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Abstract. The Na/H" exchanger (NHE) becomes acti- with a dominant-negative form of SEK1/MKK4 (SEK1/
vated by hyperosmolar stress, thereby contributing to celMKK4-A/L) that is expected to inhibit other isoforms of
volume regulation. The signaling pathway(s) respon-SEK as well. Together, these results demonstrate that
sible for the shrinkage-induced activation of NHE, how- the stimulation of NHE and the activation of Erk, p38
ever, remain unknown. A family of mitogen-activated MAPK and SAPK are parallel but independent events.
protein kinases (MAPK), encompassing p42/p44 Erk,

p38 MAPK and SAPK, has been implicated in a variety Key words: p42/p44 Erk — p38 MAPK/RK — SAPK/
of cellular responses to changes in osmolarity. We therejnk — NHE — SEK1/MKK4, U937

fore investigated whether these kinases similarly signal

the hyperosmotic activation of NHE. The time course

and osmolyte concentration dependence of hypertonimtroduction

activation of NHE and of the three sub-families of

MAPK were compared in U937 cells. The temporal when exposed to a hyperosmotic medium, mammalian
course and dependence on osmolarity of Erk and p38ells undergo a rapid shrinkage followed by a gradual
MAPK activation were found to be similar to that of volume recovery, termed regu|at0ry volume increase
NHE stimulation. However, while pretreatment of U937 (RV|) RVI is attributable to net uptake of Na.CI_ and
cells with the kinase inhibitors PD98059 and 882035800sm0t|ca”y 0b||ged water. In many cell types this is
abrogated the osmotic activation of Erk and p38 MAPK,brought about by the Coup|ed activities Of the*’”-ﬁ"
respectively, it did not prevent the associated stimulatiorbxchanger (NHE) and the cation independentt@CO,"
of NHE. ThUS, Erk1/2 and/or p38 MAPK are unlikely to exchanger (Grinstein & Furuya' 1988, McManUS,
mediate the osmotic regulation of NHE. The kinetics of churchwell & Strange, 1995). The cellular trigger re-
NHE activation by hyperosmolarity appeared to precedeponsible for NHE activation by hypertonic stress ap-
SAPK activation. In addition, hyperosmotic activation pears to be the associated change in cell size, rather than
of NHE persisted in mouse embryonic fibroblasts lack-the increased osmolarity or ionic strength (Krump, Ni-
ing SEK1/MKK4, an upstream activator of SAPK. (itas & Grinstein, 1997a). To date, however, the intra-
Moreover, shrinkage-induced activation of NHE still oc- cellular signal that couples volume reduction with NHE
curred in COS-7 cells that were transiently transfectechctivation is still unknown and is the focus of the present
study.

Multiple isoforms of NHE have been cloned (Noel
& Pouyssegur, 1995; Wakabayashi, Shigekawa &
Pouyssegur, 1997), including the ubiquitous amiloride-
* Contributed equally to this work. sensitive isoform, NHE1, which is believed to be the

primary effector of regulatory volume increase. The os-

" Deceased motic stimulation of NHEL requires the presence of in-
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tracellular ATP (Grinstein et al., 1992), suggesting thatMolecular Probes (Eugene, OR). Radiolabeled ATP was purchased
phosphorylation reactions are involved in the response té(fFolgﬂs )Mandel/Du?]ont ((inueIphé_(gntagoé Lc?gagiﬁ). Fbetal b&\gr)]e ;er_Lter
H was purchase rom 10CO althersburg, .oomi

hyperosmolarlty. However, overall NHE1 phOSph.Owla.l_ Kline Beecham (King of Prussia, PA) generously provided SB203580.
tion levels are unaffected by hy_perosmolarlty (Grinstein, 595050 was a gift from Parke-Davis (Ann Arbor, MI). The NHE1-
et al., 1992). Moreover, a deletion mutant of NHE1 thatspecific inhibitor HOE-694 was a gift from Dr. Wolfgang Scholz from
lacks the putative phosphorylation sites on its C-terminakoechst (Frankfurt, Germany). All other chemicals were purchased
(cytosolic) domain is still responsive to hyperosmolarity from Sigma Chemical (St. Louis, MO). Rabbit antibodies against the
(Bianchini et al., 1995). This apparent contradiction cannonphosphorylated and phosphorylated forms of Erk, p38 MAPK and
be reconciled by assuming that proteins associated withpAPK were purchased from New England Biolabs. Anti-MAPKAPK-
but distinct from, NHE1 need to be phosphorylated uponj rabbit antibody was the generous gift of Dr. Steven L. Pelech (Ki-

Il shrink f ffecti i ti |ati f th netech Pharmaceuticals, Vancouver, B.C., Canada). Secondary goat
cell shrinkage tor eriective osmotc stimulation o € anti-rabbit antibody conjugated to horseradish peroxidase was either

exchanger. from New England Biolabs (Mississauga, Ontario, Canada) or from
The possibility that protein phosphorylation medi- Amersham Life Sciences (Little Chalfont, England, U.K.) and was used
ates the hyperosmotic stimulation of NHE is lent cre-with the Amersham enhanced chemiluminescence (ECL) detection
dence by the discovery of a superfamily of kinases thagystem.
are exquisitely responsive to changes in medium tonicity.
This heterogeneous family, known collectively as theSoLuTions
mitogen-activated protein kinases (MAPK), includes iso- _ _ _
forms of Erk, p38 MAPK and SAPK. While p38 MAPK Na-HEPES buffered solution (NHB) contained (imjn 132 NacCl, 5
. .. KCI, 1 MgSQ,, 1 CaCl}, 25 Na-HEPES, and 5.5 glucose, pH 7.4, at
and SAPK are strongly activated by hyperosm_qlamy’SWC. Na-free HEPES-buffered solution (Na-free HB) was made by
Erk has been shown to be somewhat less sensitive (B{zo-osmotically replacing Nawith NMDG*. Iso-osmotic solutions
anchini, L’Allemain & Pouyssegur, 1997; Galcheva- were adjusted to Z8+ 5 mOsm by addition of either water or the major
Gargova et al., 1994; Han et al., 1994). Interestingly,salt. For hyperosmolar stimulation, appropriate amounts ofvas®-
p38 MAPK and SAPK also respond to a variety of otherlution of either NaCl or KCI were added to NHB or Na-free HB,
cellular stresses, including changes in intracellular pHespectively. Gentle soft lysis buffer contained (im)m.0 Nacl, 20
(pH,) (Shrode et al., 1997), heat shock (Ludt, Sandvig &F'PES (PH= 7.0), 5 EDTA, 50 NaF, 0.5% NP-40 and 0.034mer-
. . . captoethanol. All buffers used for cell incubations were nominally
Olsnes, 1993), cytokines (Rozanski & Witt, 1994; Lee et .\ i free.
al., 1992) and to a lesser extent hormones and growth
factors (Kyriakis & Avruch, 1996). Remarkably, all of
these stimuli have also been shown to cause NHE actil'SSUE CULTURE AND MOUSE EMBRYONIC
vation in a variety of cell lines (Grinstein, Rotin & Ma- FIBROBLAST PREPARATION
son, 1989; Lee et al., 1992; Ludt et al., 1993). U937 cells, a line exhibiting monocyte-like characteristics, and COS-7
The stimulation of MAPKs by hyperosmolarity and cells, a line from monkey kidney, were obtained from the American
other agents, together with the ability of the same agent3ype Culture Collection (ATCC). These lines, as well as mouse em-
to activate NHE, provides circumstantial evidence thatbryo_nic fibroblasts, were maintained in_ Dulbecco’s modified !Eagle‘s
one or more members of the MAPK superfamily might medium (DMEM) (Gibco BRL, NY), with 10% FBS, 100 units/ml

participate in the activation of the exchanger We evalu_peni(:illin and 100pg/ml streptomycin at 37°C in a humidified envi-

. . ronment with 5% CQ U937 cells were grown in suspension and
ated the possible role of Erk, p38 MAPK and SAPK in gyneriments were conducted when cell counts were betgee 16
the stimulation of NHE1 by a) comparing the activation and 1 x 16 cells/ml. For pH measurements, COS-7 and mouse em-
kinetics and osmotic dependence of each of these kinaseyonic fibroblasts were plated onto glass coverslips and used when
pathways with the associated increase in"/N& ex-  cells had reached 70-90% confluence.
change; b) using pharmacological inhibitors of Erk and A mouse embryonic fibroblast cell line was generated by utilizing

. i : the SEK’~ mouse which has been previously described (Nishina et al.,
p38 MAPK; c) utilizing a mouse embryo fibroblast cell

- - 1997). Embryos from SEK1/MKKZ4™~ x SEK1/MKK4*'~ crosses were
line generated from SEK1/MKK4 knockout mice, and d) dissected free from maternal tissues at embryonic day nine. Cells were

transiently tranSfECting a dominant-negative form of gissociated and then maintained using an NIH3T3 protocol until spon-
SEK1/MKK4 into COS-7 cells. We conclude that the taneous immortalization occurred (Rittling, 1996). To identify SEK1/
stimulation of NHE and the activation of Erk, p38 MKK4™ cell lines, DNA was extracted and then digested with Bgl II.

MAPK and SAPK are parallel yet independent events. Southern blots were probed using a SEK1/MKK4 flanking probe which
was generated by PCR using the following oligonucleotides: GGATC-

CCTGCATTTTCTG (S) and GAATTCACCTCTACAAAT (A). This
Materials and Methods probe hybridizes to a 3.3 kB fragment in the SEK1/MKK4 knockout,
and a 1.7 kB fragment in wild type cells.

CHEMICALS TRANSIENT TRANSFECTION OFCOS-7 GELLS

The acetoxymethyl ester form of ,2’-bis(2-carboxyethyl)-5-(and-6)- COS-7 cells were plated onto 60 mm dishes and growrb@ con-
carboxyfluorescein (BCECF) and nigericin were purchased fromfluence. Cells were then co-transfected using the calcium phosphate
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method (Chen & Okayama, 1987) with either:p of HA-SEK1/ and proteins were transferred to polyvinylidene difluoride membranes.
MKK4 A/L pcDNA3 + 5 pg of Flag-p58—SAPK-CMV + 0.5ug of After blocking the membranes with 5% skim milk powder, immuno-
B-galactosidase gene, or as a controlydpof pcDNA3 vector alone +  blotting was carried out overnight at 4°C with primary antibody to the
5 ng of Flag-p54—SAPK-CMV + 0.5 g of B-galactosidase gene. phosphorylated forms of either Erk (1:3000) or p38 MAPK (1:800).
Forty-eight hours later the cells were exposed to hypertonic sorbitolAfter application of anti-rabbit HRP-conjugated secondary antibody
(400 mv) in DMEM and were incubated for 30 min at 37°C. The cells (1:5000), the blots were developed using the ECL chemiluminescence
were lysed with gentle soft lysis buffer, triturated and spun down to detection system (Amersham). Membranes were then stripped and re-
remove the cellular debris. B-galactosidase colorimetric assay was probed with primary antibody to the nonphosphorylated forms of Erk
used to normalize for the amount of transfected protein. Normalizedor p38 MAPK at 1:3000 or 1:2500, respectively. Immunoblotting for
cell lysates were then incubated with anti-Flag antibody for 1 hr. Im- MAPKAPK-2 was performed with primary antibody at 1:2000 dilution.
munoprecipitation of the Flag-tagged SAPK was then achieved by For mouse embryonic fibroblast experiments, both SEknd
adding 30pl of a 50% slurry of Protein-A-sepharose beads for 1 hr. SEK”~ mouse embryonic fibroblasts were grown until 80% confluence
Subsequently, the beads were sedimented and washed 5 times in PB&s reached. Cells were then treated with hypertonic sorbitol (400
+ 0.1% Tween 20, and then were resuspended in kinase buffer commm) in serum-free DMEM for 30 min at 37°C. Cells were washed
taining (in mv): 50 Tris-Cl, 1 EGTA, 10 MgCJ and 100um [32P- twice with PBS containing (in m) 137 NaCl, 7.74 NgHPO,, 2.26
vyJATP (1 nCi radioactivity per sample), (pH 7.5) for 20 min at 30°C. NaH,PQ,, and 2.7 KCI, and lysed using gentle soft lysis buffer. The
The reaction was terminated by adding20of 2x Laemmli's sample  lysate was incubated on ice for 10 min, triturated, and then centrifuged
buffer. to remove insoluble material. Samples were resolved by SDS-PAGE,
For pH measurements, the cells were co-transfected with theusing a 10% gel and then transferred to polyvinylidene difluoride mem-
cDNA of interest and pEGFP (9:1 ratio), to allow visual identification branes. After blocking the membranes with 5% skim milk powder,
of the transfected cells. blotting was carried out as above with antibody to phospho-specific
SAPK (Thr 183/Tyr 185) (1:1000) followed by 1:2000 anti-rabbit
HRP-conjugated (Amersham) secondary antibody for 1 hr at room
MEASUREMENT OF INTRACELLULAR PH temperature. After application of secondary antibody, the blots were
developed using ECL.
U937 cells (0.5 x 18/ml) were incubated with Jum of the acetoxy-
methyl ester form of BCECF for 15 min at 37°C, sedimented and |MMUNOFLUORESCENCE

resuspended at the same concentration in NHB or Na-free HB. The cell . . .
suspension was transferred to a cuvette, which was placed into a the2OS-7 cells transiently transfected with pEGFP alone or with pEGFP

mally controlled cuvette holder in a spectrofluorimeter (Perkin-Elmer + HA-SEKA/L were washed twice with PBS and fixed with 4% para-

Model 650-40). BCECF was excited at 490 nm, and emission wadormaldehyde in PBS at room temperature for 30 min. After fixation,
collected at 530 nm. Fluorescence intensity was converted to pH an&he cells were WQSh‘?d 3 times with PBS and incubated for.l_O min at RT
calibrated to pHafter addition of both nigericin and monensin at 10 W|_th_100 m glycn_]e_ in PBS. The cells were next permeablllzeq for 10
rag/ml and subsequent titration with various amounts ef MES and minin P_BS conte_unlng 0.1% Trlt_on-X 100 and F"OCked for 1 hrin PBS
1 m Tris solutions, as previously described (Shrode et al., 1997). containing _5% m||k: After blocking, cells Werellncuba_ted for 1 hr with
COS-7 cells and mouse embryonic fibroblasts lacking SEK1/ mouse-antl-HA a”t'bF’dy (1:1000_)’ washed 3 times W_'th PBS, anc_i then
MKK4 were grown on glass coverslips, and mounted into a coverslip'nc“bated for 1 hr with Cy3-conjugated donkey anti-mouse antibody

holder that was placed in a thermally controlled microincubator (Medi- (1:1500). Cells were finally washed 4 times with PBS and then
cal Systems) on the stage of a Nikon TMD-Diaphot microscope at_mounted onto glass slides using Dako fluorescence mounting medium.
tached to an M series dual wavelength illumination system (Photon

Technology International, South Brunswick, NJ). The cells were thenSAPK KINASE AssAYs

loaded with BCECF for 10 min, washed and then alternately excited alg A pi activity was assessed by an in vitro kinase assay. U937 cells
440 and 490 nm, while fluorescence emission was collected at 530 NM; ere serum-starved overnight in DMEM with 0.5% fetal calf serum
Cells were then e_xposed 0 a solution made hypgrosmotic by aOIditiOI%md were then exposed to media of different osmolarity for various
.Of 259 ma mannitol. At the end of eaph experl_meqtz ﬂuores_cence lengths of time. Cells were then lysed in hypotonic lysis buffer con-
intensity was converted to pidsing the high KCI-nigericin technique

. . taining (in mv): 10 NaCl, 5 EDTA, 1 benzamidine, 5 NgR20 PIPES,
(Thomas et al., 1979), as previously described (Shrode et al., 1998).1 PMSF, 0.1 NavO,, 20 ug/ml leupeptin, 0.5% NP-40, and 0.05%

In transient transfection experiments, the transfected cells Werez-mercaptoethanol. After 10 min, the lysate was triturated through a 23

ylsuglly |detnt|f|ed l;)jytﬁxprtless(ljor:j Of.E]G;gEVéEIe on ;he sta(t)gel OI the gauge needle and insoluble material was removed by centrifugation at
imaging setup, and then loaded wi as apove. Only rans_lZ,O(D x g for 10 min at 4°C. Samples were normalized for the amount

- 0, i
fected COS-7 cells (usualky40% of the total) were considered for the of protein using the Bio-Rad protein assay and suspended with GST-

measurement of pH, while untransfected cells were excluded. c-jun-coated Protein-A sepharose beads for 1 hr. Subsequently, the
beads were sedimented and washed 5 times in a PBS + 0.1% Tween-20
solution and then resuspended in kinase buffer for 20 min at 30°C.
The reaction was terminated by adding20of 2x Laemmli’'s sample
buffer. Samples were resolved by SDS-PAGE on 12% gels, stained
U937 cells maintained overnight in 0.5% FBS were sedimented andyith Coomassie Blue, destained and dried. Autoradiography was per-

resuspended in NHB and kept in this medium for 1-2 hr at 37°C.formed by Phosphorimager analysis using ImageQuant software (Mo-
Cells were then sedimented, resuspended in NHB at a concentration gfcylar Dynamics).

2-5 x 1@ per ml and then challenged by the addition of the indicated

amounts of a 5 _solutlon of NgCI, for_ the de_'5|gnated tlmes: Expgrl- ABBREVIATIONS

ments were terminated by rapid sedimentation for 10 sec in a micro-

centrifuge and resuspension of the pellet in 200f hot Laemmli's Erk, p42/p44 MAPK/extracellular signal-regulated protein kinase;
sample buffer. Samples were resolved by SDS-PAGE, using a 12% gdtBS, fetal bovine serum; GST-c-Jun, glutathione S-transferase-c-Jun

IMMUNOBLOTTING
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Fig. 1. Response of NHE, Erk, p38 MAPK and
SAPK to increasing hyperosmolar stress. U937
cells were suspended in NHB and stimulated for
30 min by addition of concentrated NaCl to
increase the osmolarity of the medium by the
amount indicated (iso-osmolar mediugm 0
hyperosmolarity). A—B) after the hypertonic

D 24t challenge whole-cell lysates were subjected to
2 F p——y SDS-PAGE and immunoblotting with antibodies to
© ot CIp38 MAPK phospho-Erk &) or phospho-p38 MAPK.E). The
@ 16F blots were next stripped and reprobed with
E 12 E anti-Erk or anti p38 MAPK, respectively, to
A _ @ e 8 3 ensure equal loading (lower lanesAnandB). (C)
=== =~ Erk- et SAPK activity was measured by an in vitro kinase
T A e - Erk 4 P assay using GST-c-jun as the substrate, as
B 0 described in Materials and Methodf)(

o - ." p38 MAPK—@ 25 50 100 150_ 200 250 300 Quantification of the osmolyte concentration

- - 533 Hyperosmotarity (mOsm) dependence of the activation of Erk (black bars;

C = 2), p38 MAPK (white barsn = 2) and SAPK
(hatched barsn = 3). Data are increases relative

to baseline, quantified by densitometric integration

of experiments like those iA—C. (E) Normalized

concentration dependence of the activation of Erk

(M), p38 MAPK (@), SAPK (A) and the

it Na“-dependent change in pKD). The latter was

,_,V?’/ e N measured by fluoimetry as described in Methods.
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fusion protein; MAPK, mitogen-activated protein kinase; MAPKAPK- mOsm. A considerable stimulation (4- to 6-fold over
2, MAPK-activated protein kinase 2; MEK, MAPK/Erk kinase; pH baseline) was observed with an increasé®®0 mOsm
intracellular pH; NHE, Na/H exchanger; NMDQ\-methylb- (FigS. JAandD). p38 MAPK phosphorylation, and thus
glucamine; SAPK, stress-activated protein kinase/chNiterminal ki- activity, increased 4.5-fold with as little as 50 mOsm
nase; SDS-PAGE, polyacrylamide gel electrophoresis using sodium : . ' . o
dodecyl sulfate: SEK1/MKK4, MAPK-kinase 4. aboye iso-osmotic levels (F|gBland D). The activity

of this kinase continued to increase as the osmolarity was

elevated, reaching a maximum 9.7-fold over baseline at

Results 200 mOsm above physiological levels.

SAPK activity was measured with an in vitro kinase
OsmoLYTE CONCENTRATION DEPENDENCE OF THE assay, using GST-c-jun as the substrate (F@). ISAPK
AcTivaTioN oF NHE, Erk, p38 MAPKanD SAPK stimulation was clearly detectable at 150 mOsm above

iso-osmolarity and continued to increase throughout the
To be a viable candidate effector of NHE1, the MAPK range of osmolarities tested, reaching a 23-fold enhance-
family members must be activated at osmolarities similarment at 300 mOsm (Fig.00).
to those that activate the exchanger. In most studies, Activation of NHE1 was monitored measuring
MAPK activity is measured at osmolarities that greatly pH, in the presence and absence of'Na.g., Fig. 2).
exceed those used to activate NHE1. We therefore carAlthough N&-dependent pHchanges were occasionally
ried out a detailed study of the dependence of kinase andetected in U937 cells when osmolarity was increased by
NHE1 activities on medium osmolarity. The results are50 mOsm, significant and reproducible increases were
summarized in Fig. 1, where U937 cells were used. Erknot observed untilllO0 mOsm. The maximalpH at-
p38 MAPK and SAPK become activated when they aretained was 0.25-0.3 units. The concentration depen-
phosphorylated by upstream kinases. Therefore, welence of NHE1 activation is summarized in Fids, 1
used phospho-specific antibodies to quantify the phoswhere the data are expressed as a percent of maximal
phorylation of Erk and that of p38 MAPK as an index of stimulation, to facilitate direct comparison with the ac-
their activation (Tibbles & Woodgett, 1999). Equal tivation of the kinases (Fig.H). As shown in the figure,
sample loading was ensured by stripping and reprobingll the kinases displayed an osmotic sensitivity that re-
the same blots with antibodies to the kinases. After 3Gsembled or exceeded that of NHE1. On this basis, one or
min, only modest activation of Erk was detectable whenmore of the MAPK family members could mediate the
the basal osmolarity was increased by up to 100-15@ctivation of the antiporter.
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Fig. 2. Time course of NHE, p42 Erk, p38 MAPK
and SAPK responses to hyperosmolarity. U937
cells were suspended in iso-osmotic medium and
stimulated by addition of an extra 250 mOsm at t
= 0. (A) pH, determinations. Cells loaded with
BCECF were suspended in either NHB or Na-free

E 241 NHB and stimulated at &= 0 by addition of 125
A 020 NaCl or KClI, respectively.§—C) samples were
73 Ctrl & Py taken at the indicated times following hypertonic
.~ 7.2 Hyper g r challenge and whole-cell lysates were subjected to
5 ?.11@‘ £12¢ SDS-PAGE and immunoblotting with antibodies to
a — g al
A R S e e B S 8 phospho-Erk B) or phospho-p38 MAPK(). The
0 5 10 15 20 4t blots were next stripped and reprobed with
Time (min) 0 t 4 4 anti-Erk or anti p38 MAPK, respectively, to
B 05 1 2 5 10 30 ensure equal loading (lower lanesB) and C).
e e e s e~ | Er-(B) F Time (min) (D) SAPK activity was measured by an in vitro
A —— = c kinase assay using GST-c-jun as the substrége. (
g10or St A Quantification of the time course of activation of
2 4| Erk (black barsn = 2), p38 MAPK (white bars;
C | woreY | P38 MAPK-(® % %0 J o/ n = 2) and SAPK (hatched bargs; = 3). Data
L~.. I p38 MAPK g 60 m / . are increases relative to baseline, quantified by
% 40w/ ::: Erk densitometric integration of experiments like those
D~ _ = ol/ o ;iap‘:‘(“PK in B—-C. (F): Normalized concentration dependence
[ S GST-cun 5 o pHi of the activation of Erk W), p38 MAPK (@),
01 2 510 30 S 0 e SAPK (A) and the Na-dependent change in pH
Time (min) 0 5 10 15 20 25 30 (O). Data were normalized to the maximal

Time (min) stimulation (100%).

TiME COURSE OFACTIVATION OF pH;, Erk, p38 MAPK maximal effect (Fig. E). While the early activation of
AND SAPK Erk and p38 MAPK is consistent with a possible role in
the stimulation of NHE1, a role for SAPK is less likely,

We next investigated the time course of shrinkage-smce the increase in pkppears to precede significant

induced stimulation of NHE and compared it to the ki- &ctivation of the latter kinase.
netics of hyperosmotic activation of the MAPKs. As
shown previously (Shrode et al., 1998), U937 cells dis-
play a detectable alkalinization as early as 1 min aftefXO-E OF P38 MAPK AND Erk iN OSMOTIC ACTIVATION
exposure to hypertonic solution (normal + 125im ©F NHE
NaCl). The alkalosis progresses with time, reaching a
steady-state after 10—-20 min (Figd)2 This increase in  The preceding data are consistent with a causal relation-
pH; is largely Na-dependent (FigA2and is inhibited by  ship between activation of Erk and/or p38 MAPK and
HOE-694 (5 um), a specific inhibitor of NHE1 rfot  the stimulation of NHEL. To test this possibility we in-
shown). vestigated the effect of potent and relatively specific ki-
Exposure to the hyperosmotic solution used to acti-nase inhibitors on the pHthanges upon cell shrinkage.
vate NHE1 in Fig. 2 resulted in a rapid, but modest and In the first series of experiments, U937 cells were pre-
transient stimulation of Erk phosphorylation (Fi®® and  treated with PD98059, an inhibitor of MEK1 (Dudley et
E). The increase in phosphorylation was maximal be-al., 1995), an upstream activator of Erk. As shown in
tween 2-5 min and declined thereafter. Like Erk, p38Fig. 3A, no significant difference in the degree of shrink-
MAPK was also activated rapidly: a 4-fold increase in age-induced alkalinization was observed between control
p38 MAPK phosphorylation was observed within 30 secand PD98059-treated cells (FigAB3 By contrast, the
of hyperosmotic exposure (FigCandE). In contrastto osmotically-induced increase in Erk phosphorylation
Erk, however, the stimulation of p38 MAPK was sus- was totally suppressed in cells pretreated with PD98059
tained, persisting for at least 30 min, the longest time(Fig. 3B). These results argue strongly against a role for
point measured. Erk activity in the shrinkage-induced activation of NHE.
In contrast to Erk and p38 MAPK, activation of In the second set of experiments, we tested the p38
SAPK was somewhat delayed. Even though increases dlAPK-specific inhibitor, SB203580 (Cuedna et al.,
over 20-fold were recorded after 30 min, the stimulation1995). As in the previous case, the shrinkage-induced
after 2 min was marginal (Fig.22andE). As before, to alkalinization was not altered by treatment of the cells
compare the activation of the kinases to each other and tawith SB203580. To assess the potency of SB203580 in
the change in pHiwe expressed the data as percent of thesuppressing p38 MAPK activity, we examined the phos-



210 D. Gillis et al.: Hyperosmolarity and the MAPKs

Fig. 3. Effects of inhibitors of MEK-1 and p38
MAPK. (A) U937 cells were pretreated with either
vehicle (0.1% DMSO; black ban = 3), 50 um
PD98059 for 1 hr (stippled bar labeled PD;=

3), or 10pm SB203580 for 15 min (hatched bar

B labeled SBn = 3) and loaded with BCECF.
Ctrl  Hyper Cells were then subjected to hyperosmotic stress
PD - - + as in Fig. 2 and the maximapH, was recorded
A {— when the new steady-state was attained. Data are
125 T - Erk-@ expressed as percent of the contr@) Cells were
~ l_—‘-—‘_____| pretreated with or without PD98059 asAn The
_9_ 1001 cells were challenged by an additional 250 mOsm
5 75 S - Erk NaCl and after 30 min cell lysates were analyzed
..g by SDS-PAGE and immunoblotting with
2 50 anti-phospho-Erk (top lanes) and reprobed with
~ anti-Erk (lower lanes).) Cells were pretreated
:5_ 251 with or without SB203580 as iA. The cells were
< C challenged by an additional 250 mOsm NaCl and
Ctrl  Hyper :
0- _ after 30 min cells lysates were analyzed by
SB_- - + SDS-PAGE and immunoblotting with
S s MAPKAPK-2-® anti-MAPKAPK-2. Phosphorylation of
- - i N\ MAPKAPK-2 MAPKAPK-2 is indicated by a decrease in its
electrophoretic mobility.

phorylation status of MAPKAPK-2, a substrate and To determine if hyperosmotic activation of SAPK
downstream effector of p38 MAPK. As shown in Fig. was inhibited in SEK1/MKKZ'~ mouse embryonic fi-
3C, p38 MAPK-induced phosphorylation results in a broblasts, we incubated the cells with or without addition
change in the electrophoretic mobility of MAPKAPK-2, of 400 nmm sorbitol for 30 min. Cell lysates were sepa-
which can be used to monitor the activity of the former rated using SDS-PAGE, transferred to a membrane and
kinase (Krump et al., 1997b). Treatment with SB203580probed with a phospho-specific anti-SAPK antibody.
completely suppressed the MAPKAPK-2 mobility shift An increase in SAPK phosphorylation, and thus activity,
induced by hyperosmolarity (Fig. 3C). Thus, under con-was observed in SEK1/MKK4" fibroblasts (Fig. 8).
ditions where p38 MAPK is inactivated, the osmotic ac- However, hyperosmotic activation of SAPK was greaﬂy
tivation of NHE1 persisted, ruling out this kinase as ajnhibited in SEK1/MKK4'~ fibroblasts. Having estab-

likely mediator of the stimulation of transport. lished that hyperosmotic activation of SAPK is inhibited
in SEK1/MKK4 ™~ fibroblasts, we asked whether the hy-
RoLE oF SAPK IN NHE ACTIVATION perosmotic activation of NHE was also inhibited.

Typical results are shown in FigC3 Exposure to a hy-
The above data suggest that Erk and p38 MAPK argerosmotic medium resulted in a rapid shrinkage-
not essential for shrinkage-induced activation of NHE.induced alkalinization in both the SEK1/MKR4 cells
SAPK, which is strongly activated by shrinkage, re- and SEK1/MKK4'™ cells (Fig. 4 andD). The kinetics
mained a viable candidate. Unlike Erk and p38 MAPK, and magnitude of the responses were similar in both cell
however, the involvement of SAPK could not be testedtypes (Figs. € andD). Therefore, hyperosmotic activa-
pharmacologically, since selective inhibitors are nottion of NHE is independent of SAPK activation via
available. We therefore used two alternative strategiesSEK1/MKKA4.
First, SAPK activation was prevented or minimized It was originally reported that in embryonic stem
by utilizing mouse embryonic fibroblasts from SEK1/ cells from SEK1/MKK4’~ mice hyperosmotic activation
MKK4 ™~ mice. SEK1/MKK4 can directly phosphory- of SAPK occurred via a SEK1/MKK4-independent path-
late and activate SAPK (Nishina et al., 1997). Thereforeway (Nishina et al., 1997). It was therefore suggested
in the knockout cells, activation of SAPK by stimuli that that, at least in embryonic stem cells, the osmotic acti-
normally utilize an SEK1/MKK4-dependent pathway vation of SAPK occurred via a MKK7-dependent path-
will be defective. Mouse embryonic fibroblasts were ob-way. Though our results suggest that virtually all of the
tained as described in Materials and Methods. Figére 4 hyperosmotic activation of SAPK is inhibited in SEK1/
illustrates a representative Southern blot, which show$1KK4 ™~ fibroblasts, we were concerned that hyperos-
that the cDNA probe designed to identify the knockoutsmotic activation of SAPK by another SEK isoform may
recognizes the predicted 1.7 kB fragment in wild-typebe responsible for the activation of NHE. We therefore
cells and a 3.3 kB fragment in the putative SEKcells,  used a second approach, namely the overexpression of a
confirming that the SAPK gene had been ablated. dominant-negative protein that would inhibit SAPK ac-
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A B

+H+ -
SEK1 +/ ! SEK1 +/+ SEK1 -/- Fig. 4. Effects of hyperosmotic stress in

SEK1/MKK4™~ fibroblasts. A) Representative
3.3kb Y Southern blot probing the integrity of the
- SEK1/MKK4 gene in SEK1/MKK4#' fibroblasts
— and its modification in SEK1/MKKZ~ cells. See
17kb W& Methods for details.K) SEK1/MKK4** and
SEK1/MKK4™ fibroblasts were left untreated (-)
or challenged with 400 m sorbitol (+). Lysates
were then analyzed by SDS-PAGE followed by
immunoblotting with anti-phospho-SAPK
SEK1 - antibody. C-D) SEK1/MKK4** and
SEK1/MKK4™"~ fibroblasts were loaded with
BCECF and their pHmeasured by fluorimetry.
Traces start upon addition of an extra 250 mOsm
NaCl to the isotonic NHB medium. Representative
traces C) and means sewm of the maximal rate of
alkalinization D) are shown. Numbers indicate
number of experiments.
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tivation by all SEK isoforms. To this end, we transfected MKK4-A/L. Together with the results obtained with
COS-7 cells with SEK1/MKK4-A/L. Overex- knockout cells, these findings imply that SAPK is not
pression of this inactive mutant will not only prevent essential for activation of NHEL.
activation of SAPK via SEK1/MKK4, but will also re-
duce, and likely eliminate activation by other SEK iso-
forms. This generic inhibition results from scavenging Discussion
of the limited amount of SAPK by the inactive, ectopi-
cally expressed SEK1/MKK4-A/L. When cells are exposed to a hyperosmotic environment,
We cotransfected the mutant kinase with pEGFP inactivation of Erk, p38 MAPK and SAPK occur. In ad-
order to identify the transfectants visually. Forty-eight dition, hyperosmotic exposure also causes an increase in
hr after transfection, some coverslips were used for impH,, mediated in most cells by NHE1. We have previ-
munofluorescence staining to ensure that all EGFPously shown that hyperosmotic activation of SAPK in
positive cells also expressed SEK1/MKK4-A/L. As U937 cells occurred even when NHE-mediated shrink-
shown in Figure B, essentially all COS-7 cells that ex- age-induced alkalinization was inhibited (Shrode et al.,
pressed SEK1/MKK4-A/L were also positive for EGFP. 1997). These results strongly suggested that the activa-
In addition, the cells were also cotransfected with a vection of SAPK is not secondary to the activation of the
tor encoding Flag-tagged SAPK, to enable us to measurbla’/H* exchanger. We therefore wanted to determine if
the activity of SAPK in the transfected cells only. Ex- the opposite was true, that is, whether hyperosmotic ac-
clusion of the untransfected cells was accomplished byivation of Erk, p38 MAPK or SAPK is required for the
measuring SAPK activity in immunoprecipitates ob- stimulation of NHE. Indeed, the dependence of these
tained with anti-Flag antibodies. Representative resultg@vents on the osmolarity was comparable (Fig. 1), con-
are shown in Fig. B. The heterologously expressed sistent with a cause-effect relationship.
Flag-tagged SAPK was markedly stimulated by hyper- In most cells, hyperosmotic activation of NHE oc-
osmotic stress, as found for the endogenous enzymeurs within 30 sec, and intracellular pH reaches a new
More importantly, the activation of SAPK was prevented steady-state within 5 min. Likely due to their larger size,
by co-expression of SEK1/MKK4-A/L. and therefore smaller surface-to-volume ratio, U937 cells
In parallel, cells transfected with either EGFP alonedisplayed a slower alkalinization. Nonetheless, the
or EGFP plus SEK1/MKK4-A/L were used to monitor maximal rate of alkalosis was established within 1-2
intracellular pH. Expression of the fluorescent proteinmin. Maximal activation of Erk and p38 MAPK was
was first used to identify transfected cells. A neutralalso very rapid. In contrast, activation of SAPK was
density filter was then placed interposed in the light path slower, seemingly lagging behind the activation of the
greatly attenuating fluorescence emitted by EGFP. Cellg@xchanger. This would seem to rule out SAPK as an
were then loaded with BCECF, and the effects of osmo-effector of the osmotic activation of NHE1. However,
larity on pH were monitored. Figs.G andD demon-  this argument is not entirely compelling, since only par-
strate that shrinkage induced a comparable alkalinizatiotial activation of SAPK may be required for full stimu-
in cells expressing EGFP alone or EGFP plus SEK1/ation of NHE1. Thus, analysis of the time course per se
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Fig. 5. Expression of a dominant-negative form of
SEK1/MKK4 (A) COS-7 cells were transiently
transfected with pEGFP and HA-tagged
SEK1/MKK4-A/L, as described in Materials and
B Methods. Cells were then fixed, permeabilized and
stained with anti-HA antibodies. Left panel:
nuclear staining with DAPI. Middle panel: EGFP

Cntl SEK1AJ/L fluorescence. Right panel: immunostaining of
Hyper - + - + SEK1/MKK4-A/L. (B) COS-7 cells were
transiently transfected with Flag-tagged SAPK +
- B-galactosidase (control) or with Flag-tagged
DAPI pEGFP  SEK1A/L SAPK + B-galactosidase + HA-SEK1/MKK4-A/L

(SEK1/A/). Cells were treated with 400 v
sorbitol (+) or left untreated (=) for 30 min, lysed
D and SAPK was immunoprecipitated using
anti-Flag antibody. SAPK kinase assay was
assayed in vitro as described in Methods-—D)
Cells were transfected as Aand after
SEK1AIL identification of EGFP-positive cells, a neutral
density filter was added to the light path and the
0.002 PEGFP cells were loaded with BCECF. pkheasurements
’ I were initiated and where noted, the medium was
0.001 112 made hypertonic by addition of 125umNacCl.
Representative trace€) and means sewm of the
0 maximal rate of alkalinization) are shown.
Time (sec) Numbers indicate number of experiments.
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was insufficient to eliminate any of the kinases as pos-cological inhibitors of SAPK compelled us to use alter-
sible mediators. native methods to determine the role of this kinase. To
Erk seemed least likely to mediate the activation ofthis end, we utilized mouse embryonic fibroblasts that
NHEZL, since it is only modestly and transiently activatedlack SEK1/MKK4, a kinase directly upstream of SAPK.
by hypertonicity, whereas NHE1 remains stimulatedExposing the SEK1/MKKZ~ fibroblasts to hyperos-
upon sustained cell shrinkage. This impression was conmotic media nevertheless resulted in seemingly normal
firmed using PD98059, an inhibitor of MEK1. In agree- activation of NHE. In addition, transfection of a domi-
ment with results published by Bianchini et al. (Bi- nant-negative form of SEK1/MKK4 into COS-7 cells
anchini et al., 1997), this blocker failed to prevent theprecluded SAPK activation, but had no effect on the
osmotic stimulation of NHE1, despite demonstrably pre-shrinkage-induced alkalinization. By scavenging SAPK,
venting Erk activation (Fig. 3). overexpression of the dominant-negative form of SEK1/
We previously showed that p38 MAPK could phos- MKK4 likely inhibits activation by MKK7 as well.
phorylate a recombinant form of the C-terminal domainTherefore, our data indicate that SAPK is not responsible
of NHEL1 in vitro (Shrode et al., 1997). Together with for shrinkage-induced activation of NHE.
the activation of this kinase by cell shrinkage, this ob- The aggregate results of our pharmacological, ge-
servation pointed to a role of p38 MAPK in the stimu- netic and molecular studies suggest that Erk, p38 MAPK
lation of ion transport. The availability of a pharmaco- and SAPK are not responsible for shrinkage-induced ac-
logical inhibitor allowed us to directly test the potential tivation of NHE. Therefore, the signaling pathway re-
role of p38 MAPK in the activation of NHE in vivo. sponsible for this activation remains elusive. In an ear-
In shrunken cells, compound SB203580 obliterated thdier study it was shown that the tyrosine phosphorylation
phosphorylation of MAPKAPK-2 by p38 MAPK, with-  of several proteins occurred as a consequence of hyper-
out interfering with the stimulation of NHE1. This sug- osmolarity-induced shrinkage in neutrophils and that this
gests that, like Erk isoforms, p38 MAPK activation is not phosphorylation was required for the activation of NHE1
required for NHE activation, but rather occurs as a sepafKrump et al., 1997). Tyrosine kinases are involved in
rate and parallel event. activation of RhoA (Nobes et al., 1995), which has been
Recently, it has been reported that SAPK phos-shown to activate NHE1 in fibroblasts (Hooley et al.,
phorylates in vitro a fusion protein of the N-terminus of 1996). Whether RhoA is similarly involved in the hy-
the Na-K-2Cl cotransporter, another transporter involvedoerosmolar activation of the antiporter remains to be de-
in regulatory volume increase (Klein, Lamitina and termined. It is noteworthy, however, that tyrosine phos-
O'Neill, 1999). Therefore, it was possible that SAPK phorylation does not seen to be a universal requirement
might similarly phosphorylate proteins involved in the for the hyperosmotic activation of NHE. In this regard,
activation of NHE1. The absence of selective pharma-drastic differences have been reported between sus-
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pended and attached cells (Douglas et al., 1999). Thus, tently activate INK(SAPK). Evidence for a divergence from the
if RhoA is involved in the osmotic response, alternate  tyrosine kinase signaling pathway. Biol. Chem270:5620-5624
routes may lead to its stimulation in different cell types. Cuenda, A., Rouse, J., Doza, Y.N., Meier, R., Cohen, P., Gallagher,

Other families of small GTPases may equally con- .7 Yound. PR, Lee, J.C. 1995. SB 203580 is a specific inhibitor
tribute to the response. H-Ras has also been shown to gtfreass'\gsAznzl?rizfle':ﬁ(?;o&g;se Iﬁ?t'gg‘:;;gm;;?ted by cellular
activate NHE (Kaplan & Boron, 1994; Maly et al., 1989) Douglas, P.B., Lehman, J.A., Key, A., Shrode, L.D., Putnam, R.W.
and the cross-linking of growth factor receptors that ac-  1999. Differences between shrinkageinduced activation ¢f Na
companies shrinkage (Rosette & Karin, 1996) would be  H* exchange in C6 glioma cells and neutrophiBASEB J.
expected to stimulate Ras. The possible participation of 13:A715
Ras or Rho-family GTPases needs to be addressed ekudley, D.T., Pang, L., Decker, S.J., Bridges, A.J., Saltiel, A.R. 1995.
perlmenta”y US|ng |nh|b|t0ry tOXlnS or d0m|nant_nega_ A synthetic inhibitor of the mitogen-activated protein kinase cas-
tive constructs. cade.Proc. Natl. Acad. Sci. US/A2:7686-7689

NHE can also be stimulated by heterotrimeric G G/cheva-Gargova, Z., Derjjard, B., Wu, 1.-H,, Davis, R.J. 1994. An
proteins, particularly @12 (Hooley et al., 1996) and Zi?:;:;;ggjggal transduction pathway in mammalian Gls.
(_3(113 (Kltamura etal., _1_995)' These G proteins are alscl‘;‘rinstein, S., Furuya, W. 1988. Assessment of INd exchange ac-
linked to volume-sensitive pathways, inasmuch as they ity in phagosomal membranes of human neutrophile. J.
can promote stimulation of SAPK (Coso et al., 1995).  Physiol.254:C272-C285
It is tempting to speculate that hyperosmolarity-inducedcrinstein, S., Rotin, D., Mason, M.J. 1989. Md* exchange and
shrinkage promotes the activation of the aforementioned growth factor-induced cytosolic pH changes. Role in cellular pro-
G proteins, which in turn may activate NHE. liferation. Biochim. Biophys. Act@88:73-97

In conclusion, it appears that the cellular response térinstein, S., Woodside, M., Sardet, C., Pouyssegur, J. 1992. Activa-
hyperosmolarity involves parallel pathways that likely tion of the N&/H™ antiporter during cell volume regulatiod. Biol.
Slhadretf]ev.eral ljjps:rear?_ e\élents.f Sﬂ%htparaltlel tet\r/]entsl;ﬂén, J., Lee, J.-D., Bibbs, L., Ulevitch, R.J. 1994. A MAP kinase
]?I’gmeimreng?jgtee I\?Ofuarﬁelv(?h::g%S and (:hpéoaigvats)ﬁeof tsargeted by_ endotoxin and hyperosmolarity in mammalian cells.

, cience265:808-811
p38 MAPK and SAPK presumably to prepare the cell for jooiey, R., Yu, C.Y., Symons, M., Barber, D.L. 1996x63 stimulates
prolonged hyperosmotic exposure, perhaps via slower Na*-H* exchange through distinct Cdc42-dependent and RhoA
regulation of gene transcription. dependent pathwayd. Biol. Chem271:6152—6158
Kaplan, D.L., Boron, W.L. 1994. Long-term expression of c-H-ras
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