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The ubiquitously expressed Na-H exchanger NHE1 functions in regulating intracellular
pH and cell volume. NHE1 activity is stimulated by hormones, growth factors, and
activation of integrin receptors. We recently determined that NHE1 activity is also
stimulated by activation of the low molecular weight GTPase RhoA and that increases in
NHETI activity are necessary for RhoA-induced formation of actin stress fibers. We now
show that NHE1 acts downstream of RhoA to modulate initial steps in integrin signaling
for the assembly of focal adhesions. Adhesion of CCL39 fibroblasts on fibronectin was
markedly delayed in the presence of the NHE inhibitor ethylisopropylamiloride. In
mutant PS120 cells, derived from CCL39 fibroblasts but lacking NHE1, adhesion was also
delayed but was rescued in PS120 cells stably expressing NHE1. In the absence of NHE1
activity, cell spreading was inhibited, and the accumulation of integrins, paxillin, and
vinculin at focal contacts was impaired. Additionally, tyrosine phosphorylation of
p125FAK induced by integrin clustering was also impaired. Inactivation of RhoA with C3
transferase and inhibition of the Rho-kinase p160ROCK with the pyridine derivative
Y-27632 completely abolished activation of NHE1 by integrins but not by platelet-derived
growth factor. These findings indicate that NHE1 acts downstream of RhoA to contribute
a previously unrecognized critical signal to proximal events in integrin-induced cytoskel-

etal reorganization.

INTRODUCTION

Cell contacts with the extracellular matrix (ECM)! are
important determinants of cell growth, differentiation,
and migration (Clark and Brugge, 1995). These con-
tacts, or focal adhesions, are mediated by the integrin
family of cell surface receptors. Integrins are «f3 het-
erodimeric transmembrane receptors that recognize
and bind to many components of the ECM, as well as
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! Abbreviations used: BCECF, 2,7-biscarboxyethyl-5(6)-carboxy-
fluorescein; CHP, calcineurin homologous protein; DME, Dul-
becco’s modified Eagle’s medium; ECM, extracellular matrix;
EIPA, ethylisopropylamiloride; FAK, focal adhesion kinase; FN,
fibronectin; LPA, lysophosphatidic acid; MLC, myosin light
chain; Na;VO,, sodium orthovanadate; NHE, Na-H exchanger;
PBST, PBS containing 0.2% Tween 20; PDGF, platelet-derived
growth factor; pH;, intracellular pH; PKC, protein kinase C;
PS120N, PS120 cells stably expressing NHE1; SFM, serum-free
DME.
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to some cell surface adhesion molecules. Cell attach-
ment to ECM results in integrin clustering, which
triggers the recruitment of focal adhesion proteins and
results in the assembly of focal adhesions, in which
integrins link to actin filaments through intracellular
cytoskeletal complexes (Craig and Johnson, 1996). Be-
sides playing an important role in stabilizing cell-
matrix interactions, focal adhesions serve as signal
transducers to multiple downstream cellular events,
which include activation of protein tyrosine kinases
(Kornberg et al., 1992; Burridge et al., 1992; Guan and
Shalloway, 1992), elevations of intracellular pH
(Schwartz et al., 1989; Ingber et al., 1990), activation of
MAP kinase cascades (Chen et al., 1994; Miyamoto et
al., 1995; Morino et al., 1995), and eventually gene
expression and mitogenesis (Werb et al., 1989).

The GTPase RhoA also plays a prominent role in
regulating the organization of the cytoskeleton by pro-
moting the assembly of focal adhesions (Hotchin and
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Hall, 1995) and actin stress fibers (Ridley and Hall,
1992) and by activating the focal adhesion kinase FAK
(Rankin et al., 1994). Aggregation of integrins induces
the recruitment of RhoA to sites of integrin clustering
(Miyamoto et al., 1995), and activation of RhoA in turn
regulates signaling downstream of integrins (Chong et
al., 1994; Schwartz et al., 1996; Barry et al., 1997). Recent
evidence indicates that RhoA modulates initial steps
in integrin signaling by regulating integrin clustering
(Hotchin and Hall, 1995), most likely through changes
in cell contractility (Burridge and Chrzanowska-Wod-
nicka,1996).

A common downstream signaling action of inte-
grins and RhoA is activation of the ubiquitously ex-
pressed Na-H exchanger NHE1. NHE1 functions pri-
marily in intracellular pH (pH;) homeostasis through
an electroneutral exchange of extracellular Na™ for
intracellular H. Increases in NHEL1 activity are corre-
lated with increased cell proliferation (Kapus et al.,
1994), differentiation (Rao et al., 1992), migration (Tilly
et al., 1990), and neoplastic transformation (Gillies et
al., 1990). Activation of integrin receptors (Schwartz et
al., 1989, 1991; Ingber et al., 1990; Demaurex et al., 1996)
and RhoA (Hooley et al., 1996) stimulates NHE1 activ-
ity. We recently determined that NHE1 activity is
necessary for the formation of actin stress fibers in-
duced by RhoA (Vexler et al.,, 1996). In fibroblasts,
stress fiber assembly induced by expression of a con-
stitutively activated RhoAV14 or by treatment with
lysophosphatidic acid (LPA), which stimulates RhoA
(Ridley and Hall, 1992), is markedly reduced in the
presence of NHE1-selective inhibitors and in mutant
fibroblasts that do not express Na-H exchangers. Sta-
ble expression of NHE1 in these mutant cells rescues
LPA- and RhoAV14-stimulated stress fiber formation.
A role for NHE1 in cytoskeletal events is also sug-
gested by its predominant localization at focal contacts
(Grinstein et al., 1993; Plopper et al., 1995) and by its
F-actin—dependent activation by serum (Watson et al.,
1992). NHE1 activity may have a specific role in RhoA-
mediated cytoskeletal organization because, although
Racl, another member of the Rho family of GTPases,
also acts upstream of NHE1 to stimulate its activity
(Hooley et al., 1996), NHE1 does not regulate Racl-
induced lamellipodia formation (Vexler et al., 1996).

Although integrins have been shown to stimulate
NHET1 activity, a role for the exchanger in cytoskeletal
organization regulated by integrins has not been re-
ported. The objective of the current study was to de-
termine whether NHE1 activity regulates only actin
stress fiber formation or whether it also acts on prox-
imal events in integrin-mediated cytoskeletal remod-
eling. Although stress fibers are suggested to be re-
quired for the formation of mature focal adhesions,
they may not be necessary for the initial recruitment
and assembly of focal adhesion proteins at focal com-
plexes (Nobes and Hall, 1995; Chihara et al., 1997). We
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now have found that RhoA is required for activation
of NHE1 by integrins and that NHE1 activity is nec-
essary for the assembly of focal adhesions and for
tyrosine phosphorylation of FAK in response to inte-
grin activation. Moreover, we determined that inhibi-
tion of NHE1 delays cell attachment and impairs cell
spreading, suggesting that it acts upstream of stress
fiber and focal adhesion formation by regulating ini-
tial steps in integrin activation.

MATERIALS AND METHODS

Cell Culture

CCL39 cells, a hamster lung fibroblast line that expresses only the
NHE1 isoform (Lin et al., 1996); PS120 cells, an NHE-deficient clone
derived from CCL39 cells (provided by J. Pouyssegur, University of
Nice, France) (Pouyssegur et al., 1984); and PS120 cells stably ex-
pressing NHE1 (PS120N) (Vexler et al., 1996) were maintained at 5%
CO, in high glucose (4.5 g/liter) Dulbecco’s modified Eagle’s me-
dium (DME), supplemented with 5% heat-inactivated FBS (Life
Technologies, Gaithersburg, MD), streptomycin (100 pg/ml), and
penicillin (100 U/ml). Before experiments, subconfluent cells were
maintained in serum-free DME (SFM) for 20-24 h. Serum-starved
cells were detached using a trypsin and EDTA solution, and trypsin
was neutralized by adding soybean trypsin inhibitor (Sigma, St.
Louis, MO) at 1 mg/ml in SFM. Cells were washed and resus-
pended in SFM and allowed to attach to dishes coated with poly-
L-lysine (10 pg/ml) or fibronectin (FN) (10 or 20 ug/ml). For acute
inhibition of NHEI1, trypsinized CCL39 cells were treated with 25
uM ethylisopropylamiloride (EIPA) for 15 min before plating. Ltk ™~
fibroblasts and the NHE-deficient LAP1 clone derived from Ltk™
cells (Sardet et al., 1989) (provided by J. Pouyssegur) were main-
tained at 5% CO, in MEM supplemented with 10% heat-inactivated
fetal bovine serum, streptomycin (100 ug/ml), and penicillin (100
U/ml).

For C3 transferase treatment, CCL39 cells were plated at a density
of 1.5 X 10° cells in 60-mm dishes and incubated with C3 transferase
(provided by S. Narumiya, University of Kyoto, Japan) (Morii ef al.,
1995) at 7.5 pug/ml for 44 h in serum-containing DME and then for
an additional 16 h in SFM. Cells were trypsinized, washed, and
either plated on poly-L-lysine—coated glass coverslips to determine
NHET1 activity or subjected to ADP-ribosylation reactions as previ-
ously described (Tominaga ef al., 1993). The effects of the p160ROCK
inhibitor Y-27632 (provided by S. Narumiya, Kyoto University)
(Uehata et al., 1997) on NHEI activity were determined by pretreat-
ing CCL39 cells for 30 min with 30 uM Y-27632.

Transient expression of mutationally active GTPases was per-
formed as previously described (Hooley, et al., 1996). In brief,
CCL39 and PS120 cells were plated on glass coverslips at 0.5 X
10¢ cells per 60-mm dish for 18 h and transfected using Lipo-
fect AMINE (Life Technologies) for 4 h with 1 pug of DNA. After
transfections, cells were maintained for 18 h in SFM in the
absence or presence of EIPA (25 ug) and then fixed for immuno-
staining as described below. pEXV-myc-RhoAV14, pEXV-
myc-RacV12, and pCMVCdc42V12 constructs were produced as
previously described (Hooley et al., 1996).

NHE1 Activity and Intracellular pH

NHET1 activity and pH; were determined as described previously
(Voyno-Yasenetskaya et al., 1994; Vexler et al., 1996). Cells were
maintained for 20-24 h in SFM, detached by trypsin, replated on
poly-L-lysine-coated coverslips, and loaded with the acetoxymethyl
ester of the H"-sensitive dye 2,7-biscarboxyethyl-5(6)-carboxyfluo-
rescein (BCECF; 1 uM). BCECF fluorescence was measured using a
Shimadzu RF5000 spectrofluorometer (Columbia, MD) by alter-
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nately exciting the dye at 500 and 440 nm at a constant emission of
530 nm. Fluorescence ratios were calibrated with 10 uM nigericin in
105 mM KCl (Thomas et al., 1979). NHEL1 activity was determined in
a nominally HCO; ™ -free HEPES buffer containing 145 mM NaCl, 5
mM KCl, 10 mM glucose, 1 mM MgSO,, 1 mM KHPO,, 2 mM CaCl,,
and 20 mM HEPES (pH 7.4) by measuring the rates of pH; recovery
(dpH;/dt) from a transient acid load induced by prepulsing cells for
10 min with 30 mM NH,CI. Intracellular pH was determined in a
5% CO,-gassed buffer containing 130 mM NaCl, 5 mM KCl, 10 mM
glucose, 1 mM MgSO,, 1 mM KHPO,, 2 mM CaCl,, and 25 mM
NaHCO; (pH 7.4). Intracellular pH measurements were obtained
for untreated quiescent cells (resting pH;) and for quiescent cells
treated with LPA (0.5 uM; Sigma), with platelet-derived growth
factor (PDGF-BB; 25 ng/ml; Sigma), or with antibodies to activate
a5B1 FN receptors. To activate these receptors, we preincubated
cells with PB1 monoclonal antibody (mAb; provided by R. Juliano,
University of North Carolina, Chapel Hill, NC) (Brown and Juliano,
1985) at 50 ug/ml for 20 min at 4°C with BCECF, washed the cells
in HEPES buffer, and then treated the cells with rabbit anti-mouse
IgG (Jackson ImmunoResearch, West Grove, PA) at 100 pug/ml for
10 min at 37°C to achieve antibody cross-linking. Data are expressed
as the mean = SEM of three to four separate cell preparations.

Adhesion Assays

Adhesion assays were performed in plastic 96-well plates as de-
scribed previously (Zhang et al., 1996). Wells were coated overnight
with 5 ug/ml EN at 4°C and washed with PBS, and then free-
binding sites were blocked with 0.2% BSA-PBS. Trypsinized cells
were resuspended at a density of 3 X 10° cells/ml in DME supple-
mented with 0.2% BSA, and 3 X 10* cells were added per well. The
plates were centrifuged at 500 X g for 10 s to distribute the cells
evenly and then were incubated in 5% CO, for the indicated times.
After vigorous agitation, weakly adherent and nonadherent cells
were removed, and the attached cells were lysed with 0.5N NaOH.
Cell adhesion was quantitated by determining protein concentra-
tions with a microbicinchoninic acid assay (Pierce Chemical, Rock-
ford, IL). Data are normalized to the number of cells attached to
wells coated with BSA (nonspecific attachment) and are expressed
as the percentage of total cells.

Immunocytochemistry

Immunofluorescence was performed as previously described (Vex-
ler et al., 1996). To activate integrins, we plated serum-starved cells
on FN-coated coverslips for the indicated times. The cells were
washed with PBS, fixed in 4% paraformaldehyde, and permeabil-
ized for 10 min in PBS containing 0.1% Triton X-100 before incubat-
ing with primary antibodies. Immunoreactive proteins were de-
tected using FITC-labeled goat anti-mouse or anti-rabbit IgG
(Jackson ImmunoResearch). Paxillin was stained with a mouse mAb
(clone Z035; Zymed Laboratories, San Francisco, CA), vinculin was
stained with a mouse mAb (VIN-11-5; Sigma), myc-tagged GTPases
were stained with anti-myc polyclonal antibodies (Santa Cruz Bio-
technology, Santa Cruz, CA), and actin was stained with rhoda-
mine-conjugated phalloidin. Integrin localization was determined
using a mouse mAb to hamster 1 integrin (7E2; provided by R.
Juliano) (Brown and Juliano, 1988). The coverslips were examined
on a Zeiss axiophot microscope using a Zeiss 63 X 1.4 oil-immersion
objective. Fluorescence images were recorded on Kodak T-MAX
400ASA film. Confocal fluorescence images were obtained on an
MRC 1000 laser-scanning (Bio-Rad, Richmond, CA) microscope (Ni-
kon Optiphot; Garden City, NY).

Immunoblotting

Expression of vinculin, paxillin, and actin was determined by West-
ern analysis of cell lysates. Cells were lysed and boiled in 10 mM
Tris-HCl and 1% SDS (pH 7.4), and proteins (50 ug) were separated
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by SDS-PAGE and transferred to Immobilon membranes (Millipore,
Bedford, MA). Membranes were blocked in PBS containing 0.2%
Tween 20 (PBST) supplemented with 3% BSA and were incubated
for 1 h at room temperature with 3% BSA in PBST containing
anti-vinculin, anti-paxillin, or anti-actin (Amersham, Arlington
Heights, IL) mAbs. After several washes, membranes were incu-
bated for 45 min at room temperature with horseradish peroxidase-
conjugated sheep anti-mouse antibodies (Jackson ImmunoResearch)
in PBST. Immunoreactive bands were visualized by enhanced
chemiluminescence (ECL; Amersham).

For analysis of Src and FAK expression, immunoprecipitates from
whole-cell lysates were analyzed by immunoblotting. Cells were
solubilized in lysis buffer (10 mM Tris-HCI [pH 7.4], 150 mM NaCl,
1 mM EDTA, 1% Nonidet P-40, 1 mM sodium orthovanadate
[Na;VO,], 0.1 mM PMSF, 2 pg/ml leupeptin, and 2 pg/ml aproti-
nin) and clarified by centrifugation at 14,000 X g for 10 min. Equal
amounts of protein (250 ug) were precleared with Protein A-agarose
or with goat anti-mouse IgG-agarose (Sigma) for 1 h at 4°C and then
were incubated with anti-Src polyclonal antibody (N-6; Santa Cruz
Biotechnology) or anti-p125FAK antibody (2A7; Upstate Biotechnol-
ogy, Lake Placid, NY), respectively at 2 ug/ml for 1 h at 4°C. Goat
anti-mouse IgG-agarose was added (10 ul), and the lysates were
incubated for an additional 1 h at 4°C. Immunoprecipitated proteins
were washed four times with wash buffer (10 mM Tris-HCI [pH 7 4],
150 mM NaCl, 1 mM EDTA, 0.5% Nonidet P-40, 1 mM Na;VO,, and
2 pg/ml leupeptin), separated by SDS-PAGE, and transferred to
membranes for immunoblotting with anti-Src mAb (327; Calbio-
chem, San Diego, CA) or anti-FAK mAb (clone 77; Transduction
Laboratories, Lexington, KY).

To determine integrin expression, we surface-labeled cells with
EZ-link-Sulfo-LC-Biotin (Pierce Chemical) before lysis. Integrins
were immunoprecipitated as described above, using the anti-ham-
ster B1 integrin mAb 7E2 (Brown and Juliano, 1988) or the mouse
mAb to human o5 integrin (BIIG2; provided by C. Damsky, Uni-
versity of California, San Francisco) (Werb et al., 1989). The immu-
noprecipitated proteins were separated by SDS-PAGE and trans-
ferred to membranes, and a5B1 abundance was detected with
streptavidin-horseradish peroxidase (Amersham) followed by ECL.

Tyrosine Phosphorylation of FAK

Tyrosine phosphorylation of FAK was determined in response to
integrin activation and LPA. To induce integrin clustering, we first
plated cells on poly-L-lysine—coated dishes for 15 min at 37°C in 5%
CO,, washed the cells with ice-cold DME supplemented with 20
mM HEPES (pH 7.4) (DME/HEPES), and incubated the cells on ice
for 30 min with mAb to a5B1 integrins at 50 ug/ml. The cells were
then washed in DME /HEPES and incubated for 10 min at 37°C with
rabbit anti-mouse IgG at 100 ug/ml and with 100 uM Na;VO,. For
LPA stimulation, cells attached to poly-L-lysine—coated dishes were
treated with 1 uM LPA for 7.5 min at 37°C in 5% CO,. Cells treated
with antibodies or LPA were washed with PBS supplemented with
1 mM Na;VO,, and FAK was immunoprecipitated, separated by
SDS-PAGE, and transferred to membranes as described above. Ty-
rosine phosphorylation of FAK was determined by immunoblotting
with anti-phosphotyrosine mAb (4G10; Upstate Biotechnology). The
membranes were then stripped and reprobed with anti-FAK anti-
bodies (Transduction Laboratories) to determine the abundance of
immunoprecipitated FAK.

RESULTS

Integrin- and LPA-induced Increases in Intracellular
pH Are Regulated Primarily by NHE1

The role of NHE1 activity in cytoskeletal events in-
duced by integrins and RhoA was determined using
four cell models: CCL39 fibroblasts, which express
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only the NHE1 subtype (Lin et al., 1996); CCL39 fibro-
blasts pretreated with the amiloride analog EIPA,
which inhibits Na-H exchange; NHE-deficient PS120
cells, which are derived from parental CCL39 cells
(Pouyssegur et al., 1984); and PS120N cells, which are
PS120 cells stably expressing NHE1 (Vexler et al.,
1996). To confirm the absence of NHE1 activity in
EIPA-treated CCL39 cells and in PS120 cells, we de-
termined pH; recoveries from an NH,Cl-induced acid
load. In a nominally HCO; -free HEPES buffer, H*
extrusion from acid-loaded fibroblasts is primarily
due to NHE1 activity (Vexler et al., 1996). In CCL39
and PS120N cells, there was a rapid pH; recovery after
acid loading (Figure 1A). At pH; 6.70, the rate of pH;
recovery (dpH;/dt) was 26.82 = 1.96 X 10~* pH/s for
CCL39 cells and 23.51 + 2.24 X 10 ~* pH/s for PS120N
cells (mean = SEM; n = 3 cell preparations). In EIPA-
treated CCL39 cells and in PS120 cells, there was no
measurable pH; recovery from an acid load (Figure
1A), indicating an absence of NHE1 activity.

Although increased NHE1 activity is associated
with an increase in pH; when cells are maintained in a
HEPES buffer, in a HCO; ™ -containing buffer pH; can
also be regulated by the CI-HCO;~ exchanger, an acid
loader, and by the Na*-dependent CI-HCO;~ ex-
changer, an acid extruder. Because our studies on the
role of NHE1 in cytoskeletal organization were per-
formed in the presence of HCO;~, we determined the
relative contribution of NHE1 activity to changes in
pH; induced by integrin activation and LPA. In CCL39
cells, activation of integrin receptors by cross-linking
antibodies to a541 integrins increased pH; from 7.25 *
0.03 to 7.45 = 0.05 (Figure 1B; n = 4 separate cell
preparations). Similar integrin-induced increases in
the pH; of fibroblasts maintained in HCO;~ buffer
were reported by Schwartz et al. (1991). In the pres-
ence of EIPA, however, the resting pH; of CCL39 cells
was reduced to 7.12 = 0.02, and antibody cross-linking
increased pH; only slightly, to 7.18 = 0.02 (Figure 1B).
In PS120 cells, resting pH; and increases in pH; in-
duced by integrin activation were significantly re-
duced (Figure 1B; p < 0.01; n = 4 separate cell prep-
arations). Values in PS120N cells were similar to those
in CCL39 cells. LPA treatment induced a significant
increase in pH; in CCL39 and PS120N cells (Figure 1B;
p < 0.01) but not in CCL39 cells pretreated with EIPA
(p > 0.2) or in PS120 cells (p > 0.2). These findings
indicate that in the presence of HCO;~, NHEI1 activity
in CCL39 cells has a predominant role in establishing
resting pH; and increases in pH; induced by integrin
activation and LPA.

NHE1 Activity Regulates Cell Adhesion and
Spreading on FN

Downstream targets of integrins, including RhoA, can
regulate events at the level of the integrin receptor
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Figure 1. Integrin- and LPA-induced increases in pH; are regu-
lated primarily by NHE1 activity. (A) Intracellular pH recoveries
from an NH,Cl-induced acid load were determined in a nominally
HCO; -free HEPES buffer. The rates of pH; recoveries (dpH,/dt)
were measured at intervals of 0.05 pH units. (B) Quiescent pH; and
pH; induced by integrin activation and LPA were determined in
cells maintained in SFM for 18-24 h and then replated on poly-L-
lysine—coated coverslips in a HCO;-containing buffer. Integrin ac-
tivation was induced by cross-linking antibodies to a581 integrins
as described in MATERIALS AND METHODS. LPA effects on pH;
were determined by treating quiescent cells with 0.5 uM LPA for 10
min. Data are expressed as the mean + SEM of three to four separate
cell preparations.

through a process termed “inside-out signaling” (Ko-
lanus and Seed, 1997). To determine whether NHE1
activity induced by integrins might also modulate
events at the receptor level, we examined its effect on
the attachment and spreading of cells plated on FN.
The attachment of untreated CCL39 cells was com-
pared with that of CCL39 cells pretreated with the
amiloride analog EIPA and of NHE-deficient PS120
cells. Cells were serum-starved, detached by
trypsinization, and plated on dishes coated with FN at
10 pg/ml. After 20 min on EN, the majority of CCL39
cells were attached, and few cells remained in the
medium (Figure 2A, a and b). In contrast, the majority
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Figure 2. NHEI activity regulates attachment and spreading of CCL39 fibroblasts on FN. (A) CCL39 cells (a and b), EIPA-treated CCL39
cells (c and d), PS120 cells (e and f), and PS120N cells (g and h) were plated on FN-coated dishes. After 20 min, cells attached to EN (a, c,
e, and g) and unattached cells in the medium (b, d, f, and h) were photographed. Bar, 30 um. (B) Cells were plated on FN-coated dishes and
photographed at 60 min. Adhesion and spreading of EIPA-treated CCL39 cells (b) were delayed compared with that in NHE1-expressing

CCL39 cells (a) and in PS120N cells (d). (c) After 60 min, many PS120 cells had still not attached. Bar, 10 um.

of EIPA-treated CCL39 cells (Figure 2A, ¢ and d) and
PS120 cells (Figure 2A, e and f) remained in the me-
dium and were not attached to FN. Stable expression
of NHE1 in PS120N cells resulted in a rate of attach-
ment similar to that of CCL39 cells (Figure 2A, g and
h). After 60 min, CCL39 and PS120N cells were at-
tached and had begun to spread (Figure 2B, a and d).
Although EIPA-treated CCL39 cells were attached by
this time, most of these attached cells remained round
(Figure 2B, b). After 60 min on FN, although some
PS120 cells were still not attached, the cells that were
attached failed to spread and maintained an elon-
gated, fusiform morphology (Figure 2B, c). By 90 min,
the majority of PS120 cells were attached to FN, but
spreading was still inhibited (Tominaga and Barber,
unpublished observations). We previously reported
that after 24 h in culture, spreading of PS120 cells is
impaired, and the cells retain a fusiform morphology
(Vexler et al., 1996). We now have determined that
when CCL39 cells are incubated with EIPA for 16 h,
their morphology changes to more closely resemble
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the fusiform shape of PS120 cells (see Figure 5B, b and
).

To confirm further that NHE1 activity regulates cell
adhesion, we determined the attachment and spread-
ing of Ltk™ fibroblasts on FN. Like the CCL39 fibro-
blasts, after 20 min on FN, the majority of Ltk™ cells
were attached to FN (Figure 3A, a and b), and after 60
min, the attached cells were spread (Figure 3B, g).
Pretreating Ltk™ cells with EIPA (25 uM) markedly
reduced the number of adherent cells at 20 min (Fig-
ure 3A, ¢ and d), and at 60 min, the attached cells
remained round and had not spread (Figure 3B, h).
LAP1 cells, an NHE-deficient clone derived from pa-
rental Ltk~ cells (Sardet ef al., 1989), also were not
attached at 20 min (Figure 3A, e and f), and although
most cells were attached at 60 min, the attached cells
were not spread (Figure 3B, i). These findings indicate
that in the absence of NHELI activity, cell attachment
on FN is delayed and cell spreading is inhibited. They
also suggest that the effect of NHE1 on cell attachment
is not specific to CCL39 fibroblasts.
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Figure 3. NHEI] activity regulates attachment and spreading of Ltk fibroblasts on FN. (A) Ltk cells (a and b), EIPA-treated Ltk~ cells (c
and d), and LAP1 cells (e and f) were plated on FN-coated dishes. After 20 min, cells attached (a, ¢, and e) and unattached (b, d, and f) to
FN were photographed. Bar, 30 um. (B) Cells were plated on FN-coated dishes, and attached cells were photographed at 60 min. Bar, 20 um.

Adhesion assays were used to quantify the differ-
ences we observed in adherence. Cells were plated on
FN and briefly centrifuged, and after nonadherent
cells were aspirated, the adherent cells were quanti-
tated. At 15, 30, and 45 min, adhesion of PS120 cells
was significantly lower than that of CCL39 cells (Fig-
ure 4A; p < 0.01; n = 3). Pretreating CCL39 cells with
EIPA resulted in a significant decrease in cell adhesion
(Figure 4B; p < 0.01; n = 5). To determine whether the
effect of NHE1 on cell adhesion is mediated by pHj,
we used two different approaches to modify cytosolic
pH. First, PS120 cells were maintained at 12% CO, in
DMEM containing 50 mM HCO;~ for 7-10 d. Al-
though this culture condition increased the pH; of
PS120 cells on FN from 7.05 to 7.38, it had no effect on
their rate of attachment (Figure 4A). Second, CCL39
cells, in the absence and presence of EIPA, were plated
on FN-coated dishes in DMEM supplemented with 30
mM NH,CIl. As demonstrated in Figure 1A, incubat-
ing cells with 30 mM NH,Cl induces a rapid increase
in pH; as the influx of NH; complexes with intracel-
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lular H*. Addition of NH,Cl had no effect on the rate
of attachment of CCL39 cells, and although it in-
creased the pH; of EIPA-treated cells to 7.65, it did not
rescue the delay in attachment to FN (Figure 4B). The
effect of NHE1 on cell attachment, therefore, may be
independent of pH;.

NHET1 Activity Regulates the Assembly of Focal
Adhesions

The process of cell spreading is regulated by the clus-
tering of integrins and by the recruitment of focal
adhesion proteins into mature focal complexes. To
determine whether the NHE1-dependent effect on cell
spreading is associated with the regulation of these
processes, we used immunostaining to assess the dis-
tribution of integrin receptors and the focal adhesion
proteins paxillin and vinculin after plating cells on FN.
At 2 h, CCL39 cells, in the absence and presence of
EIPA, and PS120 cells had attached to FN. In CCL39
cells, paxillin staining was predominantly localized at
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peripheral focal adhesions at 2 h (Figure 5A, a). When
CCL39 cells were maintained in the continuous pres-
ence of EIPA, however, this staining pattern changed
dramatically. There was little staining for paxillin at
the periphery; however, discrete aggregates of stain-
ing accumulated in the cells (Figure 5A, b). A similar
staining pattern was seen in PS120 cells plated on FN
for 2 h: staining was predominantly in irregular dense
aggregates, and there were few focal contacts (Figure
5A, c). In NHEl-competent PS120N cells, paxillin
staining was similar to that of CCL39 cells (Figure 5A,
d). Immunostaining for vinculin revealed that after
16 h on FN, abundant focal adhesions extended
throughout the periphery and at the ventral surface of
CCL39 cells (Figure 5B, a). This staining pattern was
markedly different in the presence of EIPA. In EIPA-
treated CCL39 cells, there was an absence of focal
adhesions, and vinculin staining accumulated in large
aggregates within the cell (Figure 5B, b). In PS120 cells,
there was weak staining for vinculin that was re-
stricted to the periphery (Figure 5B, c). Vinculin stain-
ing in PS120N cells resembled that of CCL39 cells
(Figure 5B, d).

To determine whether integrin clustering, an event
that initiates the recruitment of focal adhesion pro-
teins, is also regulated by NHE1, we determined the
localization of the Bl integrins by using the B1 sub-
unit-specific antibody 7E2 (Brown and Juliano, 1988).
In CCL39 cells plated on FN, integrin staining re-
vealed extensive focal contacts at the periphery and
over the ventral surface at 2 h. At 6 h, the intensity of
staining was enhanced at abundant focal adhesions
along the ventral surface (Figure 6A, a and d). In the
presence of EIPA, integrin staining in CCL39 cells at
2 h was diffuse and revealed that there were few focal
contacts compared with those in untreated CCL39
cells (Figure 6A, b and e). At 6 h, there were still few
focal contacts, and staining accumulated in irregular
aggregates. In PS120 cells, there was weak integrin
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staining at 2 and 6 h that was restricted to small and
narrow focal adhesions located at the edge of spike-
like extensions (Figure 6A, c and f). Together, these
findings suggest that inhibition of NHE1 activity im-
pairs the localized distribution of integrin receptors,
which inhibits the recruitment of focal adhesion pro-
teins and cell spreading.

We previously determined that in adherent cells,
NHEL1 activity is critical for the formation of actin
stress fibers induced by lysophosphatidic acid and by
RhoA (Vexler et al., 1996). Although the processes of
stress fiber formation and focal adhesion assembly
occur simultaneously, recent findings suggest that the
initial assembly of focal adhesions can still occur in the
absence of stress fibers (Nobes and Hall, 1995; Chihara
et al., 1997). We therefore examined the time course of
stress fiber formation in cells plated on FN in the
absence of growth factors. Cells immunostained for 51
integrins were costained for actin with phalloidin. In
CCL39 cells, stress fibers were not readily apparent at
2 h (Figure 6B, a), although at this time paxillin was
clearly localized in focal adhesions (see Figure 5A, a).
Abundant stress fibers, however, were observed in
CCL39 cells after 6 h on FN (Figure 6B, b). In the
presence of EIPA, stress fibers had not developed in
CCL39 cells at 6 h (Figure 6B, c), and in PS5120 cells,
actin accumulated in cytoplasmic aggregates and was
not organized in stress fibers (Figure 6B, d). Addition-
ally, in PS120 cells double-stained for paxillin and
actin, we observed that staining was colocalized in
these aggregates (Tominaga and Barber, unpublished
observations).

Expression of Vinculin and Paxillin Is Regulated in
PS120 Cells

Inhibition of NHE1 activity in cells plated on FN was
associated with impaired cell attachment and with the
inhibition of cell spreading and focal adhesion assem-
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bly. To confirm that these effects in PS120 cells were
not due to a downregulation of a5 or B1 receptor
subunits, we examined the abundance of these sub-
units in CCL39, PS120, and PS120N cells. Cells were
biotin-labeled, and integrin subunits were immuno-
precipitated with anti-B1 mAb 7E2 (Brown and
Juliano, 1988), and with BIIG2, an anti-a5 mAb (Werb
et al., 1989). Immunoblotting of immunoprecipitated
proteins indicated that the expression of both integrin
subunits in all three cell lines was similar (Figure 7A).

We also determined whether prolonged absence of
NHET1 activity in PS120 cells regulated the expression
of focal adhesion-associated proteins. Immunoblot
analysis revealed that the abundance of vinculin and
paxillin in CCL39 cells was reduced by 75 and 50%,
respectively, in PS120 cells but was rescued in PS120N
cells (Figure 7B). EIPA treatment of CCL39 cells for up
to 24 h, however, had no effect on vinculin or paxillin
expression (Figure 7B). Hence, acute inhibition of
NHET1 activity with EIPA may inhibit the recruitment
of vinculin and paxillin to focal contacts, and long-
term absence of NHEL1 activity in PS120 cells also
downregulates their expression. The effect of NHE1
activity appeared to be specific for vinculin and pax-
illin expression, because the expression of actin, FAK,
and Src was similar in CCL39, PS120, and PS120N cells
(Figure 7B).

NHE1 Activity Regulates the Tyrosine
Phosphorylation of FAK

The process of cell adhesion is regulated by integrin
receptor occupancy and by receptor clustering. Inte-
grin-induced phosphorylation of FAK requires recep-
tor aggregation but can occur independently of recep-
tor occupancy (Miyamoto et al., 1995). If NHE1 activity
regulates integrin clustering, as our results with 81
immunostaining suggest, then it should also regulate
downstream effects of clustering. Hence, we investi-
gated whether NHE1 activity regulates tyrosine phos-
phorylation of FAK. Cells were plated on poly-L-ly-
sine, and tyrosine phosphorylation of FAK was
induced by cross-linking of a581 antibodies, which
results in integrin receptor clustering (Kornberg et al.,
1992), and by treating cells with LPA, which activates

Figure 5 (facing page). NHEI1 activity regulates the assembly of
focal adhesions. Cells plated on FN-coated coverslips in SFM were
fixed at 2 h and stained with anti-paxillin or fixed at 16 h and stained
with anti-vinculin antibodies to visualize focal adhesions. EIPA-
treated cells were pretreated with EIPA for 15 min before plating
and allowed to attach on coverslips in the presence of EIPA. (A)
Confocal images of paxillin after 2 h on FN in CCL39 cells (a),
EIPA-pretreated CCL39 cells (b), PS120 cells (c), and PS120N cells
(d). Bar, 1.5 um. (B) Immunostaining for vinculin after 16 h on FN
in CCL39 cells (a), EIPA-pretreated CCL39 cells (b), PS120 cells (c),
and PS120N cells (d). Bar, 4 um.
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RhoA (Kumagai et al., 1993; Ridley and Hall, 1992).
Antibody-induced activation of integrin receptors and
LPA treatment increased the tyrosine phosphorylation
of FAK in CCL39 cells (Figure 8). In CCL39 cells
pretreated with EIPA, integrin- and LPA-induced in-
creases in FAK phosphorylation were significantly in-
hibited (Figure 8; p < 0.01; n = 3). In PS120 cells, the
basal level of tyrosine-phosphorylated FAK was sig-
nificantly lower than that in parental CCL39 cells (Fig-
ure §; p < 0.01; n = 5), and although increases in FAK
phosphorylation stimulated by integrin and LPA were
observed, the absolute level of phosphorylation was
reduced compared with that in CCL39 cells (Figure 8).
In PS120N cells, basal and stimulated levels of FAK
phosphorylation were rescued to the levels of CCL39
values (Figure 8). In CCL39 and PS120N cells, the
basal levels of tyrosine-phosphorylated FAK were rel-
atively high, which may be due to constitutive activa-
tion of integrins and Rho in quiescent cells. As previ-
ously suggested by Hotchin and Hall (1995), cells may
have residual RhoA activity that cannot be inhibited
after serum starvation. The reduced basal level of
tyrosine-phosphorylated FAK in PS120 cells may be
due to prolonged inhibition of integrins and RhoA.

RhoA Is Required for Activation of NHE1

by Integrins

The clustering of integrins and the downstream events
of focal adhesion assembly and FAK phosphorylation
induced by this clustering are regulated by RhoA (for
review, see Burridge and Chrzanowska-Wodnicka,
1996). Because NHE1 activity is stimulated by a RhoA-
dependent pathway (Hooley et al., 1996; Vexler et al.,
1996), we sought to determine whether activation of
RhoA was necessary for integrin-stimulated ex-
changer activity. The first approach we used to answer
this question was to treat CCL39 cells with C3 trans-
ferase. C3 transferase specifically ADP-ribosylates
RhoA, thereby inactivating it (Morii and Narumiya,
1995). As shown in Figure 9A, the amount of ADP-
ribosylation substrate decreased ~70% in C3-treated
cells. The effect of C3 treatment on NHEL1 activity in
quiescent and stimulated cells was determined by
measuring the rate of pH; recovery from an acid load.
C3 treatment had no effect on the basal NHE1 activity
of quiescent cells; however, it almost completely in-
hibited increases in NHE1 activity in response to in-
tegrin activation induced by cross-linking antibodies
to the o581 receptor (Figure 9B). In contrast, C3 treat-
ment had no effect on NHE1 activity stimulated by
PDGF (Figure 9B). The second approach we used to
determine whether a Rho-dependent pathway regu-
lates integrin activation of NHE1 was to inhibit activ-
ity of the Rho-kinase p160ROCK. p160ROCK acts di-
rectly downstream of RhoA to mediate RhoA-
dependent cell contractility and stress fiber assembly
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A CCL+EIPA

Figure 6. NHEI activity regulates integrin localization and actin stress fiber formation. Cells plated on FN-coated coverslips in SEFM were
fixed at 2 and 6 h and stained using anti-B1 integrin antibodies (A; a—f) and phalloidin to visualize actin stress fibers (B; a-d). Bar, 3 um.

(Ishizaki et al., 1997), and we recently determined
that p160ROCK mediates activation of NHE1 by
RhoA (Tominaga et al., 1998). CCL39 cells were
pretreated for 30 min before pH; determinations
with the pyridine derivative Y-27632 (30 uM), which
selectively inhibits p160ROCK activity (Uehata et
al., 1997) and the ability of RhoA, but not Rac or
Cdc42, to activate NHE1 (Tominaga et al., 1998).
Y-27632 had no effect on basal or PDGF-stimulated
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NHE1 activity; however, it blocked increases in
NHE1 activity in response to activation of a5B1
integrins and to LPA. Together, our findings indi-
cate that integrin activation of NHE1 requires a
Rho-dependent pathway, and they suggest that
NHET1 acts downstream of RhoA to regulate events
at the level of the integrin receptor.

To demonstrate that NHE1 activity selectively acts
downstream of RhoA-mediated cytoskeletal remodel-
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Figure 7. Expression of vinculin and paxillin is regulated in PS120
cells. (A) Expression of a5 and B1 integrins is shown. Biotin-labeled
lysates obtained from CCL39, PS120, and PS120N cells were incu-
bated with antibodies to a5 and B1 integrins. Immunoprecipitated
integrins were detected by streptavidin-horseradish peroxidase. (B)
Expression of vinculin, paxillin, and actin was determined by im-
munoblotting whole-cell lysates (50 ug). Expression of FAK and
c-Src was determined by immunoblotting immunoprecipitates of
whole-cell lysates (250 ug).

ing, we transiently expressed myc-tagged, mutation-
ally activated RhoAV14, RacV12, and Cdc42V12 in
CCL39 cells maintained for 16 h in the absence or
presence of EIPA. We previously determined that al-
though activated Rac and Cdc42 stimulate NHE1 ac-
tivity, they act through a mechanism that is dependent
on the mitogen-activated protein kinase kinase 1
(MEKK1) but independent of RhoA (Hooley et al.,
1996). In the absence of EIPA, RhoAV14-induced
stress fibers, RacV12-induced lamellipodia, and
Cdc42V12-induced filopodia were similar to previ-
ously reported phenotypes (Ridley and Hall, 1992;
Nobes and Hall, 1995) (Figure 10A). In the presence of
EIPA, stress fiber formation in cells expressing
RhoAV14 was specifically blocked; however, lamelli-
podia formation in RacV12-expressing cells and filop-
odia formation in Cdc42V12-expressing cells were not
impaired (Figure 10A). Additionally, in NHE-deficient
PS120 cells, although the induction of stress fiber for-
mation was absent in cells expressing RhoAV14, la-
mellipodia formation in response to RacV12 and filop-
odia formation in response to Cdc42 were still
observed (Figure 10B). These findings argue against
EIPA having nonspecific effects on cytoskeletal orga-
nization, and they indicate that NHE1 activity selec-
tively regulates cytoskeletal remodeling in response to
activation of RhoA.

DISCUSSION

Integrin-induced cell adhesion and cytoskeletal re-
modeling occur through an ordered series of events
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Figure 8. NHEI activity regulates the tyrosine phosphorylation of
FAK. Cells plated on poly-L-lysine were treated by cross-linking
a5B1 integrin antibodies or by adding LPA. (A) Tyrosine phosphor-
ylation of FAK was determined by immunoblotting with anti-phos-
photyrosine (PY) antibodies. The membranes were then stripped
and reprobed with anti-FAK antibodies to determine the abundance
of immunoprecipitated FAK. (B) Quantitation of tyrosine-phospho-
rylated FAK is shown. Data are expressed relative to the abundance
of phosphorylated FAK in untreated CCL39 cells and represent the
mean *= SEM of three to five separate cell preparations.

(for review, see Parsons, 1996). Integrin engagement
with the ECM results in receptor clustering. Integrin
clustering triggers the recruitment and phosphoryla-
tion of FAK and the recruitment of actin-binding pro-
teins and actin stress fibers, which promote cell
spreading and the assembly of focal adhesions. Focal
adhesions enhance cell adhesiveness, and they also
function as a scaffold for the initiation of other signal-
ing cascades. These integrin-induced cytoskeletal ef-
fects are modulated by the GTPase RhoA (for review,
see Burridge and Chrzanowska-Wodnicka, 1996). We
previously determined that RhoA acts upstream of
NHE1 to stimulate activity of the ion exchanger
(Hooley et al., 1996) and that in adherent cells, NHE1
activity is necessary for RhoA-induced actin stress
fiber formation (Vexler et al.,, 1996). We now have
determined that NHE1 selectively acts downstream of
RhoA to regulate cell attachment and spreading on
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Figure 9. RhoA and pl160ROCK mediate activation of NHE1 by
integrins. (A) The decrease in ADP-ribosylation substrate in C3
transferase-treated CCL39 cells. Cells were maintained in the ab-
sence or presence of C3 transferase (7.5 ug/ml) for 60 h. The
remaining ADP-ribosylation substrate (unmodified RhoA) in ho-
mogenized cells was ADP-ribosylated in vitro with C3 transferase in
the presence of [**PINAD* and was analyzed by SDS-PAGE and
autoradiography. (B and C) The rate of pH; recovery (dpH,/dt)
determined in a HEPES buffer in untreated cells and in cells treated
with C3 transferase (B) or the pl60ROCK inhibitor Y-27632 (C).
Integrin activation was induced as described in the legend of Figure
1B, and PDGF (25 ng/ml) and LPA (1 uM) were added 10 min
before acid loading. Data are expressed relative to control (quies-
cent) recovery rates in untreated cells and represent the mean *
SEM of three to four separate cell preparations.
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FN. NHE1-dependent effects on cell spreading were
likely due to its ability to promote the clustering of
integrins receptors and the recruitment and assembly
of focal adhesion proteins.

Cell adhesion has previously been determined to
stimulate NHE1 activity (Schwartz et al., 1989; Demau-
rex et al., 1996). The ability of NHE1 to regulate attach-
ment and spreading on FN suggests that a reciprocal
regulation occurs between integrins and NHE1. A
similar reciprocal function between cell attachment
and protein kinase C (PKC) activity has been demon-
strated (Vuori and Ruoslahti, 1993). Cell attachment
on FN stimulates PKC activity, and inhibition of PKC
activity inhibits the rate of cell adhesion and spread-
ing. A reciprocal function between cell attachment and
RhoA has also been suggested. RhoA regulates inte-
grin clustering in fibroblasts (Hotchin and Hall, 1995),
and the aggregation of integrins induces the recruit-
ment of RhoA to sites of integrin clustering (Miyamoto
et al., 1995). Furthermore, through inside-out signal-
ing, RhoA regulates cell attachment in platelets (Morii
et al., 1992), lymphocytes (Tominaga, et al., 1993), and
leukocytes (Laudanna et al., 1996). Integrin-mediated
cell adhesion can be regulated at several levels, includ-
ing the affinity of receptors for ECM ligands, the clus-
tering of receptors, and the interaction of receptors
with cytoskeletal proteins (Gumbiner, 1996). Although
it remains to be determined whether NHE1 activity
regulates integrin affinity, our findings suggest that it
does act downstream of RhoA to regulate integrin
activation.

The impaired spreading and fusiform morphology
of cells lacking NHE1 activity resemble what is ob-
served in cells expressing mutations in the cytoplas-
mic domain of integrin 8 subunits (Yldnne et al., 1993;
Peter and O’'Toole, 1995). These mutations prevent the
interaction of integrins with cytoskeletal proteins, re-
sulting in impaired focal adhesion assembly and cell
spreading. The decreased expression of vinculin and
paxillin in PS120 cells could contribute to impaired
spreading, because adhesion and spreading on FN are
impaired in vinculin-null cells (Coll et al., 1995). Treat-
ing CCL39 cells with EIPA, however, impaired adhe-
sion and inhibited spreading, but it had no effect on
the abundance of vinculin and paxillin. Reduced ex-
pression of focal adhesion—-associated proteins, there-
fore, probably results from long-term decreases in cell
adhesion, as previously reported (Bendori et al., 1987;
Lee and Otto, 1996). The relationship between NHE1
activity and cell spreading, however, may be cell-type
specific. In neutrophils, cell spreading precedes the
activation of NHE1, and inhibition of NHE1 activity
has no effect on spreading (Demaurex et al., 1996). In
contrast, in fibroblasts, insoluble FN stimulates NHE1
activity independently of cell spreading (Schwartz et
al., 1991), and we now have shown that NHE1 activity
regulates cell spreading. Hence, one interpretation for
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Inhibition of NHET selectively inhibits RhoA-induced stress fiber formation. Cells transiently expressing myc-tagged RhoAV14,

RacV12, or Cdc42V12 were immunostained with c-myc polyclonal IgG and fluorescein and were costained with rhodamine-conjugated
phalloidin 16 h after transfections. (A) CCL39 cells maintained in the absence (a, b, e, and f) or presence (c, d, g, and h) of EIPA (25 uM) after
transfection. (B) PS120 cells.
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Figure 11. A proposed pathway of integrin-RhoA-NHEI1 signal-
ing for induction of focal adhesions and stress fibers. MCL-P, phos-
phorylated myosin light chain.

differences in these findings is that NHE1 activity may
be more critical for the spreading of fibroblasts than
for neutrophils. In the neutrophil study, however,
NHE1 was inhibited at the time of plating, whereas in
our study, cells were pretreated with EIPA for 15 min
before plating. A more likely interpretation, therefore,
is that preinhibition of NHE1 inhibits cell attachment
and then subsequently cell spreading.

How does NHE1 act downstream of RhoA to regu-
late integrin function? The current model of integrin
signaling suggests that RhoA regulates integrin ac-
tions via changes in cell contractility induced by phos-
phorylation of myosin light chain (MLC) (for review,
see Burridge and Chrzanowska-Wodnicka, 1996).
RhoA-induced phosphorylation of MLC is mediated
by the RhoA target Rho-kinase (Leung et al., 1995;
Ishizaki et al., 1997, Matsui et al., 1996), which in-
creases MLC phosphorylation by inhibiting myosin
phosphatase (Kimura et al., 1996). It is currently un-
clear whether NHE1 acts in a RhoA pathway regulat-
ing contractility; however, a functional link between
MLC and NHE1 activity has been reported (Shrode et
al., 1995), and we recently determined that a Rho-
kinase homolog, p160ROCK (Ishizaki et al., 1997), me-
diates RhoA activation of the exchanger (Tominaga et
al., 1998). Our current findings also indicate that a
RhoA-p160ROCK pathway mediates activation of
NHE1 by integrins. Hence, it is likely that NHE1 ac-
tivity acts cooperatively with this myosin-based mech-
anism to mediate RhoA actions and cytoskeletal re-
modeling by integrins (Figure 11). Inhibition of
myosin contractility, however, does not dramatically
alter cell morphology (Chrzanowska-Wodnicka and
Burridge, 1996), indicating that cell adhesion is main-
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tained by another mechanism. This latter mechanism,
involving integrin activation, might also be regulated
by NHEL1 activity. A fundamental defect we consis-
tently observe in the absence of NHE1 activity is that
F-actin accumulates in aggregates in the cytoplasm,
which suggests that perhaps the bundling of actin
filaments is a target of NHE1 activity. Impaired bun-
dling of actin filaments in the absence of NHE1 activ-
ity could inhibit stress fiber formation, the clustering
of integrin receptors, and the recruitment of FAK and
other focal adhesion proteins to focal contacts.

The primary function of NHE1 is thought to be
pH; homeostasis. Integrin-induced increases in pH;
were predominantly mediated by increases in NHE1
activity, suggesting that increases in pH; may be a
critical signal mediating integrin actions on the cy-
toskeleton. In the absence of NHE1 activity, how-
ever, the delay in cell adhesion was not rescued by
increasing cytosolic pH. Additionally, Ingber et al.
(1990) previously determined that integrin-induced
increases in DNA synthesis are mediated in part
through increases in NHE1 activity but indepen-
dently of increases in cytosolic pH. NHE1 is local-
ized at sites of focal contact (Grinstein et al., 1993;
Plopper et al., 1995), suggesting that if H* is an
important signal, then perhaps localized pH; gradi-
ents are important in cytoskeletal remodeling, and
these cannot be mimicked by increasing cytosolic
pH;. Our studies were performed in the presence of
HCO;™, suggesting that if changes in intracellular
H™" regulate cell adhesion and the organization of
the cytoskeleton, then this signal is generated pri-
marily by NHE1 and not by anion exchangers. In the
presence of HCO;™, anion exchangers were unable
to compensate for changes induced by EIPA or for
the absence of NHE1 in PS120 cells, indicating a
specific requirement for NHE1 activity.

Another possible signal might be generated by a
physical association of NHE1 with the cytoskeleton.
Osmotic activation of NHE1 occurs through changes
in cell shape (Krump et al., 1997), and F-actin assem-
bly is required for activation of NHE1 by serum
(Watson et al., 1992). Hence, although speculative, it
is possible that NHE1 is structurally linked to the
cytoskeleton by binding actin-associated proteins.
AEl, the erythrocyte CI-HCO;~ exchanger, func-
tions not only in pH; regulation but also in main-
taining cytoskeletal integrity. The N-terminal cyto-
plasmic domain of AE1 binds ankyrin (Ding et al.,
1996) and protein 4.1 (An et al., 1996), which link
AEL to the actin cytoskeleton, and this association is
thought to play a role in regulating cell shape
(Wong, 1994). If NHEL is a cytoskeleton-associated
protein, the putative docking site would most likely
be localized to the C-terminal cytoplasmic domain
of NHE1, which is known to regulate ion transloca-
tion by the transmembrane domain (Wakabayashi et
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al., 1992, 1994). We recently identified a novel Ca®*-
binding protein, CHP, that binds to the cytoplasmic
domain of NHE1 (Lin and Barber, 1996), and over-
expression of CHP in CCL39 cells inhibits RhoA-
induced stress fiber formation (Vexler and Barber,
unpublished observations). CHP could potentially
provide a Ca?*-dependent link between NHE1 and
the cytoskeleton.

In summary, our findings indicate that NHE1 activ-
ity acts downstream of RhoA to regulate a number of
cytoskeletal events initiated by activation of integrins
in fibroblasts. Of particular importance, we found that
NHE1 activity regulated the attachment and spread-
ing of cells on FN, suggesting that it regulates initial
steps in integrin activation. The ability of NHE1 activ-
ity to regulate the downstream actions of integrins
suggests that it is likely to play a significant role in
cytoskeletal-dependent processes associated with
morphogenesis, wound healing, and anchorage-de-
pendent cell growth.
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