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The Ras/Raf/MEK/ERK is a conserved signalling pathway involved in the control of fundamental cellular pro-
cesses. Despite extensive research, how this pathway can process a myriad of diverse extracellular inputs into
substrate specificity to determine biological outcomes is not fully understood. It has been established that the
ERK1/2 pathway is an integrative point in the control of the pituitary function exerted by various extracellu-
lar signals. In addition we previously established that the GTPases Ras and Rap1 play a key role in the regu-
lation of ERK1/2-dependent prolactin transcription by EGF or the cAMP-dependent neuropeptide VIP. In this

g;{(m;?ginmg report, using the FRET-based biosensor of ERK activity (EKAR) in the pituitary GH4C1 cell line, we show that
Ras both EGF and VIP tightly control the spatiotemporal dynamic of activated ERK with different magnitude and
Rap1l duration. Importantly, we provide the first evidence of a differential control of cytoplasmic and nuclear pools
Pituitary of activated ERK by the GTPases Ras and Rap1. Ras is required for nuclear magnitude and duration of
lligé\f EGF-dependent ERK activation, whereas it is required for both VIP-activated cytoplasmic and nuclear ERK

pools. Rap1 is exclusively involved in VIP-activated ERK nuclear pool. Moreover, consistent with the control
of the nuclear pool of activated ERK by the GTPases, we observe the same differential role of Ras and Rap1 on
ERK nuclear translocation triggered by EGF or VIP. Together these findings identify Ras and Rap1 as determi-
nant partners in shaping nuclear and cytoplasmic ERK kinetics in response to EGF and VIP, which in turn

should control pituitary secretion.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

The Ras/Raf/MEK (MAPKinase and ERK Kinase)/ERK (extracellu-
larly regulated kinase) is a highly evolutionary conserved signalling
pathway [1] that is involved in the control of fundamental cellular
processes that include cell proliferation, survival, apoptosis, differen-
tiation, motility and metabolism [2-5]. Dysregulation of this signal-
ling pathway is associated with a large range of pathological
disorders [6]. In particular, ERK1/2 signalling abnormalities, many of
which resulting from activating Ras or Raf mutations, occur in about
30% of human cancers [7]. For these reasons, the ERK pathway has
been a focus of intensive research. The essential biochemistry of this
pathway is now established, but how the pathway can process a

Abbreviations: MAPK, mitogen-activated protein kinase; MEK, mitogen-activated
protein kinase/extracellular signal-regulated kinase kinase; ERK1/2, extracellularly
regulated kinases 1 and 2; YFP, yellow fluorescent protein; CFP, cyan fluorescent protein;
EKAR, extracellular signal-regulated kinase activity reporter; FRET, fluorescence reso-
nance energy transfer; CAMP, cyclic adenosine monophosphate; VIP, vasoactive intestinal
polypeptide; EGF, epidermal growth factor; NGF, nerve growth factor; PRL, prolactin.
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myriad of specific extracellular inputs into diverse biological outputs
is not yet fully understood. Recently, accumulating evidences have
shown that duration, magnitude and subcellular compartmentaliza-
tion of ERK activity could determine substrate specificity and biolog-
ical outcomes [8-12].

In this regard, ERK is retained in the cytoplasm of resting cells,
mainly due to interaction with its upstream activator MEK. Upon
activation, ERK could or not translocate into the nucleus depending
on its interaction with scaffold proteins such as PEA15, Sef, MEK part-
ner 1 (MP1), paxillin or B arrestin which retain active ERK to different
cytoplasmic compartments [13-15]. ERK nuclear translocation re-
quires activation of MEK, ERK activation and acceleration of ERK shut-
tling between cytoplasm and nucleus [16,17]. Recently, Zehorai et al.
have identified a nuclear translocation sequence on ERK, the SPS
domain [18,19]. All together these mechanisms control the dynamic
of the subcellular localization of ERK and contribute to the regulation
of specific substrates upon stimulation. Besides determining the local-
ization of the components of the ERK pathway, other scaffold proteins
such as the kinase suppressor of Ras (KSR) and the connector enhanc-
er of KSR (CNK) regulate the magnitude of ERK activation [20] where-
as the dual specificity phosphatases (DUSPs) influence ERK temporal
signalling [21].

Ras and Rap1 proteins are small GTPases that operate as molecular
switches upstream of the Raf/MEK/ERK cascade. The differential
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Fig. 1. Expression and function of EKAR sensors in pituitary GH4C1 cells. (A) GH4C1
cells were transfected for 48 h with 0.5 pg of EKARcy (upper panel) or EKARpyc
(lower panel). Right panels show cytoplasmic and nuclear YFP fluorescence respective-
ly. Left panels show the corresponding Nomarski contrast (NC) fields. Scale bar: 20 pm.
(B) Immunodetection of P-EKAR, total EKAR (GFP), P-ERK1/2 and total ERK1/2 as indi-
cated (respectively from upper to lower panel), in cells transfected with EKARy, or
EKARc or the empty vector (pRK5) and treated 5 min in the absence or in the pres-
ence of 1 nM EGF or 0.1 uM VIP. (C) Pseudocolour images of the YFP/CFP emission ra-
tios before (left panels) and after 1 nM EGF treatment for 5 min (right panels) in
GHA4C1 cells expressing EKARcyo (upper panels) or EKAR,.. (lower panels). Scale
bars 20 pum.

recruitment of these small GTPases is determinant in the control of
cell proliferation by growth factors or hormonal stimulation of the
cyclic adenosine monophosphate (cAMP) [22]. In the well studied
rat pheochromocytoma cell line PC12, the epidermal growth factor
(EGF) induces transient ERK activation and cell proliferation whereas
the nerve growth factor (NGF) induces sustained ERK activation and
triggers neuronal differentiation. Both EGF and NGF induce transient
Ras activation but NGF also leads to sustained Rapl activation
[23,24]. Recently it has been shown that compartmentalized

oncogenic mutants of H-Ras transform NIH3T3 cells with different
efficiencies [25]. Thus the GTPases Ras and Rap1 might be impor-
tant partners of spatiotemporal ERK dynamic.

Our and other's previous data on pituitary cell lines have provid-
ed evidence that the ERK1/2 cascade plays a central role in the con-
trol of pituitary function exerted by neuropeptides and growth
factors [26-31]. In addition, we previously established that the spe-
cific activation of the GTPases Ras and Rap1 is crucial to the activa-
tion of the ERK1/2 cascade by growth factors or cAMP-dependent
neuropeptides and that the differential recruitment of those mono-
meric G proteins plays a key role in the fine regulation of the prolac-
tin (PRL) gene. EGF-dependent Ras activation increases PRL gene
transcription whereas vasoactive intestinal polypeptide (VIP)-
dependent Ras activation acts as a repressor of the PRL gene regula-
tion. On the contrary, VIP-dependent Rap1 activation leads to an in-
crease in PRL transcription [32].

In this context, we postulate that the GTPases Ras and Rap1 could
play a crucial role in the spatiotemporal dynamic of the ERK pathway,
in pituitary cells, under the control of growth factors or neuropep-
tides. Therefore, we conducted experiments to test this hypothesis
directly, using single cell imaging in the differentiated GH4C1 pitui-
tary living cells and the recently developed genetically encoded Fluo-
rescence Resonance Energy Transfer (FRET)-based sensor of ERK
activity (EKAR) [33]. Our results show that: (i) Both EGF and VIP spe-
cifically control the cytoplasmic and nuclear pools of activated ERK
with magnitude and duration depending on the activated receptor.
(ii) Ras activation is required for the EGF-dependent dynamic of nu-
clear ERK, whereas it is involved in both VIP-activated ERK cytoplas-
mic and nuclear pools. Rap1 activation is strictly required for
nuclear ERK dynamic in response to VIP. Moreover, following
YFP-ERK mobility in living cells, we provide evidence for a differential
role of Ras and Rap1 on ERK nuclear translocation triggered by EGF or
VIP.

2. Materials and methods
2.1. Reagents and plasmids

The vasoactive intestinal polypeptide (VIP) was purchased from
Polypeptide Laboratories (Strasbourg, France). Epidermal growth factor
(EGF) and UO126 were obtained from Promega (Charbonniére-les-
Bains, France). Lipofectamine and cell culture reagents were from
Invitrogen (Cergy-Pontoise, France). All other reagents were purchased
from Sigma-Aldrich (St. Quentin Fallavier, France). The extracellular
signal-regulated kinase activity reporters (EKAR sensors) were pur-
chased from Addgene (Cambridge, MA, USA). The pCDNA3.1RasN17 ex-
pression vector was constructed by subcloning the BamHI/HindIII
fragment of the pRSVH17 plasmid [34], containing the coding se-
quence of RasN17, into the polylinker of pCDNA3.1 expression vector
(Invitrogen). The construct was verified by sequencing.

2.2. Cell culture and transfections

The somatolactotroph GH4C1 cell line (a generous gift of
Dr Sobel, France) grown in Ham's F10 medium supplemented with
15% horse serum, 2.5% fetal calf serum (Eurobio, Les Ulis, France),
penicillin (50 U/ml) and streptomycin (50 pg/ml), was kept at
37 °C in a water-saturated atmosphere containing 5% CO, and
subcultured weekly. Transfections were performed 4-5 days after
plating in six-well tissue culture plates or on poly-lysine coated
glass coverslips respectively for immunoblot analysis or live imag-
ing. For FRET experiments, cells were transfected for 48 h
with 0.5 pg of the CFP-YFP version of the nuclear or cytoplasmic sen-
sor EKAR using the lipofectamine reagent in line with the
manufacturer's protocol (Invitrogen, France). In some experiments,
cells were cotransfected with the EKAR sensors or 1 pug of pCDNA.I/
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Fig. 2. Cytoplasmic and nuclear ERK activities are EGF dose-dependent in GH4C1 cells. GH4C1 cells expressing EKARy, (A, B) or EKARyc
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C, D) were treated with increasing con-

centrations of EGF. (A, C) Traces represent the time courses of single cell recordings. Representative normalized YFP/CFP emission ratios were given for 2 cells at each concentration:
10~ "> M (dotted thin grey line); 10~ ' M (thin grey line); 10~° M (black line); 10~7 M (dark grey line). (B, D) Bar graph depicts the magnitude (AR/RO) of EKARcyto Or EKARpyc
response to increasing concentrations of EGF as indicated, for at least 30 cells per dose. (*) p<0.05; (***) p<0.001.

HA-tagged ERK1 [35] to analyse ERK activation in whole cell extracts
and 0.4 ng of pCDNA3.1RasN17 (dominant-negative mutant of Ras)
or 2 pg of pRK5Rap1N17 (dominant-negative mutant of Rap1; [36])
or the respective empty vectors. To assess ERK nuclear translocation,
cells were cotransfected with an equal amount (0.5 pg) of pEYFP-
ERK [16] and pCMV-HA-MEK constructs to maintain transfected
YFP-ERK in the cytoplasm of resting cells [16,37]. Cells were
serum-starved in Ham's F10 medium for the last 15 h prior to each
experiment. The transfection efficiencies were estimated at 45 4-5%
and 47 + 4% for cytoplasmic EKAR and for nuclear EKAR respectively
and at 46 + 6% for YFP-ERK.

2.3. Live cell imaging

Experiments were carried out on an inverted microscope
(Axiovert 200, Zeiss, Germany) using a 63 x oil-immersion objective.
12 bit grey level images were collected with a cooled CCD camera
(CoolSnapHQ, Roper Scientific, France) under MetaMorph software
control (Universal Imaging Corporation). For imaging, culture medi-
um was replaced by modified Earle's salt solution containing
137 mM NaCl, 54 mM KCl, 0.4 mM Na,HPO4, 0.8 mM MgSO,,

5.5 mM glucose, 1.8 mM CaCl,, and 20 mM Hepes (pH 7.4), at least
30 min before recording. Agonists and/or inhibitor (VIP, EGF, 5 uM
U0126) were locally perfused to the analyzed areas. Band-pass filter
sets (Chroma) for FRET detection were 436/20 for excitation and
480/40 and 535/30 for CFP and YFP emission respectively. The filter
set for YFP-ERK fluorescence recording was 500/20 for excitation
and 535/30 for emission. In the established recording conditions,
the absolute intensity of the fluorophores remained stable through-
out the whole experiment.

2.4. Immunoblot analysis

Transfected GH4C1 cells grown for 2 days in six-well tissue
culture plates were preincubated for 30 min in Ham's F10 medi-
um supplemented with 20 mM HEPES (pH 7.4). Cells were then
treated for 5 min with or without 0.1 uM VIP or 1 nM EGF and/
or 5 uM U0126 and solubilized at 4 °C for 20 min in the lysis buff-
er previously described by Harvey et al. [33] containing [25 mM
Hepes (pH 7.4), 134 mM NacCl, 1% Triton X100, 10% glycerol,
25 mM pglycerophosphate, 2 mM EDTA, 1 mM 4-(2-aminoethyl)
benzenesulfonyl fluoride (AEBSF), 1 mM Na3VO4, and 10 pg/ml
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Fig. 3. EGF regulates spatiotemporal ERK activity in GH4C1 cells. GH4C1 cells expressing EKARyo (A, C) or EKAR,, (B, D) were treated with 1 nM EGF alone (A, B) or with 1 nM EGF
followed by 5 uM U0126 as indicated (C, D). Traces represent the time courses of single cell recordings. Normalized YFP/CFP emission ratios were given for n cells, withn=7, 10, 5,

and 6 respectively in A, B, C, and D.

leupeptin and aprotinin]. Denatured proteins were separated on
SDS-PAGE and transferred to PVDF membrane (Perkin Elmer,
France). Immunodetections of P-EKAR and P-ERK1/2 were respec-
tively performed using a polyclonal Phospho-cdc25 (Thr48) and
polyclonal P-ERK1/2 antibodies (New England Biolab, Ozyme,
France) and an anti-Rabbit IgG coupled to alkaline phosphatase
as the secondary antibody. Blots were developed with the en-
hanced chemiluminescence CDP-Star™ detection system (Applied
Biosystems, France) and quantified with a GeneGnome (Ozyme,
France). Total EKAR and ERK1/2 contents were systematically
monitored by reprobing the membrane using a mouse monoclo-
nal GFP antiserum (Roche Diagnostic, Meylan, France) and a rab-
bit polyclonal ERK1 antiserum (Santa Cruz Biotechnology, Tebu,
France). The levels of transfected mutants of Ras and Rap1 were
monitored using anti-Ras or anti-Rapl mouse monoclonal anti-
bodies (BD Transduction Laboratories, Interchim, France). Expres-
sion of RasN17 and Rap1N17 were 2.74+0.6 (n=6) and 2.0+0.5
(n=5) fold those of the endogenous Ras and Rap1 proteins
respectively.

2.5. Data analysis
For each FRET experiment, imaging was realized on at least three

distant areas of the cell culture mentioned as region of interest (ROI)
from three different dishes. Each ROI contained 7-10 EKAR expressing

cells. Single cell ratiometric fluorescence measurements were used to
analyze FRET signals reported by EKAR. The kinetics of YFP and CFP
emissions were measured in the whole nucleus or in the whole cyto-
plasm of each individual cell. Measured grey values were then exported
to Microsoft Excel software for further processing: background intensi-
ty was subtracted prior to YFP/CFP emission intensity ratios calculation.
These ratios were finally normalized to the initial ratio value (RO) deter-
mined as the mean of the YFP/CFP emission intensity ratios of the first
20 images before drug perfusion. To better characterize the kinetic of
the YFP/CFP emission ratio, the magnitude of the response (AR/RO)
was calculated as AR/RO = (Rmax —R0)/R0x 100, where Rmax is the
maximal YFP/CFP ratio after agonist application. The time of maximal
activation (Tmax), which corresponds to the time to achieve
Rmax, was determined. We also calculated the half time of inactivation
(T1/2), which corresponds to the time to return to Rmax/2. Results
were expressed as the time course of single cell normalized YFP/CFP
(Figs. 2,3, 5 and 6) or as mean 4+ SEM of normalized YFP/CFP of different
cells (Figs. 7 and 10). Statistical analysis was determined using
one-way ANOVA and differences were considered to be significant at
P<0.05.

The time course of ERK nuclear translocation was analyzed in at
least 16 cells from at least two independent dishes by recording
YFP fluorescence intensity changes in the nucleus upon stimulation
by VIP or EGF. Results were expressed as variations of fluorescence
intensities reported to the initial value (F/FO).
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Fig. 4. Quantification of the kinetic parameters of EKARy, and EKAR responses to EGF and VIP. (A, B, C) Single cell recordings of GH4C1 cells expressing EKARy, or EKAR,,c were
performed as described in Fig. 3 on at least 30 cells for each condition. Cells were treated with 1 nM EGF or 0.1 uM VIP. The kinetic parameters were calculated as described in the
Materials and methods and were given as mean + SEM. (A) Bar graph depicts the time of maximal EKARy, or EKAR,,c response to EGF or VIP. (B) Bar graph depicts the half time of
EKAR_y, or EKAR,,c inactivation in response to EGF or VIP. (C) Bar graph depicts the magnitude (AR/RO) of EKARy, or EKARy, response to EGF or VIP. (**) p<0.01; (***) p<0.001.
(D) Time course of GH4C1 endogenous P-ERK2 activation in the presence of 1 nM EGF or 0.1 pM VIP determined as described in the Materials and methods on whole cell lysates.

3. Results

3.1. Expression and function of the FRET-based sensor EKAR, in pituitary
living cells

With a view to determine the spatiotemporal dynamic of ERK, under
the control of growth factors and neuropeptides, in the GH4C1 cell line,
we have used the genetically encoded fluorescent sensor of ERK activity
EKAR previously described by Harvey et al. [33]. The somatolactotroph
GHA4C1 cell line transfected either with the cytoplasmic form of the sen-
sor (EKARyto) or the nuclear one (EKARy,) showed restricted localiza-
tion respectively to the cytoplasm or to the nucleus (Fig. 1A). To test the
sensor's function, GH4C1 cells expressing one of the two forms of the
sensor were first stimulated 5 min with 1 nM EGF or 0.1 uM VIP,
which have been previously shown to activate ERK1/2 in pituitary
cells [29,32,38]. In these conditions, biochemical analysis of whole cell
lysates showed that the phosphorylation of both EKARy, and EKAR¢
was increased in the presence of EGF or VIP and was associated to an in-
crease in Phospho-ERK1/2 (Fig. 1B). Moreover, in the same conditions,
agonist treatments induced an increase in FRET signals in both cytoplas-
mic and nuclear compartments of GH4C1 living cells, as illustrated in
the presence of 1 nM EGF (Fig. 1C). These results demonstrate that
the previously developed EKAR sensors [33] are powerful tools for the
analysis of spatiotemporal ERK signalling in the pituitary living cells
GH4C1 and show a good relationship between ERK1/2 phosphorylation,
EKAR phosphorylation and FRET signals.

3.2. EGF regulates spatiotemporal ERK signalling

It has been previously shown that EGF-dependent ERK1/2 activa-
tion is involved in the control of diverse pituitary functions as PRL se-
cretion or cell survival [32,39]. So to elucidate the critical role of ERK
activity in establishing the specificity of downstream outputs, we
have explored the spatiotemporal dynamic of ERK, by recording
FRET signal changes in the presence of EGF, in GH4C1 living cells
using both EKARcy and EKARy,c sensors. Single cell recordings of
FRET signals progressively enhanced in both EKARcyt, or EKARp,c €X-
pressing cells treated with increasing concentrations of EGF (Fig. 2A,
C). Maximal amplitude of EKAR FRET signals (AR/RO) is observed in
the presence of 1 nM EGF in both compartments (Fig. 2B, D). When
cells were stimulated with 1 nM EGF, all cells transfected with the
same sensor showed a similar rapid and substantial increase in the
YFP/CFP emission ratio, which reached a plateau in several minutes
(Fig. 3A, B). The emission ratio returned to the baseline levels in
both compartments after 5 pM U0126 treatment (a specific inhibitor
of the ERK pathway) (Fig. 3C, D). Moreover, pretreatment of cells
with 5 uM U0126 completely abolished EGF-induced FRET response
of EKAR (not shown). We have verified that simultaneous treatment
with EGF and U0126 suppressed the phosphorylation of EKARcyo
and EKAR;,. in whole cell extracts (not shown). So FRET signal
changes, observed in the presence of EGF, correlated to the activation
of the endogenous ERK in both compartments. The Tmax of EKAR
FRET signal was observed within less than 4 min in the cytoplasm
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Fig. 5. Cytoplasmic and nuclear ERK activities are VIP dose-dependent in GH4C1 cells. GH4C1 cells expressing EKARy(o (A, B) or EKARpc (C, D) were treated with increasing con-
centrations of VIP. (A, C) Traces represent the time courses of single cell recordings. Representative normalized YFP/CFP emission ratios were given for 2 cells at each concentration:
10~ "' M (dotted thin grey line); 10~ M (thin grey line); 107 M (black line); 10~° M (dark grey line). (B, D) Bar graph depicts the magnitude (AR/RO) of EKARcyto OF EKARpyc
response to increasing concentrations of VIP as indicated, for at least 30 cells per dose. (**) p<0.01; (***) p<0.001.

and was significantly enhanced in the nucleus (Fig. 4A). EKAR FRET
signal then decreased slowly with a half time inactivation of more
than 30 min in both compartments (Fig. 4B). There was no significant
difference in the amplitude of the EKAR FRET signals (AR/RO) in both
compartments (Fig. 4C). Taken together these results show that EGF
activates ERK in both compartments with similar dose dependence,
same time course and magnitude except an increase in the nuclear
Tmax.

3.3. The cAMP pathway regulates spatiotemporal ERK signalling

It has been previously established that the regulation of the PRL gene
by cAMP required crosstalk with the ERK1/2 cascade [29,30,32]. We
have then examined the role of the cAMP pathway on the spatiotempo-
ral dynamic of ERK. As described above, both EKARy, and EKARpyc
were phosphorylated in the presence of 0.1 uM VIP (known to stimulate
the cAMP pathway via the VPAC2 receptor in the GH4C1 cell line [40])
and were associated to ERK1/2 activation. Single cell recordings of
EKARcyto Or EKARy, FRET signals increased in a dose dependent manner
in the presence of VIP (Fig. 5A, C). Maximal amplitude of EKAR FRET sig-
nals (AR/RO) is observed for 0.1 pM VIP in both compartments (Fig. 5B,
D). In the presence of 0.1 uM VIP, EKAR FRET signal displayed a similar
increase in the YFP/CFP emission ratio in each compartment (Fig. 6A, B).

Post treatment with 5 M U0126 induced a dramatic fall in the emission
ratio as shown in the nucleus (Fig. 6C). As for EGF treatment, the Tmax
of EKAR FRET signal was observed within 4 min in the cytoplasm and
was increased in the nucleus (Fig. 4A). Time course of inactivation
was significantly faster in the cytoplasm than in the nucleus of
VIP-treated cells (Fig. 4B), whereas the amplitude of the FRET signals
(AR/RO) was similar in both compartments (Fig. 4C).

The comparison of activated ERK dynamic triggered by 1 nM EGF
or 0.1 uM VIP displays similar onset of ERK activation after both treat-
ments in each compartment. However, ERK activation is more
sustained in EGF treated GH4C1 cells than in VIP treated cells in
both compartments due to increase in the inactivation half time in re-
sponse to EGF. Moreover the AR/RO were smaller in VIP treated cells
(Fig. 4A, B, C). The spatiotemporal dynamic of activated ERK observed
in single cell recordings of EKAR FRET signal was consistent with the
time course of endogenous ERK activation in the presence of 1 nM
EGF or 0.1 pM VIP measured in whole cell lysates (Fig. 4D).

3.4. Ras controls EGF-dependent activation of ERK nuclear pool
We previously established that activation of the GTPases Ras and

Rap1 is crucial to the activation of the ERK1/2 cascade by EGF and
the cAMP pathway, and that the differential recruitment of those
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0.1 uM VIP followed by 5 uM U0126 as indicated (C). Traces represent the time courses
of single cell recordings. Normalized YFP/CFP emission ratios were given for n cells,
with n=6, 5, and 6 respectively in A, B, and C.

monomeric G proteins plays a key role in the regulation of pituitary
function [32]. We therefore analyzed the role of Ras and Rap1 in the
EGF-dependent spatiotemporal dynamic of ERK, by using the well
characterized dominant negative forms of Ras and Rap1, respectively
RasN17 and Rap1N17 [36,41]. Cotransfection of the dominant nega-
tive mutant of Rap1 (Rap1N17) either with EKAR.y, or EKARpc in
GHA4C1 cells, did not modify the time course of EGF-dependent FRET
signal neither in the cytoplasm nor in the nucleus (Fig. 7A, B).

Expression of RasN17 cotransfected with EKARy, (Fig. 7C), only
increased the Tmax of EGF-dependent ERK activation from 3.57 +
0.25 min to 5.02+£0.25 min (p<0.001). Expression of RasN17,
cotransfected with EKAR,, altered the time course of FRET signal
in the nucleus in response to EGF (Fig. 7D). RasN17 significantly in-
creased the time observed to achieve maximal activation of ERK in
the nucleus after EGF treatment and reduced both the half time of
ERK inactivation and the amplitude of ERK activation (Fig. 8). In
these experimental conditions, we have verified that alteration of
the EGF-dependent FRET signal in the presence of RasN17, in the nu-
cleus, was correlated to a decrease in EKAR,, phosphorylation
(Fig. 9A). On the contrary, the phosphorylation of EKARy,. by EGF
was not modified in the presence of Rap1N17 (Fig. 9B). In parallel ex-
periments, we have explored the effects of RasN17 and Rap1N17 on
EGF-dependent HA-ERK1 phosphorylation after cotransfection with
the mutants, as previously described [32]. Fig. 9C shows that
HA-ERK1 activation in the presence of EGF was largely depressed in
RasN17 expressing cells whereas it was slightly affected by Rap1N17.

3.5. Ras and Rap1 both control VIP-dependent spatiotemporal ERK
dynamic

In cells expressing Rap1N17, the time course of FRET signal was
exclusively altered in the nucleus after VIP treatment (Fig. 10A, B).
The time of maximal activation as well as the half time of inactivation
of the nuclear pool of ERK were increased, whereas the amplitude of
FRET signal was largely depressed (Fig. 11A). Whereas Ras controls
the EGF-dependent nuclear pool of ERK, the time course of VIP-
dependent ERK activation was altered in both compartments in
RasN17 expressing cells (Fig. 10C, D). The time of maximal ERK acti-
vation was increased in both compartments (Fig. 11B, C). The half
time of ERK inactivation was not significantly affected in the nucleus
of RasN17 expressing cells (Fig. 11C), but was increased in the cyto-
plasm (Fig. 11B). Moreover, the amplitude of FRET signal was greatly
depressed in both compartments (around 50%) in the presence of
RasN17 (Fig. 11B, C). These results suggest that Ras controls nuclear
and cytoplasmic duration and magnitude of the VIP-dependent ERK
activity and that both GTPases Ras and Rap1 control VIP-dependent
activation of the nuclear pool of ERK. In the same experimental con-
ditions, RasN17 and Rap1N17 depressed VIP-dependent EKAR phos-
phorylation (Fig. 9A, B). Finally, in parallel experiments, performed
on whole cell lysates of VIP treated cells, the activation of HA-ERK1
was similarly depressed in the presence of RasN17 or RapI1N17
(Fig. 9C).

3.6. Differential control of VIP-dependent and EGF-dependent ERK nucle-
ar translocation by Ras and Rap1

It is now currently admitted that nuclear activation of ERK sub-
strates requires activated ERK translocation into the nucleus. Be-
cause Ras and Rap1 controlled the nuclear pool of activated ERK we
further analyzed the contribution of Ras and Rap1 to ERK nuclear
translocation. According to previous data [17,37], YFP-ERK is mostly
localized in the cytoplasm of resting cells (Fig. 12, Ctrl left column).
Upon both EGF and VIP treatments, cells displayed a progressive in-
crease in nuclear YFP-ERK which achieved a maximum in several mi-
nutes (Fig. 12,lanes A, D). Expression of RasN17 reduced and delayed
the EGF-dependent nuclear translocation of YFP-ERK (Fig. 12, lane B)
whereas it was not altered in the presence of Rap1N17 (Fig. 12, lane
C). On the contrary, in VIP treated cells, the expression of both mu-
tants largely depressed nuclear YFP-ERK (Fig. 12, lanes E, F).

4. Discussion

The idea that specific biological outcomes are determined by spa-
tiotemporal distribution of activated key signalling partners has
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emerged from few years [11,42-44]. However, analysis of spatial
behaviours of the ubiquitous MAPKinase ERK in living cells is starting
to be explored with the recent development of genetically encoded
FRET-based sensors. These ERK sensors have been validated in highly
transformed proliferative cell lines (HEK293, MCF7, CO0S7...)
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Fig. 8. Quantification of the kinetic parameters of EKAR,,, responses to EGF in RasN17
expressing GH4C1 cells. Single cell recordings of GH4C1 cells coexpressing EKAR ¢
and pCDNA3.1RasN17 or the empty vector pCDNA3.1 (control) were performed and
cells were treated with 1 nM EGF as described in Fig. 7 on at least 30 cells for each con-
dition. The kinetic parameters Tmax, T1/2 and AR/RO were calculated as described in
the Materials and methods and were given as mean 4+ SEM. (**) p<0.01; (***) p<0.001.

stimulated by EGF [33,45,46]. They have been sparsely used to ana-
lyze the spatiotemporal dynamic of ERK signalling, in living cells,
under biologically relevant conditions [33,47].

Here, we have explored the spatiotemporal dynamic of ERK in the
differentiated pituitary cell line GH4C1 which still retains regulated
hormonal secretion and low growing rate [48]. We established for
the first time that two physiological modulators of pituitary function
(EGF and VIP) finely regulate the dynamic of cytoplasmic and nuclear
pools of activated ERK in living cells. The GTPases Ras and Rap1, that
encode the properties of activated VIP and EGF receptors, play a key
role in shaping ERK response kinetics in both compartments.

Different methods have been devised for intracellular analysis
of ERK signalling. Immunofluorescence microscopy using anti
phospho-ERK antibodies has a poor temporal resolution. The fluo-
rescent tagged-ERK protein is a useful tool to study ERK localiza-
tion in living cells and to address ERK nuclear translocation.
However, spatiotemporal information on activated ERK in living
cells could be accessed only with FRET sensors. In agreement
with the observations of Harvey et al. in HEK293 cells [33], we
show that EKAR FRET signals induced by EGF or VIP treatment
are reversible and rapidly depressed by UO126 treatment. These
responses are closely associated to EKAR phosphorylation and en-
dogenous ERK1/2 activation. EKAR FRET signal cannot be related
to activation of other MAPKinase pathways as cAMP and EGF are
not able to activate P38 and JNK kinases in GH4C1 cells ([49],
C. Gerard, unpublished). Therefore, in pituitary cells, EKAR¢y
and EKAR,,. selectively report the endogenous activity of ERK
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Fig. 9. Inhibition of EKAR FRET signals by Ras and Rap1 dominant negative mutants is as-
sociated to P-EKAR and P-HA-ERK decrease. GH4C1 cells were cotransfected with EKAR
and pCDNA3.1RasN17 or pCDNA3.1 (A) or with EKAR;,,,c and pRK5Rap1N17 or pRK5 (B)
or cotransfected with HA-ERK1 and pRK5Rap1N17 or pRK5 or pCDNA3.1RasN17 or
PCDNA3.1 (C). 48 hours after transfection, cells were treated with 1 nM EGF or 0.1 uM
VIP during 5 min. Expression of phosphorylated EKAR (P-EKAR), total EKAR (GFP), Ras
and Rap1l was performed on whole cell extracts as described in the Materials and
methods. Representative immunoblots were given (A, B). Immunodetection of
P-HA-ERK1 and HA-ERK1 was performed on cell lysates. Expression of P-HA-ERK1 nor-
malized to the level of HA-ERK1 was performed as previously described [32] and was
given as mean + SEM of three determinations. (***) p<0.001 (C).

and its capacity to phosphorylate substrates in each compartment
under physiological conditions.

Using these ERK sensors, it is shown that EGF and VIP specifically
regulate spatiotemporal ERK dynamic. EGF and VIP dose-dependently
activate cytoplasmic and nuclear pools of ERK, with similar profiles in
both compartments for each agonist. These dose responses are con-
sistent with the previously observed dose responses of endogenous
ERK to EGF or VIP in whole cell lysates (C. Gerard, unpublished,
[29]). The time courses of EGF-dependent ERK activation are similar
in nuclear and cytoplasmic compartments but are clearly more
sustained than the observed time courses of VIP-dependent ERK acti-
vation in the respective compartments. The reduced half times of ERK
inactivation after VIP treatment could be in favour of an increase in
the recruitment of phosphatases after activation of a CAMP pathway.
In addition, under VIP activation, the duration of cytoplasmic ERK
activity is shorter than in the nucleus. Activation of the protein kinase

A (PKA) downstream of activated VPAC2 receptor [29,40,49] could
regulate tyrosine phosphatase activities in the cytoplasm and favour
activated-ERK nuclear translocation as previously reported in other
cell types [50]. Both in the presence of EGF or VIP, an increased
Tmax of about 1 min is observed in the nucleus in comparison to
the cytoplasm. This could be related to nuclear translocation of acti-
vated ERK as we show that nuclear accumulation of YFP-ERK under
stimulation take place with a delay of 1-2 min, which is consistent
with previous observations in other cell types [17].

In the aim of understanding the mechanisms underlying the con-
trol of spatiotemporal activated ERK by EGF and VIP, we have exam-
ined the role of the GTPases Ras and Rap1 based on our previous
experimental grounds [32,49]. We provide the first evidence of a dif-
ferential control of cytoplasmic and nuclear pools of activated ERK by
the GTPases Ras and Rap1. Ras is largely involved in the control of nu-
clear magnitude and duration of EGF-dependent ERK activation,
whereas it slightly controls the onset of ERK activation in the cyto-
plasm. Moreover, expression of RasN17 reduces YFP-ERK accumula-
tion in the nucleus triggered by EGF. Overall, these results highly
suggest that Ras controls the fraction of activated ERK available for
movement to the nucleus in the presence of EGF. In the same way,
Rap1 seems to exclusively control the fraction of activated ERK avail-
able for nuclear import after VIP treatment. So the time to achieve
maximal ERK activation as well as the amplitude of ERK activation
in the nucleus may be at least partly controlled by Ras or Rapl-
dependent ERK nuclear translocation, respectively after EGF or VIP
treatment. Whereas Rap1 is strictly involved in the control of
VIP-dependent ERK nuclear pool, Ras is involved in the control of
both cytoplasmic and nuclear pools of activated ERK in response to
VIP. In these conditions, it is not excluded that the effect of Ras on
the cytoplasmic pool of activated ERK would modify the size of the ac-
tivated ERK fraction available for nuclear import. So using EKAR FRET
sensors (to selectively monitor ERK activity in the cytoplasm or in the
nucleus) and YFP-ERK mobility in living cells (to analyse ERK nuclear
translocation), we could conclude that Ras and Rap1 specifically con-
tribute to the nucleocytoplasmic trafficking of ERK and to ERK activa-
tion in each compartment in response to EGF or VIP. It is widely
recognized that the different isoforms of Ras as well as Rap1 have dif-
ferent regulated subcellular localizations and contribute to the estab-
lishment of active signalling platforms [51-54]. Moreover, it has been
shown that the GTPase Ras could interact with specific scaffold pro-
teins as MEKK1 and SUR-8 [55,56]. In this respect, Casar et al. have re-
cently demonstrated that spatial regulation of ERK1/2 substrate
specificity is dictated by the microlocalization of Ras and by the selec-
tion of specific scaffold proteins [57]. Further experiments are now
required to determine the nature of the scaffold proteins which
could account for Ras and Rap1 specificity regarding spatiotemporal
ERK dynamic in GH4C1 cells.

The physiological relevance and the mechanisms underlying tran-
sient and sustained ERK activation, in response to growth factors,
have been elucidated extensively in PC12 cells. It seems that the pro-
teins involved in the sustained ERK activation and the neuronal dif-
ferentiation triggered by NGF are distributed over the whole signal
transduction network. Thus, endocytosis of the NGF receptor,
sustained activation of Rap1 as well as involvement of the scaffold
proteins Sef and KSR, which retain activated ERK in the cytoplasm,
contribute to NGF-dependent sustained ERK activation [58-60].
Moreover, it has been recently shown that spatiotemporally regulat-
ed PKA activity contributes to the specific control of the duration of
nuclear ERK activity induced by EGF and NGF [47]. In pituitary cells,
activation of the cAMP pathway could induce a proliferative signal
[61] whereas EGF triggers cell death [39]. In addition, cAMP-
dependent neuropeptides and EGF both control hormonal secretion
[38,39,62]. We have previously demonstrated that Ras and Rap1 are
crucial components of ERK-dependent regulation of PRL secretion
[28,32]. Therefore it is tempting to speculate that the spatiotemporal
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Fig. 10. Ras and Rap1 control VIP-dependent spatiotemporal ERK activation. GH4C1 cells were cotransfected with EKARy, (A, C) and pRK5Rap1N17 (A) or pCDNA3.1RasN17 (C) or
the respective empty vectors (control in A, C) or with EKAR,, (B, D) and pRK5Rap1N17 (B) or pCDNA3.1RasN17 (D) or the respective empty vectors (control in B, D). Cells were
treated with 0.1 pM VIP as indicated. Single cell recordings were performed on at least 30 cells for each condition. Traces represent the mean 4 SEM of single cell recordings.

dynamic of activated ERK and its tight control by the GTPases Ras and
Rap1, described in this report, would promote activation of transcrip-
tional regulators in a combinatorial fashion that play a crucial role in
the physiological regulation of pituitary hormonal transcription. We
have recently established that expression of the gsp oncogene (ob-
served in somatotroph adenomas) initiates a PKA-dependent sustained
ERK activation and hormonal hypersecretion. In this pathological con-
text, Ras is switched from being a repressor of cAMP/ERK-sensitive
PRL gene control exerted by neuropeptides to an activator of the PRL
promoter [49]. Thus, alterations of Ras-dependent spatiotemporal ERK
dynamic might promote the development of diseases. Therefore, eluci-
dation of the spatiotemporal complexity of ERK signalling networks
should unravel novel therapeutic targets.
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Fig. 12. Differential control of ERK nuclear translocation by Ras and Rap1. GH4C1 cells coexpressing pEYFP-ERK, pCMV-HA-MEK and (A) pCDNA3.1 or (B, E) pCDNA3.1RasN17 or (D)
PRKS5 or (C, F) pRK5Rap1N17 were treated as indicated (A, B, C) with 1 nM EGF or (D, E, F) with 0.1 uM VIP. (Left panels) Pseudocolour images of the YFP-ERK emission intensity
were given. A white line outlines the nucleus of each cell. (Right panels) Traces represent the time course of YFP-ERK fluorescence in the nucleus of cells presented in the left panels
as described in the Materials and methods. As similar translocation was observed in cells transfected with the different empty vectors under each treatment, results for one empty
vector were presented for each treatment. YFP-ERK fluorescence of representative cells was given. Scale bar: 5 pm.
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