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Summary

Cells decide whether to undergo processes, such asupstream activators. Under conditions whereby JNK

proliferation, differentiation and apoptosis, based upon the
cues they receive from both circulating factors and
integrin-mediated adhesion to the extracellular matrix.
Integrins control the activation of the early signaling
pathways. For example, growth factor activation of the
ERK cascade is enhanced when cells are adherent. In
addition, adhesion receptors oversee the cellular
localization of critical signaling components. We have
recently shown that ERK signaling to the nucleus is
regulated by cell adhesion at the level of nucleocytoplasmic
trafficking. Since the ERKs are only one class of MAP
kinase, we extended these studies to include both JNK and
p38 MAP kinases. We have rendered JNK and p38
activation in NIH 3T3 fibroblasts anchorage-independent
either by treatment with anisomycin or by expression of

activation is anchorage-independent, we show that
localization of JNK to the nucleus and JNK-mediated
phosphorylation of c-Jun and EIk-1 is not altered by loss of
adhesion. Likewise, the ability of activated p38 to
accumulate in the nucleus was similar in suspended and
adherent cells. Finally, we show that expression of a form
of ERK, which is activated and resistant to nuclear export,
reverses the adhesion-dependency of ERK phosphorylation
of Elk-1. Thus, adhesion differentially regulates the
nucleocytoplasmic distribution of MAP kinase members;
ERK accumulation in the nucleus occurs more efficiently
in adherent cells, whereas nuclear accumulation of active
p38 and active JNK are unaffected by changes in adhesion.
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Introduction

adhesion enhances ERK-mediated Elk-1 phosphorylation and

Adhesion to the extracellular matrix (ECM) plays a critical roletransactivation potential (Aplin et al., 2001). ERK import into
in the regulation of signaling pathways that ultimately impacthe nucleus is dependent upon both its phosphorylation and
on cell proliferation, differentiation and survival. Integrins arehomodimerization (Khokhlatchev et al., 1998). The GTPase
the main cellular ECM receptors and connect to the actiRan is important for the transport of a wide variety of
cytoskeleton through the formation of specialized sites knowfolecules in and out of the nucleus (Gorlich and Kutay, 1999).
as focal contacts and focal adhesions (Calderwood et al., 20d0deed, Ran is required for import of ERK, although the import
Hynes, 1992). Thus, cell adhesion initiates dramatidactors for ERK that mediate docking to the nuclear pore
cytoskeletal rearrangements that are important in regulatingpmplex have not been identified (Adachi et al., 1999). Nuclear
many signal transduction processes. An important set @fxport of dephosphorylated ERK is mediated by MEK, which
pathways regulated by integrins are the MAP kinase cascadé®s entered the nucleus independently from ERK (reviewed by
The characteristic feature of MAP kinases is the presence ofGyert, 2001).
common T-X-Y motif within the activation loop: ERKs contain ~ Nuclear localization of MAP kinases is vital for fulfillment
a T-E-Y (Thr-Glu-Tyr) sequence, a T-P-Y (Thr-Pro-Tyr) motif of many of their activities. Translocation of ERK to the nucleus
is associated with the c-Jun N-terminal kinases (JNKs), and the required for cell cycle progression and neuronal
p38 subfamily contains a T-G-Y (Thr-Gly-Tyr) sequencedifferentiation (Brunet et al., 1999; Kim et al., 2000; Robinson
(Chang and Karin, 2001; Cobb and Goldsmith, 2000). et al., 1998). JNK and p38 forms of MAP kinases differ from
The growth factor-mediated activation of ERKs has beeftRK since they are activated more efficiently in response to
shown by several groups to be adhesion-dependent (reviewstless stimuli, such as UV irradiation and inflammatory
by Howe et al., 2002; Schwartz and Baron, 1999). Importanthgytokines, rather than by growth factors (Brunet and
additional levels of regulation exist. Upon activation, ERKPouyssegur, 1996; Ip and Davis, 1998; Ono and Han, 2000).
translocates to the nucleus, where it phosphorylates sevefilibsequently they elicit diverse responses to ERK. Similar to
transcription factors, such as Elk-1 (Chen et al.,, 1992ERK, JNK and p38-mediated phosphorylation of nuclear
Lenormand et al., 1993; Whitmarsh et al., 1995). We and othetargets is essential for the initiation of responses downstream
have recently shown that the translocation of ERKs from thef these MAP kinases. Fibroblasts, in which the transcription
cytoplasm to the nucleus is also regulated by adhesidiactor c-Jun has been replaced by a mutant c-Jun deficient in
(Danilkovitch et al., 2000; Aplin et al., 2001). Furthermore,JNK phosphorylation sites, have defects in proliferation and



2782 Journal of Cell Science 115 (13)

response to stress stimuli (Behrens et al., 1999). Additionallyhe nuclear export of Spcl is regulated by CRM1 (Gaits and
expression of the JNK scaffolding molecule, JNK-interactingRussell, 1999).
protein 1 prevents nuclear translocation of JNK and inhibits Since regulation of MAP kinase accumulation in the nucleus
growth factor-induced endothelial cell proliferation (Dickenshas important biological ramifications, we analyzed whether
et al., 1997; Pedram et al., 1998). the adhesion regulation of nucleocytoplasmic trafficking
MAP kinase signaling modules consist of three kinasebserved for ERK extended to other MAP kinases, namely
components that act in sequence. In the classical ERK pathwayK and p38. We show that activation of both JNK and p38
Raf phosphorylates MAP/ERK kinases (MEKs) 1 and 2, whicttan be rendered anchorage-independent either by treatment
in turn phosphorylate ERKs 1 and 2. JNK activation iswith anisomycin or, in the case of JNK, by expression of active
mediated by the MAP kinase kinases (MKKs) 4 and ™EKKZ1. We find that active JNK and active p38 accumulate
(Derijard et al., 1995; Lin et al., 1995; Sanchez et al., 1994n the nucleus both in suspended and adherent cells.
Tournier et al., 1997). A variety of activators of MKK4 and Furthermore, activated JNK efficiently phosphorylates the
MKK7 have been described, including MAP/ERK kinasetranscription factors, c-Jun and Elk-1, regardless of anchorage.
kinases (MEKKSs) 1-4, members of the mixed-lineage kinasén contrast, ERK-mediated phosphorylation is anchorage-
family and the apoptosis-stimulated kinases (reviewed byependent (Aplin et al., 2001), a level of control that is by-
Davis, 2000; Garrington and Johnson, 1999). Activated JNKassed by expression of an active form of ERK that
translocates to the nucleus (Cavigelli et al., 1995; Kawasaki eccumulates in the nucleus.
al., 1996; Mizukami et al., 1997) and is able to phosphorylate
a variety of transcription factors, including c-Jun, activating .
transcription factor 2 (ATF-2), Elk-1 and nuclear factor ofMaterials and Methods
activated T cells (NFAT) (Chow et al., 1997; Gille et al., 1995;Plasmids
Price et al., 1996; Whitmarsh et al., 1995). Regulation of p38he FLAG epitope-tagged Elk-1 in pCMV5 (Yang et al., 1998) was
isoforms occurs to differing extents through phosphorylatiorgenerously provided by Andrew Sharrocks (School of Biological
by MKK3, -4 and -6 (Han et al., 1996; Han et al., 1997;SC|ences, Unlver_sny of Manchester, UK). Use of pCDNA3-22W Raf
Moriguchi et al., 1996; Ono and Han, 2000; Raingeaud et alf@S_been previously described (Aplin et al., 2001). pCMVS-

. : . : : AMEKK1, encoding an N-terminally truncated activated version of
1996; Stein et al., 1996). Activators of MKKs involved in theMEKKl was from Gary Johnson (University of Colorado Health

p38__pathway include MEKK4, apopt95|s-stlmulated k'nase%ciences Center, Denver, CO) (Fanger et al., 1997). pPCMV5-ERK2-
(Ichijo et al., 1997), and transforming growth fac+  \Ek1-LA encoding an ERK-MEK fusion protein that has the
activating kinase (Moriguchi et al., 1996). In the nucleus, p3&ucine-based nuclear export signal in MEK rendered inactive by
phosphorylates Elk-1 and ATF-2, as well as substrates that affitation to alanine residues was donated by Melanie Cobb
not targets for other MAP kinases, such as CHOP/GADD158outhwestern Medical Center, University of Texas) (Robinson et al.,
(growth arrest and DNA damage inducible gene 153) (Price é998).
al., 1996; Wang and Ron, 1996).

Far less is known about the activation-dependent aIteratiorAs

. D ntibodies
in the localization of JNK and p38, and the control of thelrAntiboolies to phospho(Ser63) c-Jun, phospho(Ser73) c-Jun,

nuclgocytoplasmic trafficking, than is known gbout ERK. JNK ospho(Thr183/Tyr185) JINK, phospho(Thri80/Tyri82) p3s,
localizes to the cytoplasm, the nucleus and, interestingly, focgﬂospho(Thr202/Tyr204) ERK and phospho(Ser383) Elk-1 were

contacts (Almeida et al., 2000; Dickens et al., 1997; Read gf;rchased from Cell Signaling Technology (Beverly, MA). Other
al., 1997). Endogenous p38 in mammalian cells is distributeghtibodies used in this study were anti-c-Jun (Transduction labs.,
both in the cytosol and in the nucleus (Raingeaud et al., 199bgxington KY); anti-Elk-1 clone 1-20, anti-JNK clone C-17, anti-Raf
Read et al., 1997) and nuclear p38 may be exported upetone C-12, anti-p38 clone N-20, and anti-MEK1 clone C-22 (from
activation (Ben-Levy et al., 1998). Similarly, in budding andSanta Cruz Biotechnology, CA); anti-FLAG M2 (from Sigma); and
fission yeast the p38 homologs, Hogl (high Osm0|arit3ﬁl"'lti-HA clone, 12CA5 and anti-Myc clone 9E10 (from BabCo,
glycerol response) and Spcl, respectively, are detected bothRighmond, CA).

the cytoplasm and nucleus of unstimulated cells (Ferrigno et

al., 1998; Gaits and Russell, 1999). In budding yeast, nucleg|| culture and transfection

accu_rr_lulatlon of Hogl is impaired in cells with a temperaturey 3r3 cells were maintained in Dulbecco’s minimal essential
sensitive allele of the Ran homolog, Gspl, when cells wergegiym (DMEM) containing 10% bovine calf serum and transfected
maintained at the restrictive temperature (Ferrigno et alwith SuperFect (Qiagen, Valencia, CA) according to the
1998). Additionally, mutant yeast carrying a deletion ofmanufacturer’s instructions.

the importinf homlog, NMD5, display impaired

nuclear accumulation of Hogl (Ferrigno et al., 1998). In ) _

Schizosaccharomyces pomeiclear accumulation of Spc1, Cell adhesion and preparation of cell lysate _ _
in response to osmotic stimuli, requires a functional Pim1, gerum-starved cells were detached with trypsin/EDTA. Trypsin
homologue for the Ran guanine nucleotide exchange factdctivity was quenched with DMEM/BSA containing 1 mg/ml soybean

. . trypsin inhibitor. Cells were washed and rolled for 45 minutes on a
RCC1 (Gaits and Russell, 1999). Thus, despite the lack Ofr%/ating platform in DMEM/BSA. At this time, cells were either

consensus ngclear localization sequence n p38, uptake r%é\intained in suspension or replated onto dishes coated wyiidy h0

MAP kinases in yeast appears to be an active process. Nucl@gfonectin (BD Biosciences, Bedford, MA) for a further 2 hours. Cells
export is mediated by exportins, the best characterized Qfere stimulated appropriately with anisomycin (Calbiochem) before
which is CRM1, which recognizes leucine-rich sequencegsis in modified RIPA buffer containing 50 mM Hepes, pH 7.5, 1%
within the cargo (Gorlich and Kutay, 1999). In fission yeastNP-40, 0.5% sodium deoxycholate, 150 mM NaCl, 50 mM NaF, 1 mM
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sodium vanadate, 1 mM nitrophenylphosphate u®i2calyculin A, 1 quantified using a Storm 840 Phosphorimager with Image-QuaNT
mM AEBSF and 1Qug/ml aprotinin (Aplin and Juliano, 1999). software (Molecular Dynamics, Sunnyvale, CA).

Immunoprecipitation and western blotting Immunofluorescence microscopy

For immunoprecipitations, cell lysates were first precleared bycells replated on glass coverslips, pre-coated with fibronectin or poly-
incubating for 30 minutes at 4°C with protein G-sepharose. FLAGlysine (Sigma), were fixed in 3.7% formaldehyde in Dulbecco’s
Elk-1 was immunopreciptiated from precleared lysates with antiPhosphate buffered saline (PBS) for 10 minutes, rinsed in PBS, and
FLAG antibody overnight at 4°C, followed by the addition of protein Permeabilized for 5 minutes in PBS containing 0.5% Triton X-100
G-Sepharose and then further incubated for 2 hours at 4°@rior to staining. Nonspecific staining was blocked with 2% BSA/PBS
Precipitates were washed three times with cold RIPA buffer and boile@hd all subsequent antibody reactions were performed in 2%
with SDS-PAGE Samp|e buffer to dissociate the proteinsl BSA/PBS Slides were |n_CUbated Wlth the |ndlca.ted p_rlmary antlbody
For analysis by western blotting, samples were separated by SDgvernight at 4°C. Coverslips were rinsed extensively in PBS and then
PAGE under reducing conditions. Immunoreactivity was detectegtained with either FITC-conjugated goat anti-mouse, FITC-
using horse-radish peroxidase-conjugated secondary antibodies a#@njugated swine anti-rabbit or TRITC-conjugated goat anti-rabbit

enhanced chemiluminescence (Amersham, Arlington Heights, IL), a§G for 60 minutes at ambient temperature, as appropriate. Phospho
previously described (Lin et al., 1997). JNK and phospho p38 were detected with AlexaFluor 488 anti-rabbit

IgG (Molecular Probes, Eugene, OR). Following the antibody

incubations, the coverslips were washed in PBS, rinsed in deionized
In vitro kinase assays water, and mounted in Permafluor (Thomas, Swedesboro, NJ). Nuclei
Protein G pellets from immunoprecipitations were washed once iwere stained with Hoechst 33342 reagent (Molecular Probes). Slides

modified RIPA buffer and twice in high salt buffer (Lin et al., 1997)_Wt_are viewed el’_[her on a Z_elss Axioskop or an (_)Iympus BX6.O

Pellets were then re-suspended in 40of kinase assay buffer microscope equipped for epifluorescence and with image capturing

containing 10 mM Tris, pH 7.5, 10 mM Mg€IL mM DTT, 1oum  Software.

ATP, 5uCi [y-32P]-ATP (370 MBg/ml; Du Pont, Boston, MA) and 2

ug of recombinant GST-cJun (1-133), and incubated for 30 minuteRegylts

at room temperature. Reactions were terminated by the addition of 13 . . . .

pl of 4x sample buffer and boiling for 5 minutes. The samples wer nisomycin activates the JNK pathway in an anchorage-

subjected to SDS-PAGE, and the gels were dried. The dried gels wdRdependent manner

exposed to X-ray films, and thé?P]-labeled substrate bands were Studies with HUVECs have demonstrated that JNK activation,
in response to tumor necrosis factor is adhesion-

A dependent, although the actual point of convergence in the
Sus Fn pathway remains to be determined (Short et al., 1998). In

. order to examine the effect of adhesion upon the ability of
Aniso (ng/ml) 0 5 20 50100 O S5 20 S0 100 activated JNK to accumulate in the nucleus and
IP: JNK 15min  phosphorylate nuclear targets, we initially sought to set up
Kinase assay - -- - conditions whereby JNK was activated in an anchorage-

independent manner. To this end, we treated NIH 3T3
mouse fibroblasts that were either adherent to fibronectin

IP: JNK *” 30min  or maintained in suspension, with increasing doses of
Kinase assay anisomycin. The bacterial compound anisomycin potently
activates the MEKK/MKK/JNK pathway at the level of, or

B above, MEKK (Kawasaki et al., 1996; Meier et al., 1996).
In vitro kinase assays using recombinant GST-c-Jun as the
Sus Fn substrate showed that anisomycin efficiently activated the
Time (min) 0 5 15304560 0 5 15 30 45 60 JNK pathway at concentrations equal to or above 20 ng/ml,

irrespective of the state of anchorage (Fig. 1A). Under both
IP: INK adherent and suspension conditions, JNK activation
Kinase assay followed a similar time course. Activation of JNK

_ _ occurred by 15 minutes and was persistent through 30
IP: JNK M minutes, but decreased thereafter (Fig. 1B). Thus,
WB: JNK anisomycin treatment is able to render JNK activation
' anchorage-independent.
Fig. 1. Anisomycin treatment activates JNK regardless of the state of
anchorage. Serum-starved detached NIH 3T3 cells were either maintained
in suspension (Sus) or plated onto fibronectin (Fn)-coated dishes for 2 Active JNK accumulates in the nucleus and
hours in DMEM/BSA. (A) Cells at the 2 hour time point were stimulated efficiently phosphorylates the nuclear transcription
appropriately with increasing doses of anisomycin (0, 5, 20, 50 and 100 f5ctor c-Jun in suspended cells
ng/ml) for either 15 minutes or 30 minutes, as indicated. (B) Cells were . .
stimulated with 50 ng/ml anisomycin for 0, 5, 15, 30, 45 and 60 minutes,Once activated, JNK accumula_te_s in the nucleus and
as indicated. Under each condition, cells were lysed in modified RIPA Phosphorylates several transcription factors. c-Jun is
buffer and endogenous JNK activity determined by immunoprecipitation S€lectively phosphorylated at serines 63 and 73 and
with C-17 and in vitro kinase assay using GST-c-Jun as the substrate. transcriptionally activated by JNK, but not ERK (Minden
Incorporation of2P into GST-c-Jun was determined by autoradiography. et al., 1994). We tested whether or not adhesion affected
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A - Aniso + Aniso B Phospho-63 cJun Total c-Jun

i - - N
- - - .
C c-Jun Hoechst 33342
Sus -

Fig. 2. Activated JNK phosphorylates the nuclear transcription factor

c-Jun regardless of adhesion. Serum-starved detached NIH 3T3 ceII§US+
were either plated onto fibronectin (Fn)-coated coverslips or

maintained in suspension (Sus) for 2 hours in DMEM/BSA. At this

time, cells were stimulated appropriately with anisomycin (50 ng/ml)

for 30 minutes. Suspended cells were plated on poly-lysine-coated
coverslips for the final 15 minutes. Cells were washed briefly in PBS
before fixation. Cells were processed by immunofluorescence for phospho-JNK (A), phosphoserine-63 c-Jun (B), and tota).c-Jun (B,C
Primary antibody staining was detected with the appropriate fluorophore-conjugated anti-rabbit and anti-mouse IgG. IrsApinsleets
overlay between phospho-JNK and nuclear staining with Hoechst 33342 reagent. BMYA050 uM (B,C).

the ability of anisomycin-activated JNK to accumulate in theCells were either maintained in suspension or allowed to
nucleus and phosphorylate c-Jun. Treatment with 50 ng/naldhere to fibronectin, before stimulation with increasing doses
anisomycin enhanced anti-phospho JNK staining byf anisomycin. Phosphorylation of c-Jun at Ser63 and Ser73
immunofluorescence in both adherent and suspended celles determined by western blotting. Consistent with
compared with non-treated controls (Fig. 2A). In both adhererdbservations in the immunofluorescence experiments, c-Jun
and suspended cells, the majority of phospho-JNK localized fohosphorylation was low in unstimulated cells (Fig. 3A).
the nucleus. Furthermore, we visualized the phosphorylation &obust phosphorylation of c-Jun at both Ser63 and Ser73 was
c-Jun using phosphorylation-state-specific antibodies. c-Junduced in response to treatment with a 20 ng/ml or higher dose
was poorly phosphorylated at Ser63, when cells were eithef anisomycin. The level of c-Jun phosphorylation was
adherent to fibronectin or maintained in suspension for 3 hour®mparable at equivalent anisomycin concentrations both in
in the absence of an added stimulus (Fig. 2B). Under botsuspended and adherent cells (Fig. 3A). The level of total c-
adherent and suspended conditions, robust phosphorylatidnn was unaltered by the state of adhesion and a mobility shift,
was observed in response to anisomycin-mediated activation dfiaracteristic of enhanced phosphorylation, was observed at
the JNK pathway (Fig. 2B). Similarly, phosphorylation of c-high anisomycin doses (Fig. 3A, lower panel). Additionally,
Jun at Ser73, in response to anisomycin treatment, wale time course of c-Jun phosphorylation, at both Ser63 and
detectable under both suspension and adherent conditions (d8&x73, was equivalent regardless of the state of adhesion (Fig.
not shown). Endogenous c-Jun in NIH 3T3 cells was3B). The combination of immunofluorescence and biochemical
exclusively localized to the nucleus (Fig. 2C). approaches demonstrates that activated JNK is able to localize

We next examined the extent of c-Jun phosphorylation ovesfficiently to the nucleus and phosphorylate a nuclear target in
the range of doses that anisomycin-induced activation of JINKan anchorage-independent manner.
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Fig. 3. Phosphorylation of c-Jun by activated JNK is adhesion

independent over a range of anisomycin concentrations. Serum-sta

detached NIH 3T3 cells were either plated onto fibronectin (Fn)-
coated dishes or maintained in suspension (Sus) for 2 hours in
DMEM/BSA. At this time point, cells were stimulated (A) with
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activation, Elk-1 phosphorylation is anchorage-dependent in
cells transfected with 22W Raf (Fig. 4C, lanes 3,4). However,
when an activated form of MEKK1 was expressed, Elk-1
phosphorylation at Ser383 was anchorage-independent
(Fig. 4C, lanes 5,6). Thus, the ability of activated JNK
to phosphorylate nuclear transcription factors is not
regulated by adhesion to the ECM, in contrast to activated
ERK, which requires adhesion to efficiently phosphorylate
Elk-1.

Anisomycin activates the p38 pathway in an anchorage-
independent manner

We also examined activation of the p38 pathway under
adhesion and suspension conditions. Anisomycin potently
activates the p38 MAP kinase cascade at, or upstream of,
MKK®6 (Hazzalin et al., 1996). We tested whether anisomycin
activated p38 in an anchorage-independent manner. Initially,
we stimulated cells that were either in suspension or re-
adhered to fibronectin with different doses of anisomycin for
30 minutes. We probed for p38 activation using a
phosphospecific antibody that detects dually phosphorylated
(threonine 180 and tyrosine 182) forms of p38. Anisomycin-
treatment resulted in phosphorylation of p38, in both
suspended and adherent cells, over a similar concentration
range used for the JNK experiments (Fig. 5A).
I]\DII‘;lgsphorylation of p38 occurred within 15 minutes and was
persistent through the 60 minute time-point (Fig. 5B). Thus,
similar to the JNK pathway, anisomycin treatment of NIH 3T3
cells activates the p38 pathway, irrespective of the state of

increasing doses of anisomycin (0, 5, 20, 50 and 100 ng/ml) for 30 anchorage.

minutes or (B) with 50 ng/ml anisomycin for the times indicated.

Under each condition, cells were lysed in modified RIPA buffer and

lysates analyzed by western blotting for phosphoserine-63 c-Jun  Active p38 accumulates in the nucleus of non-adherent
(Phospho63-cJun), phosphoserine-73 c-Jun (Phospho73-cJun) andand adherent cells

total c-Jun. The results shown are representative of three independ% next examined the effects of adhesion on the accumulation

experiments. of active p38 in the nucleus upon anisomycin-treatment. NIH
3T3 cells were placed in suspension or re-adhered to
) i o . i fibronectin and treated with anisomycin for 30 minutes, and the
Adhesion to fibronectin is required for active ERK, but localization of phospho-p38 analyzed by immunofluorescence.
not active JNK-mediated phosphorylation of Elk-1 Treatment of cells with anisomycin resulted in increased
The lack of anchorage control of JNK-mediated c-Jurphospho-p38 staining in both adherent and suspended cells
phosphorylation contrasted with our previous findings in th€Fig. 6). In both states of adhesion, active p38 accumulated in
ERK pathway that demonstrated that even when ERK ithe nucleus. Since both Elk-1 and ATF-2 are phosphorylated
activated, adhesion signals are required for ERK tdy both JNK and p38, we were unable to examine direct
accumulate in the nucleus and phosphorylate EIk-1 (Aplin gshosphorylation of these transcription factors as a read-out of
al., 2001). Thus, we employed the expression constructauclear p38 activity in response to anisomycin treatment.
22W Raf andAMEKK1, which are active versions of However, expression of an active form of a p38 upstream
components of the ERK and JNK pathway, respectivelyactivator, MKK3, initiated phosphorylation of Elk-1 in both
Overexpressed active MEKK1 was predominately localizegduspended and adherent cells (data not shown). Together, these
in the cytoplasm and was excluded from the nucleus with th¢ata indicate that, similar to our findings with JNK, the
exception of staining in the nucleolus (Fig. 4A). 22W Raf alsmucleocytoplasmic distribution of activated p38 is unaffected
showed predominantly a cytoplasmic localization (Fig. 4A).by changes in cellular adhesion.
We used a FLAG-tagged version of the transcription factor,
Elk-1, as a common substrate of ERK and JNK (Gille et al.,
1995; Janknecht et al., 1993; Price et al., 1996; Whitmarsh Epression of active nuclear-targeted form of ERK
al., 1995; Yang et al., 1998). The overexpressed FLAG-Elktecovers Elk-1 phosphorylation in suspended cells
1 localized to the nucleus in both adherent and suspend@lir findings highlight differences between adhesion regulation
cells (Fig. 4B). We have previously shown 22W Raf-mediatesf MAP kinases, notably in their localization and ability to
equivalent activation of ERK in suspended and adherent celiignal to nuclear transcription factors. In these and previous
(Aplin et al., 2001). Despite anchorage-independent ERKtudies [Fig. 4C (Aplin et al., 2001)], we have shown that ERK
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Fig. 4. Phosphorylation of Elk-1 is anchorage-dependent
A MEKK1 Raf upon activation of the ERK pathway, but anchorage-
independent upon activation of the JNK pathway.
(A) NIH 3T3 cells were transfected with eith®MEKK1
or 22W Raf. Cells were replated onto fibronectin-coated
coverslips. The localization of MEKK1 and Raf were
determined by immunofluorescence using either TRITC
or FITC-conjugated anti-rabbit secondary antibodies.
Bar, 25uM. (B) Cells expressing FLAG-EIk-1 were
plated onto Fn-coated dishes or maintained in suspension
(Sus) and analyzed by immunofluorescence with anti-
Elk-1 antibodies. Insets show the overlay of Elk-1 and
nuclear staining. (C) Cells were transfected with FLAG-
B Elk-1 Hoechst 33422 Elk-1 and either vector 22W Raf AMEKK1. After 24

hours, transfected cells were serum-starved before being
- replated in DMEM/BSA onto Fn-coated dishes or

Fn

- -‘

maintained in suspension (Sus) for a further 3 hours.
Ectopically expressed Elk-1 was immunoprecipitated
from cell lysates from each condition with an M2 FLAG
epitope antibody. FLAG-EIk-1 immunoprecipitates were
analyzed by western blotting for levels of Ser383-
phosphorylated and total Elk-1. The results shown are
representative of at least three independent experiments
with equivalent results.

phosphorylation of Elk-1; control that is by-passed
by targeting nuclear accumulation of ERK.

Discussion
Compartmentalization of signaling molecules is an

important regulatory mechanism that enables the cell

C Vec 29W Raf  MEKK1* to build up an elaborate network of signaling
pathways. Cell adhesion molecules, such as

Sus Fn Sus Fn Sus Fn integrins, regulate the localization of a variety of

signaling molecules. Del Pozo and colleagues have
shown that the recruitment of GTP-loaded Rac to
-.- membranous sites is enhanced in adherent cells (del
- Pozo et al., 2000). Conversely, loss of adhesion in
mammary epithelial cells leads to a rapid movement
IP: FLAG of the pro-apoptotic protein, Bax, to the
WB: Elk-1 - ” - . . mitochondria (Gilmore et al., 2000). We and others

' oS —— i have previously shown that nucleocytoplasmic

trafficking of kinases, such as ERK and c-Abl, is
also regulated by adhesion (Aplin et al., 2001,

activated by 22W Raf poorly signals to the nucleus irDanilkovitch et al., 2000; Lewis et al., 1996; Woodring et al.,
suspended cells. Next, we decided to determine wheth@001). Control of trafficking between the nuclear and
enhancing nuclear-targeting of ERK could recovercytoplasmic compartments is critical for gene expression in
phosphorylation of Elk-1. To this end, we expressed a construmesponse to a variety of stimuli and therefore provides an
(ERK2-MEK1-LA) encoding an ERK-MEK fusion protein important mechanism whereby cell adhesion molecules may
that has the leucine-based nuclear export signal in MEKegulate biological events.
rendered inactive by mutation to alanine residues. In cells, Here, we have expanded our studies on adhesion regulation
ERK2-MEK1-LA accumulates in the nucleus and isof MAP kinase compartmentalization to the JNK and p38
constitutively active (Robinson et al., 1998). When expressesubfamilies. We find that in contrast to the ERK pathway, in
in NIH 3T3 cells, western blot and in vitro kinase analysesvhich accumulation in the nucleus is impaired in non-adherent
determined that the phosphorylation and kinase activity ofells, activated JNK and p38 are able to efficiently localize and,
ERK2-MEK1-LA were anchorage-independent (Fig. 7A). Asin the case of JNK, impact on nuclear events in the absence of
before, expression of active Raf resulted in efficientintegrin-mediated engagement. Studies on the JNK pathway
phosphorylation of Elk-1 in adherent but not suspended cellsvere of particular interest since recent reports have
By contrast, EIk-1 phosphorylation at Ser383 in NIH 3T3 cellddemonstrated the presence of phosphorylated forms of JNK
expressing the ERK2-MEK1-LA construct was anchorageboth in focal adhesions and in the nucleus upon adhesion to
independent (Fig. 7B). These data indicate that adhesidibronectin (Almeida et al., 2000). However, our observations
regulation of ERK localization is critical for efficient argue against the possibility of adhesion-dependent trafficking

IP: FLAG i
WB: P-383-Elk-1 |
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of INK between focal adhesion sites and the nucleus. Seve

reports have demonstrated that JNK is directly activated b Sus Fn
integrin-mediated adhesion in the absence of additional signe Aniso (ng/ml) 0 25 50 200 0 25 50 200
(MacKenna et al., 1998; Mainiero et al., 1997; Miyamoto e
al., 1995; Oktay et al., 1999). In our studies, it is important t« wB: Phospho p38 - e - e S
emphasize that we examined changes in nuclear activity . ab
response to activation in pre-adherent cells, as opposed to JI
activation directly in response to adhesion. Whethe o 038 D o S G G5 S 4 O
differences exist in the ability of INK to localize to the nucleus e die % s
when activated by adhesion versus anisomycin treatmer
remains to be determined. B

Studies in COS cells show that over-expressed p38 Sus Fn
detected both in the cytoplasm and the nucleus under bas Time (min) 0 15 30 45 60 0 15 30 45 60
conditions (Raingeaud et al., 1995). In contrast, p38 in 293 ;
cells is primarily localized to the nucleus, a proposed site ¢ yg: phospho p3s e

activation (Ben-Levy et al., 1998). In 293T cells, activation of
p38 results in the phosphorylation of MAPKAP kinase-2, whick

then promotes nuclear export of active p38 via a leptomycin-I WB: p38 -—— - - - ”3“
dependent mechanism (Ben-Levy et al., 1998; Engel et a

1998). In NIH 3T3 cells, we clearly observed phosphorylategiy 5 anisomycin treatment activates p38 in an anchorage-
p38 co-localization with staining for the nucleus, although ifndependent manner. Serum-starved detached NIH 3T3 cells were
remains unresolved in our cell system whether activation of p3&ther maintained in suspension (Sus) or plated onto fibronectin
occurs in the cytoplasm or in the nucleus. (Fn)-coated dishes for 2 hours in DMEM/BSA. (A) At the 2 hour
Finally, we have extended our studies on the ERK cascad@ne point, cells were stimulated appropriately with increasing doses
We have previously shown that activation of ERK by expressioaf anisomycin (0, 25, 50 and 200 ng/ml) for the 30 minutes.
of active versions of upstream components in the pathwa{B) Cells were treated with 50 ng/ml anisomycin for the times
namely Raf and MEK, renders ERK activation anchorage'—nd'catecj' Under each COﬂdItIOﬂ! cells were lysed in modified RIPA
independent. However, subsequent accumulation of ERK withi uffer and cell lysates probed with antibodies to phosphorylated and
- otal p38.
the nucleus and phosphorylation of Elk-1 are anchorage-
dependent (Aplin et al., 2001). The mechanism whereby
adhesion regulates ERK nucleocytoplasmic trafficin~
remains to be determined. At the level of E
adhesion may regulate the release from cytople - Aniso + Aniso
anchoring proteins, the rate of import and/or the re
export (Cyert, 2001). Here, we have used an E
MEK fusion, which is active and accumulates in
nucleus due to mutation of the nuclear export seqt
in MEK (Robinson et al., 1998). Our findings w
ERK-MEK-LA add to our understanding of adhes Fn
regulation of ERK. Notably, ERK-MEK-LA i
phosphorylated within the activation loop and is as
in suspended cells (Fig. 7A) indicating that
activities of MKPs that downregulate ERK are
dramatically increased in suspended cells. Additior
expression of ERK-MEK-LA leads to EIlk
phosphorylation in suspended cells arguing again
possibility that increased Elk-1 phosphatase ac
underlies the decreased Elk-1 phosphorylation ir
22W Raf experiments. Our findings with ERK-ME Sus
LA do not distinguish between altered import
export because these processes may be affected
overexpression of ERK-MEK-LA, and the comparz:
wild-type version of ERK-MEK does not posses
suitable specific activity (Robinson et al., 1998). FL
experiments involving temporal regulation of activ

Fig. 6. Phosphorylated p38 accumulates in the nucleus in both adherent and

: o non-adherent cells. Serum-starved detached NIH 3T3 cells were either plated
endogenous ER.K §h0u|d shed light on this i onto fibronectin (Fn)-coated dishes or maintained in suspension (Sus) for 2
However, these findings underscore the importan 45 in DMEM/BSA before being stimulated with 50 ng/ml anisomycin for
adhesion regulation of ERK trafficking between 30 minutes. Suspended cells were allowed to adhere to poly-lysine-coated
cytoplasm and the nucleus for effects on nut  coverslips for the final 15 minutes. Fixed cells were analyzed by
transcription factors and possibly for adhes  immunofluorescence for phospho-p38. Bars®D Inserts show the overlay
dependent cell cycle events. between phospho-p38 and nuclear staining with Hoechst 33342 reagent.
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A v ERK-MEK-(LA homodimerization possibly through an actin-organized
ee (LA scaffold (Aplin et al., 2001; Leinweber et al., 1999). CD
Sus Fn Sus Fn regions have also been identified within JNK and p38;

however, the identities of the cytoplasmic and nuclear anchors
for these MAP kinases are less certain. Nevertheless, adhesion
may differentially modulate the manner by which different

- members of the MAP kinase family interact with cytoplasmic
IP': Myc anchor proteins via the CD domain.
Kinase assay The role of cell adhesion molecules in the regulation of

IP: Myc
WB: active ERK

nucleocytoplasmic trafficking of signaling molecules appears

to be an emerging concept and warrants further investigation.
The ability of cadherins to inhibit translocation [Btatenin

to the nucleus and subsequent activation of LEF/TCF-1-

mediated transcription events has been well-studied (Gottardi

IP: Myc
WB: total ERK

B Vec 22W Raf ERK-MEK-LA et al., 2001; Orsulic et al., 1999; Sadot et al., 1998). More
recently, additional cases whereby cell adhesion receptors
Sus Fn Sus Fn Sus Fn regulate the nucleocytoplasmic trafficking of signaling
molecules have been found (Bianchi et al., 2000; Hsueh et
IP: FLAG al., 2000; Zimmermann et al., 2001). In summary, these and
WB: 383-Elk-1 our studies highlight the fact that a multitude of connections
exist between cell adhesion receptors and key signaling
IP: FLAG molecules that act as transcriptional regulators. Cell
WB: total Elk-1 adhesion/actin cytoskeletal regulation of nucleocytoplasmic
trafficking may provide a direct channel for communicating

. . information from the extracellular environment to the
Fig. 7.Expression of ERK2-MEK1-LA phosphorylates Elk-1 nucleus.

efficiently in suspended cells. NIH 3T3 cells were transfected with

either pCMV5 (Vec), 22W Raf, or pPCMVS-ERK2-MEK1-LA alone We gratefully acknowledge the assistance of Mike Fisher with
(A) or in combination with pCMV5-FLAG-Elk-1 (B). Serum-starved ,1asmid preparations. We thank Andrew Sharrocks (School of
cells were either replated on fibronection (Fn) or maintained in Biological Sciences, University of Manchester, UK), Gary Johnson
suspension (Sus) for 2 hours in DMEM/BSA. (A) ERK activity was ypjversity of Colorado Health Sciences Center, Denver), Melanie
determined by immunoprecipitation with anti-myc antibody followed oy, (Southwestern Medical Center, University of Texas), and
by western blotting with anti-active ERK antibodies and by in vitro  j;5n,3i Han (The Scripps Research Institute, La Jolla, CA) for
kinase assay using recombinant GST-Elk-1 as the substrate. (B) E”iilasmid gifts. This work was supported by National Institutes of

1 phosphorylation was determined by immunoprecipition from cell o1th grants, GM26165 and HL45100, to R.L.J.
lysates with an anti-FLAG antibody and western blotting for levels 0# ' '

Ser383 phosphorylated and total EIk-1. The results shown are

representative of three separate experiments.
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