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Trophic factor withdrawal induces cell death by mechanisms that are incompletely understood. Previously
we reported that withdrawal of interleukin-7 (IL-7) or IL-3 produced a rapid intracellular alkalinization,
disrupting mitochondrial metabolism and activating the death protein Bax. We now observe that this novel
alkalinization pathway is mediated by the pH regulator NHE1, as shown by the requirement for sodium,
blocking by pharmacological inhibitors or use of an NHE1-deficient cell line, and the altered phosphorylation
of NHE1. Alkalinization also required the stress-activated p38 mitogen-activated protein kinase (MAPK).
Inhibition of p38 MAPK activity with pharmacological inhibitors or expression of a dominant negative kinase
prevented alkalinization. Activated p38 MAPK directly phosphorylated the C terminus of NHE1 within a
40-amino-acid region. Analysis by mass spectroscopy identified four phosphorylation sites on NHE1, Thr 717,
Ser 722, Ser 725, and Ser 728. Thus, loss of trophic cytokine signaling induced the p38 MAPK pathway, which
phosphorylated NHE1 at specific sites, inducing intracellular alkalinization.

The requirement for cytokines in hematopoiesis is partly
attributable to a trophic activity, the protection of cells from
programmed cell death (17, 44). Interleukin-7 (IL-7), a prod-
uct of the thymic epithelium, protects lymphocyte progenitor
cells from apoptotic death during T-cell development (19, 55).
Survival of pro-T cells isolated from the thymus requires the
presence of IL-7 (25), whereas disruption of the gene for IL-7
(51) or its receptor (35) dramatically reduces thymic cellularity
(29). IL-7 also has trophic activities on cells of the developing
brain (30). IL-3 has similar trophic activities on early hemato-
poietic precursors of the myeloid, lymphoid, and erythoid lin-
eages. In IL3-dependent cell lines, withdrawal leads to apo-
ptotic cell death (21).
The trophic action of cytokines has been partly attributed to

the Bcl-2 family of proteins, which are important intracellular
regulators of apoptosis (25, 37). Overexpression of the anti-
apoptotic protein Bcl-2 in IL-7R��/� mice partially restored
T-cell numbers (1), but complete restoration of a normal phe-
notype was not achieved (8, 13). Recent studies with IL-3-
dependent cell lines have shown that the up-regulation of Bcl-2
and Bcl-XL and the down-regulation of proapoptotic proteins
such as Bad are involved in survival (21); however, as with IL7,
the trophic action of IL-3 involves more than the balance of
Bcl-2 family members, since the overexpression of Bcl-2 ex-
tended life for only 1 day following IL-3 withdrawal (32).
The intracellular signaling pathways triggered by cytokine

receptor engagement are yet to be fully defined. However, it is
known that hematopoietic cytokine receptors can induce dis-
tinct members of the mitogen-activated protein kinase (MAPK)

family, contributing to the processes of proliferation and sur-
vival (10, 11; E. Rajnavolgyi, N. Benbernou, K. Muegge, and
S. K. Durum, unpublished data [for similar results with IL-7]).
Three of the MAPK signaling units have been characterized in
detail: the extracellular signal-regulated kinases (ERKs), the
c-Jun amino-terminal kinases (JNK) or stress-activated protein
kinases (SAPK), and the p38 MAPKs (p38) (20). Mitogens,
inflammatory cytokines, and growth factors are known to
activate various MAPK signaling pathways, whereas cellular
stresses such as UV light, heat, or osmotic shock selectively
induce the JNK/SAPK and p38 MAPK pathways. A common
feature of all the MAPKs is that they are activated by the
phosphorylation of both threonine and tyrosine residues by a
dual-specificity serine-threonine MAPK (18). In turn, MAPKs
frequently phosphorylate their substrates at serine or thre-
onine residues adjacent to prolines (15, 28). Although the
MAPKs have been implicated in the regulation of apoptotic
death, for example following nerve growth factor withdrawal
(26, 59), the spontaneous apoptosis of neutrophils (2), and loss
of IL-7 signaling in a dependent cell line (Rajnavolgyi et al.,
unpublished) it is not known how these MAPKs contribute to
the apoptotic process and their relevant substrates have not
been identified.
The dysregulation of intracellular pH is part of the trigger

for apoptotic cell death following cytokine withdrawal (23, 24)
or ceramide treatment (3). Control of cytosolic pH in eukary-
otic cells involves various proton pumps, proton channels, and
ion transporters that drive H� or H� equivalents and HCO3

�

ions into and out of the cell. Among the better-characterized
ion transporters or exchangers are the Na�/H� exchanger
(NHE), which has multiple isoforms with NHE1 being the
most prevalent, the Na�-dependent and Na�-independent
HCO3

� transporters or anion exchangers (AE), the CL�/OH�

exchanger (CHE), and a lactate-proton cotransporter (36).
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Through the use of specific inhibitors, the roles of these com-
plex membrane proteins have been examined; however, much
remains to be understood regarding the mechanisms of their
action and regulation.
To dissect the complex physiological events that occur on

trophic factor withdrawal, two cytokine-dependent cell lines,
one requiring IL-7 and one requiring IL-3, were used. Our
previous studies showed that following cytokine withdrawal,
a novel intracellular alkalinization occurred and triggered a
death pathway involving mitochondrial translocation of the
proapoptotic protein Bax (23) and inhibition of mitochondrial
ADP transport, ATP synthesis, and subsequent mitochondrial
bioenergetics (24). In the present study we examine the mech-
anism of this cytokine withdrawal-induced alkalinization and
show that it is caused by a specific membrane ion exchanger,
which in turn is phosphorylated by a stress-activated MAPK.

MATERIALS AND METHODS

Cells and reagents. The IL-3-dependent murine pro-B-cell line FL5.12A (a
kind gift from James A. McCubrey, East Carolina University, Greenville, S.C.)
was maintained in RPMI 1640 supplemented with 10% fetal bovine serum,
2-�-mercaptoethanol (1,000�; Life Technologies), and 0.4 ng of recombinant
mouse IL-3 (PeproTech Inc.) per ml. The IL-7-dependent cell line D1 was
established from the CD4� CD8� subset sorted from p53�/� mouse thymocytes
initially propagated in IL-7 and stem cell factor and maintained as previously
described (23). Chinese hamster ovary cells (CHO) and the NHE�/�-deficient
CHO cells (39) were maintained in Dulbecco Modified Eagle Medium DMEM
(Life Technologies) with 10% fetal bovine serum.
FL5.12A cells were transiently transfected by electroporation (0.310 V, 960 �F

capacitance) using a Bio-Rad GenePulser. Prior to pulsing, 5 � 107 cells in
0.4-cm cuvettes (Bio-Rad) were preincubated for 10 min with either 40 �g of
pEGFP-C3 (Clontech) or 20 �g of pEGFP-C3 and 20 �g of pCMV-Flag-p38
(agf) (a kind gift from Roger Davis, University of Massachusetts Medical Center,
Worcester, Mass.). To select for cells transfected with plasmid DNA, green
fluorescent protein-containing (GFP�) cells were first sorted by fluorescence-
activated cell sorting, and cell populations containing at least 98% GFP� cells
were cultured with or without IL-3 for 48 h (after which detection of GFP
fluorescence declined). Viability and cell number were evaluated by trypan blue
staining (Life Technologies). For detection of DNA fragmentation, cells were
stained with a 2-�g/ml solution of propidium iodide in a detergent buffer (48)
and analyzed by flow cytometry. CHO cells were transfected with 3 �g of
pCMV-Flag-p38 (agf) using Fugene 6 (Roche) as specified by the manufacturer.
Transfection efficiencies averaged 90%.
To measure intracellular pH, BCECF-AM (Molecular Probes) was used at

1 �M. Cells were treated as described in the figure legends with the following
reagents: 1 mM ouabain (Sigma), 10 �g of cycloheximide (Sigma) per ml, 1 �g
of antimycin A (Sigma) per ml, 200 �M 5-(N,N-dimethyl)amiloride (DMA)
(Sigma), 200 �M 5-(N-ethyl-N-isopropyl)amiloride (EIPA) (Sigma), 1,000 and
200 �M 4,4�(diisothiocyanato)stilbene-2-2�-disulfonic acid (DIDS) (Sigma),
1,000 and 200 �M 4-acetamido-4�-isothiocyanato-stilbene-2-2�-disulfonic acid
(SITS) (Sigma), 100 �g of anisomycin (Sigma) per ml, 20 �M PD169316, 20 �M
SB202190, 20 �M SB203580, 20 �M SB202474, and 20 �M PD98059 (all from
Calbiochem). The NaCl buffer contained 140 mM NaCl, 1 mM MgCl2, 1 mM
CaCl2, 1 mM KCl, 10 mM glucose, and 20 mM HEPES. For the buffer lacking
Na�, 140 mM choline chloride replaced NaCl. Bicarbonate-free RPMI 1640
(Sigma) was used in the experiments requiring a solution lacking HCO3� ions.

Measurement of intracellular pH. FL5.12A or D1 cells (106 cells/ml) deprived
of IL-3 or IL-7, respectively, for various times were treated, after being washed
in a HEPES buffer (25 mM HEPES, 140 mM NaCl, 5 mM KCl, 0.8 mM MgCl2,
1.8 mM CaCl2, 5.0 mM glucose), with 1 �MBCECF-AM for 30 min at 37°C, and
intracellular pH was determined by flow cytometry with excitation set at 488 nm
and emissions filtered through 525-nm band pass (green fluorescence) and
610-nm long-pass (red fluorescence) fitters (16). Dead cells (less than 10%) were
excluded by forward- and side-scatter gating. A pH calibration curve was gen-
erated by preloading cells with 1 �M BCECF-AM for 30 min followed by
incubation for 30 min in a high-K�HEPES buffer (25 mMHEPES, 145 mMKCl,
0.8 mM MgCl2, 1.8 mM CaCl2, 5.5 mM glucose) at different pH values from 6.8
to 8.0 in the presence of the permeabilizing agent nigericin (10 �M) (23). After
incubation, nigericin was absorbed with excess bovine serum albumin.

Detection of MAPKs by Western blot analyses. Whole-cell lysates were made
by lysing cells (107) in a modified RIPA buffer containing phosphatase inhibitors
(150 mM NaCl, 80 mM NaF, 50 mM Tris-HCl, 5 mM EDTA, 1 mM EGTA, 25
mM sodium pyrophosphate, 1 mM sodium orthovanadate, 1.0% [wt/vol] NP-40,
0.5% [wt/vol] deoxycholate, 0.1% [wt/vol] sodium dodecyl sulfate [SDS]) (31). A
protease inhibitor cocktail (Complete Mini; Roche) was added to the lysis buffer.
Cell lysates were centrifuged at 20,000 � g and 4°C, and the recovered super-
natant was used for protein analysis.
For detection of phosphorylated and nonphosphorylated forms of p38 MAPK,

ATF-2, ERK1/2, SAPK/JNK, and p90RSK proteins by Western blot analysis,
protein samples were heated to 90°C for 5 min in 2� Tris-glycine SDS loading
buffer (Invitrogen) with 2.5% mercaptoethanol. Cell equivalent samples (20 �l
containing approximately 40 �g of protein) were then separated by SDS-poly-
acrylamide gel electrophoresis on either 8 or 12% Tris-glycine gels (Invitrogen)
run under denaturing conditions using Tris-glycine SDS running buffer (Invitro-
gen). Proteins were transferred to 0.2 �M polyvinylidene difluoride membranes
(Invitrogen) using Tris-glycine transfer buffer (Invitrogen). The blots were probed
with a rabbit polyclonal antiserum specific for phospho-p38 MAPK protein (D-8;
Santa Cruz) and p38 MAPK protein (Santa Cruz), phospho-ATF-2 (Cell Sig-
naling Technologies), phospho-ERK1/2 and ERK1/2 (Cell Signaling Technolo-
gies), phosphoJNK/SAPK (Cell Signaling Technologies), and phospho-p90RSK
(Cell Signaling Technologies), as specified by the manufacturers, followed by
anti-rabbit secondary antibodies conjugated to horseradish peroxidase (HRP)
(Santa Cruz), and then developed by enhanced chemiluminescence (ECL)
(Pierce) and visualized on BioMax ML film (Kodak).

NHE1 phosphorylation and detection of complex with p38 MAPK. To measure
NHE1 phosphorylation, 2 � 107 cells were preincubated for 30 min at 37°C in a
phosphate-free buffer (130 mM NaCl, 5 mM KCl, 1.8 mM CaCl2, 1 mM MgSO4,
5 mM glucose, 20 mM HEPES, 2 mM glutamine, and 1 g of bovine serum
albumin per liter). The cells were then incubated, with or without cytokine, for
3 h (FL5.12A cells) or 5 h (D1 cells) with 1 mCi of [32P]orthophosphate per ml
(stock, 10 mCi/ml) in the phosphate-free buffer at 37°C. Cell lysates were made
as described above using the modified RIPA buffer containing phosphatase
inhibitors (31). Protein lysates were immunoprecipitated overnight using an
anti-NHE1 antibody against the C terminus (A7) (31) and protein A-Sepharose
beads (Amersham), treated to reduce nonspecific binding. After extensive wash-
ing of beads, the recovered protein was analyzed by SDS-polyacrylamide gel
electrophoresis on 8% Tris-glycine SDS gels (Invitrogen). Autoradiography was
performed, and the results were visualized on BioMax MR film (Kodak).
To detect complex formation between NHE1 and p38 MAPK, 5 � 107 cells

were first chemically cross-linked with 10 mM disuccinimidyl suberate (Pierce)
for 15 min and then lysed in the modified RIPA buffer. Samples were immuno-
precipitated overnight, after being precleared with rabbit immunoglobulin (Ig)
and protein A-Sepharose, with the anti-NHE1 antibody (A7) as well as an
antibody to Mapkap 2 (Santa Cruz) and rabbit Ig (Santa Cruz). The immuno-
precipitates were washed in RIPA buffer, run on a 10% Tris-glycine SDS gel
(Invitrogen), and blotted for p38 MAPK (Santa Cruz) as previously described.

NHE1 protein detection. To detect NHE1 protein in cell lysates by Western
blotting, whole-cell lysates, made from 2 � 107 cells using the modified RIPA
buffer previously described, were precleared with mouse nonimmune sera (Santa
Cruz) and protein A-Sepharose and immunoprecipiated with the anti-NHE (A7)
antibody and protein A-Sepharose beads, and the recovered protein was ana-
lyzed on 8% Tris-glycine SDS gels (Invitrogen), transferred as described above,
blotted using a commercially available anti-NHE1 mouse monoclonal antibody
(diluted 1:1,000) (Chemicon) followed by the appropriate secondary mouse
antibody conjugated to HRP (Santa Cruz), and then developed by ECL (Pierce)
and visualized on BioMax ML film.

Kinase assays. To determine whether in vivo-activated kinases could phos-
phorylate NHE1, FL5.12A cells, (2� 107) were cultured with or without IL-3 for
1 or 3 h and lysates were made with an extraction buffer containing 50 mM
sodium pyrophosphate, 5 mM sodium fluoride, 5 mM sodium chloride, 5 mM
EDTA, 5 mM EGTA, 0.1 mM sodium orthovanadate, 0.1% Triton X-100, 10
mM HEPES (pH 7.2), and protease inhibitors (31). Equal amounts of protein
were used for an in-gel kinase assay in which cell lysates were separated in a 10%
gel containing 1 mg of either glutathione S-transferase (GST) or a carboxy-
terminal wild-type (WT) NHE-GST fusion protein (described in Fig. 7C) per ml.
Protocols for the in-gel kinase assay and the purification of the NHE-GST fusion
proteins have been previously described (31). NHE-GST fusion proteins, WT
and deletion mutants, were based on the rabbit NHE1 sequence, which is almost
identical to the human NHE1 sequence.
The p38 MAPK and SAPK/JNK kinase assays were performed with a com-

mercially available kits (Cell Signaling Technologies) as specified by the manu-
facturer. Lysates extracted as described above were immunoprecipitated over-
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night with an antibody specific for phospho-p38 MAPK conjugated to beads or
with c-Jun fusion beads for phosphorylated SAPK/JNK. Phosphorylated ATF-2
or c-Jun were detected by Western blotting with a specific antibody as described
in the kit instructions (Cell Signaling Technologies). For detection of the kinase-
phosphorylated NHE-GST fusion proteins, [	-32P]ATP was incorporated in the
kinase assay mix and samples were analyzed on 12% Tris-glycine SDS gels by
autoradiography. Gel Code blue stain reagent (Pierce) was used to stain the total
concentration of NHE-GST fusion proteins run in the 12% Tris-glycine SDS
gels.

Phosphothreonine proline protein detection. To detect proteins containing the
phosphorylated threonine-proline motif in cell lysates by Western blotting,
whole-cell lysates, made from 2 � 107 cells, were first precleared with nonim-
mune mouse sera and protein A-Sepharose and then immunoprecipiated with a
mouse antibody targeting phosphothreonine proline (Cell Signaling Technolo-
gies); alternatively, to detect such proteins associated with NHE1, lysates were
first immunoprecipitated with the anti-NHE1 (A7) antibody as described above.
Using protein A-Sepharose beads to bind protein-antibody complexes, the re-
covered protein was analyzed on 8% Tris-glycine SDS gels, transferred, blotted
as previously described above using first the anti-phosphothreonine antibody
(diluted 1:1,000), then reblotted with a commercially available anti-NHE1 mouse
monoclonal antibody (diluted 1:1,000) (Chemicon), as indicated in the figure
legends, followed by the appropriate secondary mouse antibody conjugated to
HRP (Santa Cruz), and then developed by ECL (Pierce) and visualized on
BioMax ML film.

In-gel tryptic digestion or formic acid cleavage of gel-separated NHE-GST
fusion proteins. For mass spectrometry analysis, the WT NHE-GST fusion pro-
tein was phosphorylated in vitro by immunoprecipitated phospho-p38 MAPK as
described above. Phosphorylated (or unphosphorylated) fusion protein was run
on a 12% Tris–glycine–SDS gel and stained with Gel Code blue stain reagent,
and the stained gel bands were excised, cleaned, dehydrated, dried, and digested
with trypsin by standard procedures (57). Tryptic digestion was carried out at
37°C for 16 to 20 h. The extracted peptides were pooled and dried with a
SpeedVac. A 6-�l volume of 50% acetonitrile in water was added to reconstitute
the peptide solution for mass spectrometry analysis. Alternatively, approximately
200 �l of freshly diluted 2% formic acid was added to the dry protein gel band
in a microcentrifuge tube. After complete rehydration of the gel, the mixture was
incubated at 108°C in a Thermolyne Dri-Bath. The resulting supernatant was
then transferred to a fresh microcentrifuge tube and dried for further analysis by
mass spectrometry as described below.

Phosphatase treatment of peptides. A 2-�l volume of the reconstituted trypsin
digest or formic acid cleavage peptide products was dried under vacuum, mixed
with 2 �l of 0.5-U �l of calf intestine phosphatase (New England Biolabs, Bev-
erly, Mass.) in 50 mM NH4HCO3, and incubated at 37°C for 1.5 h. The reaction
mixture was SpeedVac dried and reconstituted in 1.5 �l of 50% acetonitrile in
water for mass spectrometry analysis.

Mass spectrometry. A MALDI-TOF mass spectrometer with delayed extrac-
tion (Voyager-DE PRO; Perseptive Biosystems, Framingham, Mass.) was used.
The matrix solution used was �-cyano-4-hydroxycinnamic acid in methanol (Agi-
lent Technology). Aliquots of 0.5 �l of the peptide mixture and 0.5 �l of the
matrix solution were mixed on the sample plate and air dried prior to analysis.
All spectra were taken in reflectron mode. Masses were calibrated internally with
peptides from trypsin autolysis or from NHE1.

RESULTS

Intracellular alkalinization occurs following trophic factor
withdrawal (23, 24) or ceramide treatment (3). The mechanism
of this alkalinization was examined using two cytokine-depen-
dent cell lines, D1, a thymocyte cell line that is dependent on
IL-7 for survival, and FL5.12A, a pro-B-cell line that is depen-
dent on IL-3 for survival. Withdrawal of the required cytokine
from either cell line results in cell death by 48 and 72 h, re-
spectively.
To distinguish among several membrane ion exchangers that

could potentially cause the observed alkalinization, we first
evaluated the requirement for sodium or bicarbonate. Intra-
cellular pH was measured using the pH-sensitive fluorochrome
BCECF, specifically reacts to pH within the cytosolic compart-
ment (56). Figure 1 demonstrates the requirement for sodium

in alkalinization following either IL-7 or IL-3 withdrawal (Fig.
1A and C), whereas removal of bicarbonate did not affect al-
kalinization (Fig. 1B and D). The requirement for sodium and
independence of bicarbonate tentatively implicated the NHE.
We next disrupted the sodium gradient, generated by the

plasma membrane Na�/K� ATPase, with ouabain. As shown
in Fig. 2, ouabain prevented intracellular alkalinization during
either IL-7 (Fig. 2A) or IL-3 (Fig. 2B) withdrawal. In contrast,
inhibition of de novo protein synthesis with cycloheximide or
inhibition of de novo ATP synthesis with antimycin A did not
prevent the alkalinization process (Fig. 2). We further evalu-
ated the sodium flux across the plasma membrane following
cytokine withdrawal by using 22Na and observed that 22Na
efflux (export versus import) increased during cytokine with-
drawal and that this increase could be reversed by the addition
of ouabain (data not shown). Hence, sodium and the mainte-
nance of a sodium gradient across the plasma membrane are
components in the process of alkalinization induced by cyto-
kine withdrawal.
Regulators of intracellular pH include the NHEs as well as

the sodium-dependent and -independent AEs. We tested sev-
eral specific inhibitors of the ion exchangers for their effect on
alkalinization induced by cytokine withdrawal. In Fig. 3 are
shown the effect of either DMA or EIPA (NHE inhibitors) ver-
sus DIDS and SITS (AE inhibitors) in culture with the D1 or
FL5.12A cells with or without cytokines. Only the NHE inhib-
itors, DMA and EIPA, prevented the pH rise induced by with-
drawal of IL-7 (Fig. 3A) or IL-3 (Fig. 3C). Surprisingly, the
same NHE inhibitors induced alkalinization when added to
cells in the presence of either IL-7 (Fig. 3A) or IL-3 (Fig. 3C).
This appears to result from overactivation of AE when NHE is
blocked (data not shown), suggesting that the presence of a
functional NHE is required for the regulation of HCO3

�-
dependent transporters, as has been shown in the CA1 neu-
rons of NHE1 mutant mice (60). The use of the AE inhibitors
DIDS (which blocks sodium-independent AE) and SITS
(which blocks sodium-dependent AE), had no effect on alka-
linization induced by either IL-7 withdrawal (Fig. 3B) or IL-3
withdrawal (Fig. 3D). Likewise, these inhibitors did not alter
intracellular pH levels in the presence of either cytokine (Fig.
3B, 3D). Therefore, our results identify NHE as the mediator
of alkalinization following cytokine withdrawal based on so-
dium dependence, requirement for a sodium gradient, and the
effect of inhibitors of NHE.
Since various signaling pathways regulate NHE, including

those involving the MAPKs, we next examined the pathway
leading to activation of NHE. Using anisomycin, which ac-
tivates stress-signaling pathways, we observed the induction of
intracellular alkalinization in the presence of IL-3 (Fig. 4A)
and an accelerated induction of alkalinization during with-
drawal of IL-3 (Fig. 4A). Similar results were obtained with
IL-7-dependent D1 cells (data not shown). This suggested that
activation of stress pathways involving MAPKs could poten-
tially mediate alkalinization following the withdrawal of tro-
phic cytokines.
To determine which of the MAPK pathways could be in-

volved in alkalinization, we evaluated the phosphorylation sta-
tus of different MAPKs during IL-3 or IL-7 withdrawal. In Fig.
4B are shown the results of Western blot analyses for the
phosphorylated (activated) and nonphosphorylated forms of
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p38 MAPK and its substrate ATF-2, ERK1/2 and its substrate
p90RSK, and JNK. The levels of phospho-p38 MAPK in-
creased following IL-3 withdrawal (Fig. 4B, top) at time points
corresponding to the alkalinization period (Fig. 1C and D).
Although a representative phospho-p38 blot is shown (Fig.
4B), these results were reproduced in numerous experiments.
The levels of a downstream substrate of p38 MAPK, phospho-
ATF-2, also increased in parallel to those of phospho-p38 (Fig.
4B, top), suggesting increased activation of the p38 MAPK
pathway following IL-3 withdrawal. However, since ATF-2 is
not a specific p38 MAPK substrate, we further confirmed that
p38 MAPK activity is increased during IL-3 withdrawal by
performing a p38 MAPK in vitro kinase assay with immuno-
precipitated p38 MAPK and an ATF-2 peptide as substrate
(Fig. 4B, second panel from the top). We also examined the
phosphorylation of MKK3/6, upstream activators of p38
MAPK, and found elevated phosphorylated protein levels dur-
ing the withdrawal of IL-3 (data not shown). The phosphory-
lation of p38 MAPK was transient, in that 3 to 4 h after IL-3
withdrawal the level of phospho-p38 MAPK declined (Fig. 4B,
top) and was undetectable by 5 h (data not shown); this decline
coincided with the decline in intracellular pH. As a positive

control, anisomycin-treated cells showed increased phospho-
p38 MAPK (Fig. 4B, top).
In contrast to the rise in phospho-p38 MAPK, the opposite

pattern was observed in levels of phospho-ERK1/2, which rap-
idly declined following IL-3 withdrawal, as did the levels of its
substrate, phospho-p90RSK (Fig. 4B, second panel from the
bottom). Therefore, IL-3 stimulation (not withdrawal) activat-
ed phospho-ERK1/2 and its downstream substrate, p90RSK.
The levels of phospho-JNK, like ERK1/2, were stimulated by
IL-3 and decreased following IL-3 withdrawal; however, the
effect of anisomycin was stimulatory, resembling that of phos-
pho-p38 rather than ERK1/2 (Fig. 4B, bottom). JNK activity
during trophic factor withdrawal was further assayed using an
in vitro kinase assay with c-Jun as a substrate, and no signifi-
cant kinase activity was detected (data not shown).
Similar to the IL-3-dependent FL5.12A cells, up-regulation

of phospho-p38 MAPK occurred following IL-7 withdrawal in
the D1 thymocyte cell line and was concurrent with alkaliniza-
tion (4 to 6 h post-withdrawal) (data not shown). However,
phospho-ERK1/2 was not detected in either the presence or
absence of IL-7, as previously observed in this cell line (E.
Rajnavolgyi et al., unpublished results). Therefore, in both IL-

FIG. 1. Intracellular alkalinization following IL-7 or IL-3 withdrawal is dependent on sodium but not bicarbonate. (A) D1 cells were deprived
of IL-7 for 0 to 6 h and incubated in either Na�-containing buffer or Na�-free buffer. D1 cells were maintained in Na�-containing buffer with IL-7
as a handling control. (B) D1 cells were deprived of IL-7 for 0 to 6 h and incubated in either HCO3

�-containing medium or HCO3
�-free medium.

D1 cells were maintained in HCO3
�-containing medium with IL-7 as a handling control. (C) FL5.12A cells, deprived of IL-3 for 0 to 4 h, were

incubated in either Na�containing buffer or Na�-free buffer. FL5.12A cells were maintained in Na�-containing buffer with IL-3 as a handling con-
trol. (D) FL5.12A cells, deprived of IL-3 for 0 to 4 h, were incubated in either HCO3-containing medium or HCO3

�-free medium. FL5.12A cells
were maintained in HCO3

�containing medium with IL-3 as a handling control. Intracellular pH was assayed using the pH-sensitive fluorescent probe
BCECF, and pH values were derived from a pH calibration curve generated through the use of nigericin as described in Materials and Methods.
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3-dependent and IL-7-dependent cells, cytokine withdrawal
up-regulated phospho-p38 MAPK and induced alkalinization,
suggesting a connection. Although the ERK pathway is poten-
tially involved in IL3 (but not IL-7)-mediated NHE regulation,
we conclude that the ERK and JNK pathways are not involved
in the IL-3 or IL-7 withdrawal-induced alkalinization. Hence,
the alkalinization induced by anisomycin treatment (Fig. 4A)
was probably due to activation of p38 MAPK and not JNK,
which is especially true during IL-3 withdrawal, when JNK is
undetectable (Fig. 4B, bottom).
To examine the relationship between activation of p38

MAPK, the process of intracellular alkalinization and trophic
factor withdrawal-induced death, we tested specific inhibitors
of either p38 MAPK (PD169316 and SB202190) or MEK1
(PD98059), the upstream activator of ERK, to block alka-
linization induced by cytokine withdrawal. The optimal dose
response for the pharmacological inhibitors was previously
established (data not shown). During IL-7 withdrawal, we
observed maximal inhibition of alkalinization (peaking at 5 h
after IL-7 withdrawal) with the p38 inhibitor, PD169316, and

partial inhibition with SB202190, while the MEK1 inhibitor,
PD98059, had no effect (Fig. 5A). Likewise, the p38 inhibitors
PD169316 and SB202190 also blocked IL-3 withdrawal-in-
duced alkalinization (peaking 3 hours post-IL-3-withdrawal)
with greater efficacy (Fig. 5B). These inhibitors had little or no
effect on cells maintained in the presence of the cytokines (Fig.
5A and B). We also tested the effects of dimethyl sulfoxide
alone (carrier for the inhibitors) and found no artifactual vari-
ations in intracellular pH (data not shown). The different ef-
fects of the p38 MAPK inhibitors were correlated with their
activity, as shown in Fig. 5C, in an in vitro p38 MAPK assay.
PD169316 was the best inhibitor of p38 MAPK activity, with
SB202190 being less effective and another inhibitor, SB203580,
being the least effective (Fig. 5C). Hence, inhibition of p38
MAPK by pharmacological inhibitors blocked intracellular al-
kalinization induced by cytokine withdrawal, while inhibition
of the ERK pathway did not block alkalinization (however, the
ERK pathway did contribute to survival as part of IL-3 signal-
ing [data not shown]).
To determine whether the p38 MAPK pathway was involved

in inducing cell death following cytokine withdrawal, we first
tested the pharmacological inhibitors of p38 MAPK, used in
the preceding experiments for measuring pH, and found that
these inhibitors, during longer treatments (i.e., 15-h cultures),
were toxic to cells. We then expressed a dominant negative
(DN) p38 MAPK in the FL5.12A cells and quantitated cell
death, induced by IL-3 withdrawal, by measuring DNA frag-
mentation. Shown in Fig. 5D is the result of one such experi-
ment in which cells were transfected with GFP or cotransfected
with GFP and DN p38 MAPK and the GFP� cells were cul-
tured with or without IL-3 for 48 h. Expression of the DN p38
MAPK protected a significant proportion of cells (20%) from
DNA fragmentation induced by IL-3 withdrawal. Complete
protection was not achieved, perhaps due to the transient ex-
pression of the construct and the added stress of transfection
and cell sorting. In addition, GFP expression alone had a
modest effect on cell survival during cytokine withdrawal (data
not shown). It also should be noted that assaying the effects of
DN p38 MAPK expression is complicated by the fact that p38
MAPK regulates cell cycling; inhibition of p38 MAPK activity
can increase cell division (12). In summary, despite the tech-
nical difficulties of transfection and expression of the DN p38
MAPK, we favor the interpretation that p38 MAPK contrib-
utes to cell death following trophic factor withdrawal.
We next examined whether expression of the DN p38

MAPK could inhibit alkalinization. Since the emission spectra
of the fluorescent probe BCECF overlapped with that of GFP,
we could not use the same approach as was employed in Fig.
5D to select transfected cells. Hence, we chose to use CHO
cells, which can be readily transfected at efficiencies of 80 to
90%. Treatment with anisomycin was selected as the means of
inducing alkalinization (previously evaluated in Fig. 4A). Mul-
tiple experiments are summarized in Fig. 5E, showing that
CHO cells alkalinize after 1 h of anisomycin treatment. CHO
cells made deficient for NHE (39) do not increase pH on
anisomycin treatment, and CHO cells transfected with DN p38
MAPK also do not alkalinize on anisomycin treatment. These
findings confirm the results obtained with pharmacological in-
hibitors for NHE (Fig. 3) and p38 MAPK (Fig. 5A).
Since inhibition of either p38 MAPK or NHE prevented

FIG. 2. Disrupting the plasma membrane sodium gradient blocks
IL-7- or IL-3-induced alkalinization, but inhibition of protein or ATP
synthesis does not. (A) D1 cells were incubated with or without IL-7
for 5 h and not treated (None) or treated with either 1 mM ouabain or
10 �g of cycloheximide (CHX) per ml. To inhibit de novo ATP syn-
thesis, cells were pretreated with 1 �g of antimycin A (Anti A) for 1 h.
(B) FL5.12A cells were incubated with or without IL-3 for 3 h and
treated or not treated as described above for D1 cells. The intracellular
pH was assayed as described in Materials and Methods.
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intracellular alkalinization following IL-7 or IL-3 withdrawal,
we examined the phosphorylation of NHE for effects of cyto-
kine withdrawal and MAPKs. Figure 6 displays the results,
representative of multiple experiments, in which cells were
radiolabeled with [32P]orthophosphate and lysed and NHE1
was immunoprecipitated with a specific antibody, confirming
the presence of this isoform. As a control for the immuno-
precipitation procedure, the lower panels show equivalent
amounts of unlabeled NHE1 protein obtained using a different
anti-NHE1 antibody for detection from that used for immu-
noprecipitation (Fig. 6). As shown, NHE1 was phosphorylated
in either the presence or absence of either cytokine (data for
IL-3-dependent cells are displayed in Fig. 6A). The total
amount of NHE1 protein per cell was much greater in the
IL-3-dependent FL5.12A cells than the IL-7-dependent D1
cells, as seen in a comparative Western blot for NHE1 (data
not shown), so the subsequent phosphorylation studies are
shown in the former cell type only. The p38 inhibitor PD169316
dramatically inhibited the phosphorylation of NHE1 following
IL-3 withdrawal (Fig. 6B) but not in the presence of the cyto-
kine. The MEK1 inhibitor PD98059 did not decrease NHE1
phosphorylation induced by cytokine withdrawal (data not

shown), although it did inhibit the phosphorylation of NHE1 in
the presence of IL-3 (Fig. 6C). This suggests that two different
phosphorylation pathways act on NHE1: in the presence of
IL-3, the ERK MAPK pathway results in normal NHE1 func-
tion, whereas in the absence of IL-3, the p38 MAPK pathway
induces NHE1 to alkalinize the cytosol.
Having shown that p38 MAPK inhibitors blocked NHE1

phosphorylation following IL-3 withdrawal (Fig. 5A and B), we
explored the possibility that p38 MAPK directly phosphory-
lated NHE1. To test whether p38 MAPK physically interacted
with NHE1 in vivo, it was necessary to treat FL5.12A cells with
a chemical crosslinker (disuccinimidyl suberate) to observe any
associations. Cells treated with cross-linker were lysed, and
NHE1 was immunoprecipitated and blotted for coassociation
with p38 MAPK. As shown in Fig. 6D, NHE1 and p38 MAPK
did coimmunoprecipitate, and the association increased fol-
lowing IL-3 withdrawal. Mapkap2 is shown as a positive con-
trol for a substrate known to associate with p38 MAPK,
whereas normal rabbit Ig served as a negative control for im-
munoprecipitation.
Further evidence that p38MAPK could directly phosphory-

late NHE1 was obtained by performing an in-gel kinase assay

FIG. 3. Inhibitors of the NHE (but not the anion exchangers) prevent intracellular alkalinization following IL-7 or IL-3 withdrawal. (A) D1 cells
were cultured in the presence or absence of IL-7 for 5 h and either not treated (None) or treated with 200 �M DMA or EIPA (inhibitors of the
NHE). (B) D1 cells were cultured in the presence or absence of IL-7 for 5 h and either not treated (None) or treated with 200 or 1,000 �M DIDS
or 1,000 �M SITS (inhibitors of the anion exchangers). (C) FL5.12A cells, incubated with or without IL-3 for 3 h, were either not treated (None)
or treated with 200 �MDMA or EIPA (inhibitors of the NHE). (D) FL5.12A cells, incubated with or without IL-3, were either not treated (None)
or treated with 200 or 1,000 �M DIDS or 1000 �M SITS (inhibitors of the anion exchangers). The intracellular pH was assayed as described in
Materials and Methods.
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with an NHE-GST fusion protein as the substrate. The results
demonstrated that lysates from FL512.A cells undergoing IL-3
withdrawal contained a kinase of approximately 40 kDa that
was capable of phosphorylating the C terminal of NHE1 (data
not shown). This kinase was then identified as p38 MAPK by
immunoprecipitating phospho-p38 MAPK, which then phos-
phorylated the NHE-GST fusuin protein in an in-gel assay, as
shown in Fig. 7A (left panel). Additionally, to determine if any
other kinases in the MAPK pathway could phosphorylate
NHE1 during IL-3 withdrawal, we tested an antibody specific
for the motif, phosphorylated threonine-proline (p-TP), that is
created on its substrates by MAPKs (28). Only the immuno-
precipitated phospho-p38 MAPK phosphorylated the NHE-
GST fusion protein, as shown in Fig. 7A (left panel), with a
1.8-fold increase in activity during IL-3 withdrawal. Therefore,
in vitro, p38 MAPK, activated by IL-3 withdrawal, is capable of
directly phosphorylating NHE1, and no other substrates of the
MAPK pathway containing active p-TP sites (i.e., Mapkap2)
are involved.

Anisomycin induced alkalinization, as shown in Fig. 4A.
Since anisomycin activated both p38 MAPK and JNK (Fig.
4B), we next determined if JNK could phosphorylate the NHE-
GST fusion protein in an in vitro kinase assay. Results shown
in Fig. 7A (right panel) demonstrate that JNK, precipitated
from cells treated or not treated with IL-3 and treated with ani-
somycin, does not phosphorylate NHE1 as does p38 MAPK.
The levels of c-Jun phosphorylation are shown to indicate JNK
activity. The slight phosphorylation of NHE1 by the JNK prep-
aration is probably due to contamination by p38 MAPK, since
elimination of p38 MAPK by preimmunoprecipitation de-
creased this activity.
To determine the phosphorylation site for p38 MAPK in the

NHE1 C-terminal region, NHE-GST fusion proteins based on
the rabbit NHE1 sequence were made containing various de-
letions. The results of these experiments are shown in Fig. 7B
and summarized in Fig. 7C. Phospho-p38 MAPK phosphory-
lated the WT NHE-GST fusion protein containing amino acids
637 to 815. To test whether p38 MAPK phosphorylated the

FIG. 4. IL-3 withdrawal and anisomycin treatment both activate p38 MAPK and induce alkalinization. (A) Treatment with anisomycin (a p38
MAPK activator) induces alkalinization in the presence (top) or absence (bottom) of IL-3. FL5.12A cells were treated with 100 �g of anisomycin
per ml. The intracellular pH was measured as described in Materials and Methods. (B) IL-3 withdrawal activates the phosphorylation of p38
MAPK and ATF-2 but not ERK1/2, p90RSK, or JNK. FL5.12A cells were incubated without IL-3 for 0 to 3 h, as well as stimulated with anisomycin,
and levels of phosphorylated p38 and phosphorylated ATF-2 (top panel), phosphorylated ERK1/2 or phosphorylated p90RSK (second panel from
bottom), and phosphorylated JNK (bottom panel) were evaluated from whole-cell lysates. Nonphosphorylated p38 and ERK were included as
loading controls. In addition, p38 MAPK was immunoprecipitated from protein lysates, made from cells incubated without IL-3 for 0 to 3 h, and
used in an in vitro kinase assay to phosphorylate an ATF-2 peptide (second panel from top). SDS-polyacrylamide gel electrophoresis and Western
blot analysis were performed as described in Materials and Methods.
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same site on NHE1 as shown for p90RSK (46), this residue,
serine 703 (numbering from the human NHE1 sequence), was
changed to alanine. This mutation did not block phosphoryla-
tion by phospho-p38 MAPK (Fig. 7B), implicating a different

target site(s) for p38 MAPK on NHE1 than the proposed
target of p90RSK. Deleting amino acids 702 to 815 or 661 to
793 eliminated phosphorylation of NHE1 (Fig.7B). This first
group of NHE-GST deletion proteins defined the target site(s)
on NHE1 for p38 MAPK phosphorylation to a region from
amino acids 703 to 793 (Fig. 7C). In a second group of exper-
iments, testing NHE-GST deletion proteins with stops at
amino acids 744, 762, and 777, the location of the site for p38
MAPK phosphorylation of NHE was further narrowed to a
region between amino acids 703 and 743 (Fig. 7B and C).
Furthermore, NHE-GST fusion proteins spanning the regions
from amino acids 635 to 663 (the proposed sites for calmodulin

FIG. 5. Inhibitors of p38 MAPK block alkalinization induced by
IL-7 or IL-3 withdrawal and enhance survival. (A) D1 cells were cul-
tured in the presence or absence of IL-7 for 5 h and either not treated
(None) or treated with 20 �M PD169316, 20 �M SB202190 (inhibitors
of p38 MAPK), or 20 �M PD98059 (inhibitor of MEK1). (B) FL5.12A
cells were incubated with or without IL-3 for 3 h and either not treated
(None) or treated with 20 �M PD169316, 20 �M SB202190 (inhibitors
of p38 MAPK), or 20 �M PD98059 (inhibitor of MEK1). Intracellular
pH was measured as described in Materials and Methods. (C) The
efficacy of the different MAPK inhibitors (20 �M) was tested in a p38
MAPK in vitro kinase assay using p38 MAPK immunoprecipiatated
from anisomycintreated FL5.12A cells. Of the three p38 MAPK inhib-
itors assayed, PD169316 was the most effective in blocking p38 MAPK
activity (shown at two concentrations, 20 and 10 �M), SB202190 was
the second best, and SB203580 had minimal effect; the ERK inhibitor
(PD98059) or the nonspecific inhibitor (SB202474) had no effect at the
20 �M dose. (D) GFP� cells or GFP� cells cotransfected with a
DN-p38 MAPK were cultured in the absence of IL-3 for 48 h, and the
percentage of cells with DNA fragmentation was measured by pro-
pidium iodide staining and flow cytometry analysis. Expression of the
DN-p38 MAPK decreased DNA fragmentation by 20% during IL-3
withdrawal. GFP� cells cultured in the presence of IL-3 were included
as a positive control for survival. (E) Loss of NHE or expression of a
DN-p38 MAPK in CHO cells prevents alkalinization after anisomycin
treatment. CHO cells were made deficient for NHE as previously
described (39) and/or transfected with DN-p38 MAPK and evaluated
24 h later for pH changes after 1 h of anisomycin treatment by incor-
poration of BCECF as described in Materials and Methods.
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binding [54]) were not phosphorylated by p38 MAPK (Fig.
7C).
To characterize the p38 MAPK phosphorylation site further,

we sought the p-TP motif that many of its substrates, like
MapKap2, display. However, immunoprecipitation and West-
ern blot analysis did not reveal the p-TP motif on NHE (Fig.
7D). The 40-amino-acid region defined by deletion analysis
contained multiple threonine and serine residues. To deter-
mine which of these sites were the targets for p38 MAPK
phosphorylation, we performed mass spectroscopy on the WT
NHE-GST fusion protein phosphorylated in vitro by immuno-
precipiated p38 MAPK. For comparison, the unphosphory-
lated NHE-GST fusion protein was also tested. Mass spec-
trometry analysis of NHE-GST peptides digested with either
trypsin or formic acid revealed discrete phosphorylation sites
on NHE1 between amino acids 711 and 739. Tryptic peptide
fragments, corresponding to amino acids 711 to 739, contained
one to three phosphates. Peptide fragments from formic acid
cleavage, spanning amino acids 713 to 718, contained one
phosphate, and those spanning amino acids 720 to 729 con-
tained one to three phosphates. Treatment with calf intestinal
phosphatase removed the phosphates from all these peptides,
confirming the phosphorylated state. Therefore, we concluded,
from both the deletion analysis and mass spectrometry, that

there are four targets on NHE1 for in vitro phosphorylation by
p38 MAPK-Thr 717, Ser 722, Ser 725, and Ser 728 (Fig. 7E).
Two of the serines, Ser 722 and Ser 725, are located adjacent
to prolines, representing common MAPK motifs. It remains to
be determined how phosphorylation by p38 MAPK of these
sites on NHE1 induces the intracellular alkalinization that is
triggered by cytokine withdrawal.

DISCUSSION

Loss of cytokine receptor signaling induces apoptotic cell
death in dependent cell lines. To understand this process, we
have defined early events (i.e., pH rise) following cytokine
withdrawal that lead to sequelae such as mitochondrial hy-
perpolarization, loss of bioenergetics, and the mitochondrial
translocation of Bax, culminating in cell death (23, 24). Here
we show that the rapid alkalinization of the cytosol was medi-
ated by the membrane exchanger NHE1 through activation by
the stress kinase p38 MAPK. Phosphorylation of p38 MAPK
increased within the first hours of IL-3 or IL-7 withdrawal,
while levels of other MAPKs, ERK or JNK, decreased. A
DN-p38 MAPK could protect cells from DNA fragmentation
induced by IL-3 withdrawal and alkalinization induced by ani-

FIG. 6. Phosphorylation of NHE1 occurs via different MAPKs in the presence and absence of IL-3. (A) FL5.12A cells were incubated for 3 h
with [32P]orthophosphate in the presence (�) or absence (�) of IL-3. (B) 32P-labeled FL5.12A cells were incubated for 3 h with PD169316 with
(�) or without (�) IL-3. (C) 32P-labeled FL5.12A cells were incubated with or without PD98059 in the presence (�) of IL-3. Cells were lysed,
and NHE1 was immunoprecipitated and electrophoresed on SDS–8% polyacrylamide gels and autoradiography was performed as described in
Materials and Methods. To confirm the specificity of the NHE antibody (A7) used for immunoprecipitation, parallel cell lysates (not labeled with
[32P]orthophosphate) were immunoprecipitated with the anti-NHE antibody (A7), electrophoresed on SDS–8% polyacrylamide gels, analyzed by
Western bloting using a different anti-NHE1 antibody, and shown in the lower panels. (D) In vivo coimmunoprecipitation of NHE and p38 MAPK.
Protein lysates extracted from cells cultured with or without IL-3, and chemically cross-linked with DSS, were immunoprecipitated with either an
antibody specific for NHE1, an antibody for Mapkap2 (positive control), or rabbit Ig (negative control). The lysates were blotted for p38 MAPK
as described in Materials and Methods.
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somycin treatment. p38 MAPK directly phosphorylated NHE
between amino acids 704 and 743, on one threonine (Thr 717)
and three serines (Ser 722, Ser 725, and Ser 728), as defined by
mass spectrometry analysis. Therefore, our data suggest a mod-

el in which cytokine withdrawal activates the p38 MAPK path-
way leading directly to the phosphorylation and activation of
NHE1, the membrane ion exchanger responsible for intracel-
lular alkalinization, a critical trigger in the apoptotic process.

FIG. 7. Kinase assays demonstrate that p38 MAPK directly phosphorylates NHE1 at a site(s) between amino acids 703 and 793. The numbering
system used corresponds to the rabbit NHE1 sequence. (A) Protein lysates from FL5.12A cells cultured with or without IL-3 for 2 h were
immunoprecipitated with either an antibody specific for phospho-p38 MAPK (p38) or an antibody specific for the motif, p-TP, and the ability of
these kinases to phosphorylated the WT NHE-GST fusion protein was evaluated by an in-gel kinase assay as described in Materials and Methods.
Only p38 phosphorylated the WT NHE-GST fusion protein, an activity which increased 1.8-fold during IL-3 withdrawal (left panel). Protein lysates
from FL5.12A cells were also immunoprecipitated with c-Jun fusion beads to capture JNK, which was tested in an in vitro kinase assay for its ability
to phosphorylate theWTNHEGST fusion protein. Unlike p38 MAPK, JNK did not phosphorylate NHE (right panel). (B) Protein lysates extracted
from anisomycin-activated FL5.12A cells were immunoprecipitated with antibody to phospho-p38 MAPK and a kinase assay performed as
described in Materials and Methods using the WT NHE-GST fusion protein and seven mutant NHE-GST fusion proteins as substrates. GST alone
was included as a negative control. (C) The results of the kinase assay from panel B are summarized in table form. In addition, phospho-p38 MAPK
did not phosphorylate NHE-GST fusion proteins containing amino acids 635 to 663. Possible phosphorylation sites by p38 MAPK on NHE are
located in the region from amino acids 703 to 743, which excludes the proposed p90RSK phosphorylation site (Serine 703, numbering from human
NHE1 sequence). (D) FL5.12A cells, cultured without IL-3 for 0, 1, 2, and 3 h or treated with anisomycin (�), were lysed, and the precleared
protein extracts were immunoprecipitated with the A7 antibody specific for NHE1 and then run on an 8% Tris-glycine SDS gel and analyzed by
Western blotting with the p-TP-specific antibody (left panel). The same blots were then reprobed with a commercially available anti-NHE1
antibody (right panel). NHE1 did not contain an activated p-TP motif. (E) Mass spectrometry analysis, as described in Materials and Methods,
identified four sites at Thr 717, Ser 722, Ser 725, and Ser 728 as in vitro targets for p38 MAPK activity. Phosphorylation of one or more of these
sites by p38 MAPK modulates alkalinization mediated by NHE during trophic factor withdrawal.
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Although NHE is normally involved in maintaining physio-
logical pH, there are other reports of NHE-mediated intracel-
lular alkalinization. Stimulation of platelets with agonists like
thrombin lead to a rapid rise in cytosolic pH, induced by
increased transport activity of NHE, of approximately 0.4 pH
unit (38). Thymocytes that underwent spontaneous apoptosis
were also highly alkaline (pH 
 7.6), and depletion of sodium
could prevent the death process, as did inhibitors of the mem-
brane ion exchangers (50). Our own studies show that alkalin-
ization contributes to cell death in several ways. (i) Alkaliniza-
tion activates Bax, inducing its mitochondrial translocation
(23), also shown to occur during ceramide treatment of U937
cells (3). (ii) Alkalinization inhibits the import of ADP into
mitochondria, which severely impairs the synthesis of ATP,
and heightens the mitochondrial membrane potential (24).
The NHE, expressed by many cell types, is regulated by

diverse stimuli. One means by which intracellular pH can be
modulated is by cellular adherence mediated through integrins
(42). However, pH changes induced by cytokine loss were
independent of adherence (data not shown). Fluxes of ions
through the NHE are driven by the sodium gradient across the
plasma membrane and do not directly require metabolic en-
ergy, although ATP can influence it (33). A number of studies
demonstrated that the NHE is regulated by the association of
calmodulin, which causes autoinhibition of the transporter (4);
deletion of the calmodulin binding domain in NHE renders the
exchanger constitutively activated, perhaps by altering its set
point for “pH sensing” (53, 54). In our studies, we did not iden-
tify any sites in the calmodulin binding domain of NHE as tar-
gets for phosphorylation by p38 MAPK. Hence, modification
of calmodulin binding by p38 MAPK activity does not appear
to account for alkalinization during cytokine withdrawal.
Phosphorylation of the NHE plays an essential role in its

activation. NHE is constitutively phosphorylated in resting
cells, and mitogenic stimulation leads to an increase in phos-
phorylation on serine residues in a time course that parallels
the rise in intracellular pH (40). These results and others sug-
gested that phosphorylation of the NHE directly triggered its
activation (5, 41). Recently, MAPKs were examined as poten-
tial mediators of growth factor-induced activation of NHE1.
Inhibition by either a dominant negative ERK or the ERK in-
hibitor PD98059 prevented growth factor-induced activation of
the NHE (6, 31). However, it did not appear that ERKs were
solely responsible for phosphorylating the NHE but, rather,
that a downstream substrate of the ERK pathway, p90 RSK,
could also in some instances be involved (31, 46). Therefore,
ERKs, perhaps via p90RSK, are in the pathway from stimuli
such as mitogens, serum, or growth factors leading to the ac-
tivation of NHE. We found that IL-3 induced a similar path-
way, in that IL-3 induced high levels of ERKs and p90RSK
(Fig. 4B), and addition of the ERK inhibitor PD98059 de-
creased IL-3-stimulated NHE phosphorylation (Fig. 6C). How-
ever, the withdrawal-induced phosphorylation of NHE was not
an ERK-mediated event but instead required the activation of
a different kinase, p38 MAPK (Fig. 5 and 6B).
That intracellular alkalinization could activate the stress

pathway was suggested in a study in which treatment of U937
cells with permeant weak bases increased the activity of JNK
and p38 MAPK (43). The authors proposed that the activation
of NHE and that of stress kinases were parallel pathways.

However, our results clearly show that following cytokine with-
drawal, activation of p38 MAPK is upstream of NHE phos-
phorylation (Fig. 6B) and alkalinization (Fig. 5A and E).
In another study, p38 MAPK was proposed to have an in-

hibitory effect on NHE (27) (in contrast to our findings, in
which p38 MAPK has a stimulatory effect). In that report
vascular smooth muscle cells were stimulated with angiotensin
II, which activated both ERK and p38 MAPK, and ERK in
turn activated NHE; it was suggested that p38 MAPK inhibited
the function of ERK and therefore inhibited NHE. However,
these results differ from the cellular responses to the two tro-
phic cytokines studied here. The IL-7-dependent cell line used
here lacks ERK (Rajnavolgyi et al., unpublished), and IL-7 was
previously shown to not activate ERK in other cells (9, 14),
whereas IL-3 withdrawal rapidly down-regulates ERK (and
up-regulates p38 MAPK). Withdrawal of either IL-7 or IL-3
activated the p38 MAPK (independent of other MAPKs), and
the pH rose. There are previous accounts of trophic-factor with-
drawal causing a shift in the balance of p38 MAPK and ERK,
with ERK activity decreasing as p38 MAPK activity increased
(7, 59). Thus, our data show that following trophic factor with-
drawal (and in the absence of ERK), p38 MAPK is an exceed-
ingly potent inducer of NHE phosphorylation and activity.
The direct phosphorylation of NHE by MAPKs has been

demonstrated by others in vitro. We initially detected in cell
lysates a kinase of approximately 40 kDa that phosphorylated
NHE in an in-gel kinase assay (data not shown). By immuno-
precipitation, we confirmed that the kinase activity seen in the
protein lysates from IL-3-deprived cells was p38 MAPK and
not one of the other MAPK family member (i.e., ERK or
JNK), nor was it a downstream substrate of p38 MAPK such as
Mapkap2 (45) (data not shown and Fig. 7D). As seen in our
results, p38 MAPK phosphorylated NHE at multiple sites in a
region between amino acids 704 and 743 (Fig. 7B and C). In
addition, p38 MAPK did not appear to phosphorylate the pro-
posed p90 RSK target site, Serine 703 (human) (46). This sug-
gests that whereas the RSK site on NHE activates NHE to
accelerate the adjustment of acidic pH to physiological levels,
the p38 site(s) activates NHE to create alkaline levels. Using
mass spectrometry, we identified four in vitro phosphorylation
sites for p38 MAPK on NHE at Thr 717, Ser 722, Ser 725, and
Ser 728. We speculate that phosphorylation of the NHE in this
region could create either a docking site for another protein,
leading to deregulation and alkalinization, or repress an auto-
inhibitory regulatory domain.
One further feature of the cytokine withdrawal-induced al-

kalinization is its transience. Previously we reported that loss
of IL-7 or IL-3 signaling led to a pH rise lasting 2 to 3 h (23,
24). We do not yet know the mechanism that returns the in-
tracellular pH to neutrality. Since p38 MAPK is an upstream
mediator of the alkalinization process, one of many possible
mechanisms of normalization would be for alkaline pH to in-
hibit p38 MAPK activity. A recent study identified the docking
sites in MAPKs and MAPK-interacting proteins and showed
that such sites contain defined motifs characterized by the
presence of charged amino acids (47). We and others have
shown that charged amino acids in interacting peptides can be
a basis for the pH- sensitivity of proteins (23, 34).
The upstream chain of events that activate the p38 MAPK

pathway following cytokine withdrawal remain to be identified.
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The possibilities include G proteins, which have already been
shown to regulate intracellular pH (52); RhoA, which activates
the NHE (49); and other GTPases and signaling proteins that
lie upstream of p38 MAPK activation (61). Another possibility
is that cessation of Jak/STAT signaling following cytokine
withdrawal may contribute to the loss of ERK and a compen-
satory activation of p38 MAPK observed during apoptotic
death (58). It is also possible that induction of a dephosphor-
ylation activity, as seen during cytomegalovirus infection, mod-
ulates p38 MAPK function (22). Whatever the initiating mech-
anism, the activation of p38 MAPK following IL-7 and IL-3
withdrawal, phosphorylation of specific sites, and subsequent
activation of the NHE represents a novel pathway that links
trophic factor deprivation to a death-promoting physiological
consequence, intracellular alkalinization.
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