell Analyzer 1000 (GE Healthcare)
microscope, using a ×10 objective and 360-nm (DAPI), 475-nm (GFP), and 535-nm (Alexa
546) excitation filters, and monitored through 460-, 535-, and 620-nm emission filters,
respectively, with a 61002 trichroic mirror (GE Healthcare). Analysis of ppERK1/2 activity
and localization was performed using the Object Intensity algorithm in the IN Cell Analyzer
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Workstation (GE Healthcare) with images collected from 460- and 620-nm emission filters to
define nuclear and cytoplasmic regions, respectively. ERK2-GFP localization and ppERK2
activity were simultaneously analyzed using the Multitarget Analysis algorithm (IN Cell
Analyzer Investigator; GE Healthcare) with images collected from 460- and 535-nm emission
filters to define nuclear and cytoplasmic regions, respectively. Single cells with levels of
ERK2-GFP intensity yielding superphysiological ppERK2 responses in comparison with the
endogenous ERK1/2 were deemed to be overexpressed and excluded from analysis (∼20% of
cells) to prevent misleading localization data. Similarly, subpopulations of Myc-DUSP
expressing cells were selected using filters for Myc-DUSP staining intensity within nuclei to
ensure comparison of equal DUSP expression levels in single cells. 300–500 cells per field
were typically analyzed, and up to four fields per well were captured in experiments performed
in duplicate or quadruplicate, meaning that in each experiment data were normally derived
from at least 1000 individual cells per time point. Imaging data are reported as ppERK intensity
(mean fluorescence intensity per cell) or as a ratio of nuclear to cytoplasmic intensity (N:C
ratio).

RESULTS AND DISCUSSION
Endogenous ERK1/2 Knockdown and Reconstitution with ERK2-GFP Fusion Protein

We have previously shown that EGF causes a transient activation of ERK (ppERK1/2 maximal
at 5 min, returned to basal by 60 min), whereas stimulation of PKC with PDBu causes a more
sustained ERK activation (maximal at 5–15 min, above basal for >4 h) in HeLa cells. These
stimuli also caused ERK translocation to the nucleus as revealed by the increase in nuclear
translocation of endogenous ERK1/2 or ERK2-GFP in cells transduced with Ad ERK2-GFP
(28). However, the techniques used (Western blotting and confocal microscopy) are labor-
intensive, and the assay necessitated co-transduction with MEK to recapitulate the normal
cytoplasmic localization of ERK2 (in serum-starved cells) despite its overexpression.
Accordingly, the initial aim of these experiments was to develop a more efficient model for
exploring spatial and temporal aspects of ERK2 regulation without the overexpression of ERK2
binding partners. To do so, we have used siRNAs to knock down endogenous ERK1/2,
recombinant Ad to add back fusion proteins of wild-type or mutated ERK2 and GFP,
fluorescent labeling of ppERK1/2, and a wide field fluorescence microscope based platform
for semi-automated image acquisition and analysis. Transfection with siRNA sequences
targeted to noncoding regions of ERK1 and -2 (ERK1/2) transcripts reduced ERK1/2
expression and PDBu-induced phosphorylation (ppERK1/2) responses by >95%, as judged by
Western blotting (Fig. 1A, bottom panel). Subsequent transduction with Ad ERK2-GFP (2 ×
106 pfu/ml) restored ERK expression levels and the phosphorylation response (Fig. 1A, note
the higher molecular weight of the ERK2-GFP fusion protein), which had comparable
magnitude and kinetics to the response in control cells (Fig. 1A, top panel and data not shown).

We next assessed ERK activation and localization by quantitative fluorescence microscopy,
defining nuclear regions with a DAPI stain so that ERK2-GFP or dual phosphorylated ERK2-
GFP (ppERK2) could be measured in the nucleus and cytoplasm (as well as in whole cells).
Outlines of nuclei and cells defined by automated analysis algorithms using DAPI and
ppERK1/2 stains are shown in Fig. 1B. As expected, PDBu caused a rapid and sustained
increase in whole cell ppERK1/2 levels in control siRNA-transfected cells. No such effect was
seen in ERK1/2 siRNA-transfected cells, and the response seen in cells transfected with siRNA
and transduced with Ad ERK2-GFP had comparable magnitude and kinetics to that seen in
control cells (Fig. 1C). This activation of ERK was paralleled by a rapid and sustained increase
in the nuclear to cytoplasmic (N:C) ratio of ERK2-GFP (Fig. 1D). Scatter plots of ppERK1/2
location within single cells revealed that PDBu increased ppERK1/2 labeling in the cytoplasm
and nucleus of control cells (Fig. 1E). It had no such effect in cells transfected with ERK1/2
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siRNAs alone, but it increased ppERK1/2 within both compartments of cells transfected with
ERK1/2 siRNAs and transduced with Ad ERK2-GFP (Fig. 1E). Thus, semi-automated image
acquisition and analysis provide an efficient means of monitoring spatial and temporal aspects
of ERK activation, and the knockdown and add-back model recapitulates the key features of
endogenous ERK activation (ERK2 expression level, ppERK2 level, and N:C distribution) that
we considered necessary for further exploration of these response characteristics.

Comparison of EGF- and PKC-induced ERK2-GFP Activation and Trafficking
We next used the imaging system to define effects of EGF and PDBu on ERK2 signaling. In
time course experiments, EGF caused a rapid and transient increase in whole cell ppERK2
levels with a maximum response at 5 min and reduction to basal levels within 60–120 min.
PDBu caused a comparable rapid response (maximum at 5–15 min) with a subsequent
reduction to ∼30% of peak values by 60 min (Fig. 2A), which was maintained for the duration
of the experiment. Thus, the key distinction between these stimuli was the relatively sustained
response to PDBu, which is similar in profile to other studies comparing transient and sustained
kinetics of ERK activity (4,5). Both stimuli also increased the proportion of ppERK2 within
the nucleus, but responses were transient (having returned to basal values within 60 min), and
similar to previous reports (29), the effect of PKC activation was much greater than that of
EGF. This distinction is evident in time course experiments using data pooled from repeated
experiments (Fig. 2C) and also in single cell data (Fig. 2, B, and ppERK2 panels from E),
which illustrate the more pronounced effect of PDBu on nuclear ppERK2. When the
distribution of ERK2-GFP was examined, all stimuli caused pronounced initial increases in
N:C ERK2-GFP ratio, but the responses were very different after the first 5 min (Fig. 2D).
PDBu induced a sustained but biphasic increase in N:C ERK2-GFP, with peaks at 5–15 and
120 min. However, the PDBu response did not drop below 70% of maximal at any time,
whereas EGF caused only a transient increase with a peak at 5 min, reducing to <50% of the
maximal response within 15 min (Fig. 2D). Thus, although EGF and PDBu cause comparable
maximal activation of ERK2, the PDBu-induced ppERK2 response is relatively sustained (Fig.
2A), and it is associated with very high and sustained nuclear localization of ERK2-GFP in the
dephosphorylated form (compare localization of active and total ERK2-GFP in Fig. 2, C and
D). These stimulus-specific response profiles (Fig. 2, A, C and D) are indicative of stimulus-
specific mechanisms controlling termination and compartmentalization of ERK signaling.

Stimulus- and ERK-dependent Regulation of Nuclear Inducible DUSP Transcripts
Because differences in transient and sustained ERK regulation in the nucleus are thought to
involve the nuclear inducible MKPs (7,8,23), we tested for effects of EGF and PDBu on
expression of DUSP1, -2, and -4 by quantitative PCR and also tested for mediation by ERK
using ERK1/2 siRNAs. As shown, EGF had little or no effect on transcription of DUSP1 or -2
but increased DUSP4 mRNA almost 3-fold in cells treated with control siRNA (Fig. 3). In
contrast, PDBu caused robust increases in levels of all three mRNAs in control cells (Fig. 3).
The effect of PDBu on DUSP1 and -2 mRNA was decreased by transfection with ERK1/2
siRNAs (Fig. 3), whereas the induction of DUSP4 was not significantly reduced, indicating
ERK-independent activation of DUSP4 transcription.

DUSP1, -2, and -4 Coordinately Regulate the PKC-mediated Nuclear Shuttling and
Dephosphorylation of ERK

The data in Fig. 3 suggests that DUSP1, -2, and -4 transcription may play a role in stimulus-
specific regulation of ERK2, so we tested the roles of these phosphatases using siRNAs to
reduce their expression (see Fig. 6 for validation of mRNA knockdown). siRNAs against
DUSP1, -2, or -4 had no measurable effect on ppERK2 responses to PDBu or EGF in cells
expressing ERK2-GFP (Fig. 4, upper panels, and data not shown). However, the effect of PDBu
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on the N:C ERK2-GFP ratio was inhibited by DUSP2 siRNA at 60–120 min and by DUSP4
siRNA at 5–120 min but was actually increased by DUSP1 siRNA at 5–240 min. With such
profound stimulus-specific effects on ERK2-GFP distribution, we suspected that the lack of
effect on ppERK2 levels could be due to compensation or redundancy and therefore determined
the effect of the combined knockdown. As shown (Fig. 4, lower panels), treatment with siRNAs
targeting DUSP1, -2, and -4 in combination significantly increased the effect of PDBu on
ppERK2 levels (at 5–60 min) and reduced its effect on N:C ERK2-GFP ratio, revealing that
the three DUSPs mediate both dephosphorylation and nuclear retention of ERK2 in PDBu-
stimulated cells. The combined DUSP1, -2, and -4 knockdown did not significantly alter ERK2-
GFP N:C ratios in response to EGF (not shown), revealing that this regulation is stimulus-
specific.

Effects of DUSP Overexpression on ERK2-GFP Activation and Trafficking
To determine the effects of DUSP overexpression on ERK responses, HeLa cells were
transiently transfected with Myc-tagged DUSP1, -2, or -4. Automated imaging revealed a
transfection efficiency of ∼50%, as well as comparable expression levels and the expected
nuclear localization of the tagged phosphatases (not shown). PDBu caused the expected robust
increase in ppERK1/2 staining, and this was abolished in cells expressing Myc-tagged DUSP1,
-2, or -4 (not shown), which echoes published work (11). In cells transfected with siRNAs
against ERK1/2 and transduced with ERK2-GFP, expression of DUSP2 or -4 significantly
increased the N:C ERK2-GFP ratio, whereas ratios were unaltered by expression of DUSP1
(Fig. 5B). We also used immunoprecipitation (anti-Myc) and Western blotting (anti-ERK and
anti-Myc) to explore binding of ERK to these DUSPs. This again revealed comparable
expression levels for the tagged phosphatases and robust co-immunoprecipitation of ERK2-
GFP with DUSP2 and DUSP4 but not with DUSP1 (Fig. 5A). This pattern was also seen with
endogenous ERK1/2 (not shown). Thus, although all three of these DUSPs cause comparable
inhibition of PDBu-stimulated ERK phosphorylation, this selective immunoprecipitation
suggests that, like DUSP5 (10), DUSP2 and -4 have higher affinity for dephosphorylated ERK
than DUSP1. This distinction presumably explains why overexpression of DUSP2 and -4 (but
not DUSP1) increases the nuclear localization of ERK2-GFP in intact cells (Fig. 5B), just as
siRNA knockdown of DUSP2 and -4 (but not DUSP1) reduces the PDBu-stimulated nuclear
translocation of ERK2-GFP (Fig. 4).

Effects of DUSP Knockdown on EGF- and PDBu-stimulated DUSP Expression
We suspected that DUSP knockdown might cause compensatory changes in the effects of EGF
or PDBu on expression of other DUSPs and explored this by quantitative PCR. EGF had little
or no effect on DUSP1 and -2 mRNA levels but caused a pronounced increase in DUSP4,
whereas PDBu caused marked increases in expression of all three mRNAs (Fig. 6, see also
Fig. 4). Each siRNA mixture prevented any significant induction of the mRNA to which it was
targeted without reducing levels of the other mRNAs, demonstrating the efficacy and
specificity of these knockdowns. Interestingly, pronounced compensatory increases in
transcription were seen under some conditions. Thus, knockdown of DUSP2 actually increased
the effect of PDBu on transcription of DUSP1 (Fig. 6, top right panel). Similarly, knockdown
of DUSP1 increased the effect of PDBu on DUSP2 transcription (Fig. 6, middle right panel).
Thus, the lack of effect of the single DUSP knockdowns on PDBu-stimulated ppERK levels
(Fig. 4) may be, at least in part, because of compensatory increases in expression of the other
DUSPs (Fig. 6), and this may explain why it is necessary to knock down all three of these
DUSPs to enhance the PDBu effect on ERK phosphorylation (Fig. 4).
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Effects of Docking Domain Mutation on ERK2-GFP Activation and Trafficking
ERKs bind to many proteins containing modular D- or DEF-motifs, and because these proteins
include scaffolds and anchors, perturbation of such binding can provide insight into the roles
of these binding partners in ERK compartmentalization and signaling. D319N mutation
interferes with the ability of ERK to form D-domain interactions with phosphatases and other
substrates, and it is analogous to the seven-maker gain of function mutation in Drosophila
(10-13,18,20,30). Y261A mutation of ERK impairs binding to substrate DEF-domains (13,
14), some of which are predicted on DUSPs (16,17). These mutations do not affect the intrinsic
kinase activity of ppERK2 (13), and so we introduced D319N and Y261A mutations in our
ERK2-GFP sequence to examine the molecular mechanisms involved in DUSP regulation of
ERK. Cells transfected with ERK1/2 siRNAs were transduced with Ad expressing wild-type
(WT), Y261A, or D319N ERK2-GFP. Western blotting revealed similar expression levels for
endogenous ERK1/2 and all three exogenous ERK2-GFP constructs, as well as the lack of
stimulus-independent activity and clear activation by EGF (Fig. 7A). Cell imaging revealed
that stimulation with EGF or PDBu caused a pronounced and dose-dependent increase in
ppERK2 staining and ERK2-GFP translocation after knockdown of endogenous ERKs and
add-back of WT ERK2-GFP, whereas no measurable increase in ppERK2 staining was seen
in cells receiving the ERK1/2 siRNAs alone (Fig. 7B and not shown). Similar dose-dependent
increases in ppERK2 were seen with add-back of the WT and mutated fusion proteins (Fig.
7B and not shown). For all stimuli, minimum, maximum, and EC50 values were all unaffected
by the ERK mutations (logEC50 values for ppERK2 activation in cells expressing WT ERK2-
GFP and stimulated with EGF or PDBu were −10.3 ± 0.5 and −6.6 ± 0.3, respectively),
confirming that these mutations do not impede ERK activation (13). These mutations did,
however, influence either basal (unstimulated) ERK2-GFP distribution or its response to
activation (Fig. 7C). Thus, the Y261A mutation increased the N:C ERK2-GFP ratio from 1.45
to 1.83 in control cells without preventing the response to stimulus (i.e. the increment in N:C
ratio caused by EGF was indistinguishable for WT and Y261A ERK2-GFP). This indicates
that DEF-domain interactions are important in stimulus-independent compartmentalization of
ERK2 and is in accord with recent studies showing the importance of this domain for
phosphorylation-independent association with nuclear shuttling machinery (31,32). In
contrast, the D319N mutation had no measurable effect on basal N:C ratio but reduced the
translocation response to stimulus, with the increment in N:C ratio caused by EGF activating
D319N ERK2-GFP only 50% of that seen with activation of WT ERK2-GFP (Fig. 7C). Similar
data were obtained when PDBu was used as the stimulus, and ligand potencies (log EC50
values) were not significantly different for the three ERK2-GFP constructs (data not shown).

Stimulus-specific Spatiotemporal Regulation of ERK2 Is Mediated through Docking Domains
The D- and DEF-domains of ERK binding partners play key roles in determining cellular
responses. For example, interference with D-domain binding not only reduces the ability of
DUSP1, -2, and -4 to dephosphorylate ERK (11) but also potentiates serum-induced ERK
phosphorylation (23) and prevents DUSP5 from causing its nuclear accumulation (10). DUSP1
and -4 are also predicted to bind ERK via DEF-domains, but their role has not been examined
in this context. To further examine the functional relevance of these regions in nuclear inducible
MKPs, we used our model to test for effects of protein synthesis inhibition (using
cycloheximide, CHX) and blockade of D- or DEF-domains. As shown (Fig. 8A, top panels),
CHX had no effect on basal ppERK2 levels in cells expressing WT ERK2-GFP and also failed
to influence the amplitude or kinetics of the response to EGF. It also had no influence on the
initial response to PDBu but caused a marked prolongation of the effect, completely preventing
the reduction in ppERK2 seen between 30 and 60 min and thereby significantly increasing
ppERK2 levels at 60–240 min. When DEF-domain binding was impaired (i.e. in cells
expressing Y261A ERK2-GFP), the amplitude and kinetics of the ppERK2 response to EGF
was unaltered, whereas PDBu-induced ppERK2 levels were significantly increased with
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Y261A ERK2-GFP (Fig. 8A, middle panels). In contrast to this ligand-dependent effect
however, inhibition of D-domain binding (D319N mutation) caused more sustained responses
to both stimuli (Fig. 8A, bottom panels), which is consistent with its widespread or universal
role in phosphatase interaction with ERK2.

Exploring the effects of these manipulations on the distribution of ERK2-GFP, we found that
both the transient increase in ERK2-GFP N:C ratio elicited by EGF and the sustained increase
caused by PDBu were inhibited by CHX (Fig. 8B, top panels), despite the fact that CHX
increased the effect of PDBu on ppERK2 in the same cells (compare top panels in Fig. 8, A
and B). In contrast, the Y261A mutation increased both basal and stimulated levels of N:C
ERK2-GFP ratio at nearly all time points despite only having effects on ppERK2 levels in
response to PDBu (compare middle panels in Fig. 8, A and B), further supporting a role for
the DEF-domain in mediating stimulus-independent shuttling of ERK2. Similar to CHX
treatment, D319N mutations reduced both EGF- and PDBu-mediated increases in N:C ratio of
ERK2-GFP, which is again despite the fact that ppERK2 levels are increased in the same cells
(compare bottom panels in Fig. 8, A and B). We also determined the effects of these
manipulations in combination and found no additive effects of CHX and the Y261A or D319N
mutations on ppERK levels or N:C ERK2-GFP values in control, PDBu-stimulated, or EGF-
stimulated cells (not shown).

We found that the influence of these mutations on DUSP mRNA induction by EGF and PDBu
were indistinguishable in cells expressing wild-type or Y261A-ERK2-GFP. However,
expression of the D319N mutant significantly increased effects of EGF and PDBu on DUSP2
(but not DUSP1 or -4) mRNA levels. This demonstrates that the ability of this mutation to
prolong ERK phosphorylation (Fig. 8A, lower panels) is functionally relevant in terms of
amplifying this downstream effect.

Influence of D- and DEF-domain Mutations on the Ability of DUSPs to Bind ERK and Influence
ERK Compartmentalization

In the final series of experiments we co-expressed the WT and mutant ERK2-GFP constructs
with the Myc-tagged DUSPs (1, 2, and 4) and then tested for co-immunoprecipitation and
ERK2-GFP localization. As expected, we were able to co-immunoprecipitate the WT ERK2-
GFP with DUSP2 and -4 (but not with DUSP1), and expression of these DUSPs increased the
proportion of WT ERK2-GFP in the nucleus, whereas expression of DUSP1 failed to do so
(Fig. 9, see also Fig. 5). Very similar data were obtained with the DEF-domain mutant (Y261A
ERK2-GFP), despite the fact that this mutant was able to enhance sustained ppERK2 responses
and that DUSP4 contains a predicted DEF-domain. In contrast, the D-domain mutant (D319N
ERK2-GFP) was not co-immunoprecipitated by any of the DUSPs. Moreover, expression of
DUSP1 and -4 failed to alter the localization of D319N ERK2-GFP and, although DUSP2 did
increase the proportion of this D-domain mutant ERK in the nucleus, the effect was less marked
than with the wild-type or DEF-domain mutant (Fig. 9). The simplest interpretation of these
data is that, similar to DUSP5 (10), DUSP2 and -4 have higher affinity than DUSP1 for
dephosphorylated ERK2 (as evidenced by the selective co-immunoprecipitation and effects on
nuclear localization) and that their stable interaction with ERK is dependent upon D-domain
s but not DEF-domains (as evidenced by the inhibitory effect of the D319N, but not the Y261A,
mutation).

Summary and Model
It is now well established that spatial and temporal aspects can dictate the biological outcomes
of ERK activation. Transient versus sustained activation of ERK governs the difference
between quiescence and proliferation in many cell types, as does the localization of ERK
activity within the nucleus or cytosol (2-4,6,22,23). Despite its importance, the mechanisms
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of ERK nuclear regulation are still poorly understood. Here, we have explored how nuclear
inducible MKPs shape ERK responses to EGF and PKC. We show that PKC activation causes
a sustained activation and nuclear accumulation of ERK. These characteristics are dictated by
the inducible nuclear DUSP1, -2, and -4, as evidenced by the effects of DUSP knockdown and
overexpression, as well as by potentiation of ppERK2 signals by CHX, D-, and DEF-domain
mutations. In contrast, EGF causes relatively transient activation and nuclear accumulation of
ERK that is insensitive to CHX and is presumably therefore terminated by pre-existing (rather
than nuclear inducible) phosphatases (Fig. 9) (33).

To our knowledge, our data show the first definitive evidence that endogenous (rather than
overexpressed) nuclear inducible DUSPs shape ERK responses to sustained stimulation.
Moreover, they reveal a remarkable degree of adaptation at the level of DUSP expression that
is clearly important for data interpretation. Notably, knockdown of DUSP1 increased PDBu-
stimulated DUSP2 transcription, just as knockdown of DUSP2 increased PDBu-stimulated
DUSP1 transcription. Thus, although knockdown of individual DUSPs did not influence
ppERK2 responses to PDBu, compensatory changes in expression of other DUSPs may have
obscured the roles of the individual DUSPs, necessitating combined knockdown to reveal the
involvement of DUSP1, -2, and -4 in the ppERK2 response to PDBu (Fig. 4). Our data also
reveal important functional distinctions between the nuclear inducible MKPs that may underlie
their selective effects on ERK activity and compartmentalization. Importantly, we have found
that DUSP2 and -4 co-immunoprecipitate ERK2-GFP and cause its accumulation within the
nucleus in a manner dependent on D-domain motifs, whereas neither effect is seen with
overexpression of DUSP1 (Figs. 5 and 9). This is intriguing given that the D-domain interaction
is essential for efficient dephosphorylation of ERK by DUSP1, -2, and -4 (11,20). This may
be explained by a model postulated by Tanoue et al. (15), in which subtle differences in the
DUSP D-domain govern the stability of substrate binding and that there is discordance between
MAPK binding to DUSPs and their ability to activate the phosphatase catalytically (19,20).
For example, DUSP1 cannot stably interact with ERK but co-immunoprecipitates with its other
substrates, JNK and p38 (15), despite having comparable catalytic activity for phosphorylated
ERK and p38 (20). Similarly, DUSP4 preferentially dephosphorylates ERK and JNK but stably
associates with only ERK and p38 (19). The implication in our data is that the D-domains of
DUSP2 and -4 confer the ability to both inactivate and anchor ERK within the nucleus, whereas
DUSP1 may dephosphorylate ERK within the nucleus but then release it. The first mechanisms
would cause sustained nuclear accumulation of inactive ERK and consequent inhibition of
ERK activation, whereas the latter could facilitate reactivation in the cytoplasm in the presence
of persistent upstream stimuli (Fig. 10). Consistent with this idea, we found that knockdown
of DUSP1 actually increased the nuclear location of ERK2-GFP without altering the whole
cell ppERK2 response (Fig. 4). Similarly, knockdown of DUSP2 had no effect on the whole
cell ppERK2 response but reduced the nuclear location of ERK2-GFP, presumably because of
greater reliance on DUSP1 for dephosphorylation and consequent release (rather than
scaffolding) of ERK from the nucleus (Figs. 4 and 6). We suggest that DUSP1, -2, and -4 act
together to regulate ERK2 dephosphorylation and compartmentalization (in response to
sustained PKC-mediated signaling), and our data argue in favor of distinct but coordinated
DUSP effects (rather than functional redundancy). This specificity highlights the need for
future work to determine why these termination mechanisms are stimulus-specific.
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FIGURE 1. A knockdown and add-back model for studying ERK regulation
A, cells were transfected with control siRNAs (ctrl), ERK1/2 siRNAs, or ERK1/2 siRNAs and
transduced with Ad ERK2-GFP, prior to stimulation with 1 μM PDBu as indicated. Samples
were immunoblotted for total ERK1/2 (middle panel) and ppERK1/2 (top panel).
Immunoblotting for β-actin (bottom panel) was used as a loading control. ERK1/2 and
ppERK1/2 labels denote total or phosphorylated ERK1/2 (44/42 kDa, respectively). ERK2-
GFP and ppERK2-GFP labels denote total and phosphorylated bands of ERK2-GFP (69 kDa),
respectively. Data shown are representative of three independent experiments showing similar
data. B, images of cells transfected in 96-well plates as described for control samples in A prior
to 1 μM PDBu stimulation (15 min), staining, and automated image acquisition. Bar, 20 μm.
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Outlines denote the segmentation of cells according to DAPI and ppERK1/2 staining using IN
Cell Analyzer software. C, cells were transfected with control siRNAs (filled circles), ERK1/2
siRNAs (filled triangles), or ERK1/2 siRNAs as well as Ad ERK2-GFP (open circles) and
stimulated with 1 μM PDBu for the times indicated. Cells were fixed and stained with DAPI
and for ppERK1/2 prior to image acquisition in duplicate wells. The graph shows average
ppERK1/2 signal intensity (whole cells) from four independent experiments (mean ± S.E., n
= 4). D, cells imaged for ppERK intensity in C were simultaneously imaged and analyzed for
ERK2-GFP intensity in nuclear and cytoplasmic compartments. These values were used to
calculate the N:C ERK2-GFP ratio for each cell, and the data were pooled from four separate
experiments (mean ± S.E., n = 4). E, scatterplots showing nuclear versus cytoplasmic intensity
values from cells transfected as indicated and incubated with or without 1 μM PDBu for 15 min.
Each dot represents a single cell, and data were acquired from four images in two separate
experiments.
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FIGURE 2. Spatiotemporal characteristics of EGF- and PDBu-stimulated ERK regulation
Cells were transfected in 96-well plates with ERK1/2 siRNAs and transduced with Ad ERK2-
GFP prior to stimulation with 10 nM EGF or 1 μM PDBu for the times indicated. Cells were
fixed and stained before image acquisition and analysis (as described under Fig. 1) for the
calculation of whole-cell ppERK2 intensity (A), the N:C ppERK2 ratio (C), and the N:C ERK2-
GFP ratio (D). The scatterplot (B) shows the relationship between nuclear and cytoplasmic
ppERK2 staining for individual cells stimulated with EGF or PDBu, as indicated, for 5 min.
E, representative images of cells in the ERK2-GFP expression range used in analysis are shown
of unstimulated cells (Ctrl) or cells treated with 10 nM EGF (5 min) or 1 μM PDBu (15 min) as
indicated for fields acquired from ERK2-GFP and ppERK2 signals. Bar, 20 μm. Data shown
in A, C, and D were acquired from seven separate experiments, each with duplicate wells (mean
± S.E., n = 7). Each individual experiment included internal control cells transfected with
control GFP siRNAs or ERK1/2 siRNAs without addition of Ad ERK2-GFP. In all cases, the
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ppERK1/2 signal was inhibited >95% by ERK1/2 siRNAs and was recovered by Ad ERK2-
GFP transduction at all time points of stimulation by all stimuli (not shown). For figures A,
C, and D, * = p < 0.05 and ** = p < 0.01, comparing EGF with PDBu-treated cells using two-
way ANOVA and Bonferroni post hoc tests.
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FIGURE 3. Stimulus-specific and ERK-dependent regulation of nuclear inducible DUSP mRNA
Cells were transfected in 6-well plates with control siRNAs (Ctrl) or ERK1/2 siRNAs prior to
stimulation for 120 min with 10 nM EGF or 1 μM PDBu, as indicated. Total RNA isolates were
analyzed for relative levels of DUSP1, -2, or -4 mRNA using qPCR as described under
“Experimental Procedures.” Data are expressed as average normalized values obtained from
three separate experiments, each with duplicate readings (mean ± S.E., n = 3). * = p < 0.05,
comparing control siRNA-transfected cells to ERK1/2 siRNA-transfected cells, using
Student's t test.
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FIGURE 4. Stimulus-specific effects of nuclear inducible DUSP siRNAs alone and in combination
A and B, cells were transfected in 96-well plates with ERK1/2 siRNAs alongside control
(Ctrl) or individual DUSP1, -2, or -4 siRNA SMARTpools as indicated, prior to transduction
with ERK2-GFP. For triple knockdowns (C and D), cells were transfected with ERK1/2
siRNAs and DUSP1, -2, and -4 siRNA SMARTpools in combination (as indicated) before
addition of Ad ERK2-GFP. Cells were stimulated with 1 μM PDBu (circles) for the times
indicated, prior to staining and imaging (as described under Fig. 1). Data obtained from control
siRNA-transfected cells are included in all plots for clarity. Data shown are ppERK2 intensity
values (A and C) and N:C ERK2-GFP ratios (B and D) from four separate experiments (mean
± S.E., n = 4). * = p < 0.05 and ** = p < 0.01, comparing control siRNA-transfected cells to
DUSP siRNA-transfected cells using two-way ANOVA and Bonferroni post hoc tests.
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FIGURE 5. Differential binding and nuclear accumulation of ERK2-GFP by Myc-tagged DUSPs
A, cells were transfected in 96-well plates with ERK1/2 siRNAs prior to being simultaneously
transduced with Ad ERK2-GFP and transfected with pCR3.1 (Ctrl), or Myc-tagged DUSP1,
DUSP2, or DUSP4 constructs as indicated, prior to fixation and staining with anti-Myc
antibodies as described under “Experimental Procedures.” Cells expressing comparable levels
of Myc-tagged DUSP1, -2, and -4 were compared with control cells in four independent
experiments (mean ± S.E., n = 4). ** = p < 0.01, comparing control (ctrl) cells to Myc-DUSP-
transfected cells using one-way ANOVA and Dunnet's post hoc test. B, cells were transfected
as above in 9-cm plates with ERK1/2 siRNAs prior to being simultaneously transduced with
Ad ERK2-GFP and transfected with pCR3.1 (Ctrl), or Myc-tagged DUSP1, DUSP, or DUSP4
constructs as indicated. Cells were lysed and immunoprecipitated with immobilized anti-Myc
as described under “Experimental Procedures.” Representative immunoblots for Myc (IB:
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Myc) and for ERK (IB: ERK) from anti-Myc immunoprecipitates (IP: Myc) and whole cell
lysates (lysate) are shown from four independent experiments showing similar data.

Caunt et al. Page 19

J Biol Chem. Author manuscript; available in PMC 2008 March 17.

U
KPM

C
 Funders G

roup Author M
anuscript

U
KPM

C
 Funders G

roup Author M
anuscript



FIGURE 6. Regulation of DUSP transcription by DUSP siRNAs
Cells were transfected in 6-well plates with ERK1/2 siRNAs and 10 nM control (Ctrl) or
individual DUSP1, -2, or -4 siRNAs (as indicated) before addition of Ad ERK2-GFP and
stimulation with 10 nM EGF or 1 μM PDBu as indicated for 120 min. Total RNA isolates were
analyzed for relative levels of DUSP1, -2, or -4 mRNA using qPCR protocols as described
under “Experimental Procedures.” Data are expressed as average normalized values obtained
from three separate experiments, each with duplicate readings (mean ± S.E., n = 3). * = p <
0.05 comparing control siRNA-transfected cells to DUSP siRNA-transfected cells stimulated
with the same ligand, using Student's t test.
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FIGURE 7. Influence of docking domains on ERK signaling
Cells transfected with control siRNAs (Ctrl) or ERK1/2 siRNAs were transduced with Ad WT
or Y261A or D319N-mutated ERK2-GFP and analyzed for activation and localization as
follows. A, cells were harvested following stimulation with (+) or without (−) 10 nM EGF (5
min). ERK1/2 protein levels and ppERK1/2 activation were assessed by immunoblotting with
anti-ERK1/2 (middle panel) and anti-ppERK1/2, respectively. Immunoblotting for β-actin
(bottom panel) was used as a loading control. Data shown are representative of three
independent experiments showing similar data. B and C, cells were stimulated in 96-well plates
with the indicated concentrations of EGF for 5 min and stained before image acquisition and
analysis (as described under Fig. 1) for the calculation of whole-cell ppERK2 intensity (B),
and the N:C ERK2-GFP ratio (C). Data shown in B and C are pooled from three independent
experiments, each performed in triplicate (mean ± S.E., n = 3).
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FIGURE 8. Effects of CHX and docking domain mutation on ERK2-GFP distribution and
induction of DUSP mRNA
A and B, cells were transfected in 96-well plates with ERK1/2 siRNAs and transduced with
either Ad WT ERK2-GFP, Y261A-mutated ERK2-GFP (Y261A, or D319N-mutated ERK2-
GFP (D319N). Cells represented in the top panels were treated with 30 μM CHX for 30 min
before all cells were stimulated with 10 nM EGF or 1 μM PDBu as indicated in internally
controlled experiments. Data obtained from stimulated WT ERK2-GFP transduced cells are
included in all graphs (closed circles) showing comparison with simultaneous CHX treatment
(top panels), Y261A mutation (middle panels), and D319N mutation (bottom panels) for clarity
(each test condition is represented by open circles). Data shown are ppERK2 intensity (A) and
ERK2-GFP N:C ratios (B) obtained from five separate experiments, each with duplicate wells
(mean ± S.E., n = 3–5). * = p < 0.05 and ** = p < 0.01, comparing WT to CHX, Y261A, or
D319N conditions, according to two-way ANOVA and Bonferroni post hoc tests. C, cells were
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transfected in 6-well plates with control siRNAs (Ctrl) or ERK1/2 siRNAs and transduced with
Ad WT or Y261A or D319N-mutated ERK2-GFP prior to stimulation with 10 nM EGF or 1
μM PDBu as indicated for 120 min. Total RNA isolates were analyzed for relative levels of
DUSP2 mRNA using qPCR protocols described under “Experimental Procedures.” Data
shown are normalized values obtained from three separate experiments, each with duplicate
readings (mean ± S.E., n = 3). ** = p < 0.01, comparing WT ERK2-GFP expressing cells with
D319N ERK2-GFP expressing cells, using Student's t test.
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FIGURE 9. Docking domain dependence of binding and nuclear accumulation of ERK2-GFP by
Myc-tagged DUSPs
A, cells were transfected in 9-cm plates with ERK1/2 siRNAs prior to being simultaneously
transduced with either Ad WT ERK2-GFP, Y261A-mutated ERK2-GFP (Y261A), or D319N-
mutated ERK2-GFP (D319N) and transfected with pCR3.1 (Ctrl) or Myc-tagged DUSP1,
DUSP2, or DUSP4 constructs as indicated. Cells were lysed and immunoprecipitated with
immobilized anti-Myc as described under “Experimental Procedures.” Representative
immunoblots for Myc (IB: Myc) and for ERK (IB: ERK) from anti-Myc immunoprecipitates
(IP: Myc) and whole cell lysates (lysate) are shown from two independent experiments showing
similar data. B, cells were transfected in 96-well plates with ERK1/2 siRNAs prior to being
simultaneously transduced with either Ad WT ERK2-GFP, Y261A-mutated ERK2-GFP
(Y261A), or D319N-mutated ERK2-GFP (D319N) and transfected with pCR3.1 (Ctrl) or Myc-
tagged DUSP1, DUSP2, or DUSP4 constructs as indicated, prior to fixation and staining with
anti-Myc antibodies as described under “Experimental Procedures.” Cells expressing
comparable levels of Myc-tagged DUSP1, -2, and -4 were compared with control cells in four
independent experiments (mean ± S.E., n = 6). ** = p < 0.01, comparing control cells to Myc-
DUSP-transfected cells using one-way ANOVA and Dunnet's post hoc test.
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FIGURE 10. Model of nuclear ERK dephosphorylation and traffic during sustained ERK responses
Phosphorylation by MEK in the cytoplasm causes translocation of nontethered phosphorylated
ERK to the nucleus. Our data suggest that DUSP1, -2, and -4 transcription is induced, and each
protein contributes to the dephosphorylation of ERK whereas DUSP1 releases it. Thus DUSP2
and -4 expression causes nuclear accumulation of ERK as a negative feedback mechanism,
whereas DUSP1 allows it to return to the cytosol for reactivation.
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