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ABSTRACT Taurine, a J3 amino acid, is a primary osmolyte in nucleated skate erythrocytes 
and is involved in the regulation of cell volume. Growth factors may be involved in the regulation 
of cell volume which occurs during cell division. Erythropoietin (EPO) is the primary growth fac- 
tor controlling erythropoiesis. l b  investigate its mechanism of action, we used nucleated skate 
erythrocytes. EPO stimulates Na+-independent uptake of taurine in a concentration-dependent 
manner. The uptake was inhibited by the tyrosine kinase inhibitor genistein. Concomitantly, EPO 
stimulates tyrosine phosphorylation of a number of proteins, particularly ones of molecular masses 
145, 120, 100, 80, 65, and 35 kDa. Using specific antibodies, the 145 kDa protein is identified as 
phospholipase C y-1 (PLC 7-1) and the 100 kDa protein as the skate homolog of the anion ex- 
changer band 3. Since PLC 'y-1 is activated, turnover of membrane lipids was determined. EPO 
increased 1,2-diacylglycerol formation from phosphatidylinositols (phosphatidylinositol-4-monophos- 
phate and 4,5-biphosphate) during an early phase and later preferentially from phosphatidylcho- 
line. The early hydrolysis of phosphoinositides was confirmed measuring generation of 
inositol-1,4,5-trisphosphate, demonstrating an activation of PLC y-1 activity. To determine if phos- 
pholipase D (PLD) stimulation also occurred, ethanol was included in the reactions. Phospha- 
tidylethanol, synthesized by PLD-mediated transphosphatidylation, appeared at times longer than 
5 min, suggesting delayed activation of PLD. These results demonstrate that EPO, via simulation of 
tyrosine phosphorylation, stimulates taurine transport in skate erythrocytes. o 1996 Wiley-Liss, Inc. 

Cells in an  anisotonic (hypertonic or hypotonic) 
media attempt to return to  their original "set" vol- 
ume by increasing the rate of uptake or  release 
of solutes with entrained water to or from their 
environment. The solutes used in these processes 
generally fall into two classes of compounds: 1 j  
organic osmolytes (amino acids, polyols, and meth- 
ylamines) and 2) inorganic ions (K and Cl). Re- 
cently, "illy et  al. ('93) reported that EGF acting 
along or in conjunction with hypotonicity activated 
ion channels via protein tyrosine phosphorylation 
in the human intestinal 407 cell line. One cannot 
say for certain that tyrosine phosphorylation is 
the final event; however, some step in the activa- 
tion cascade involves tyrosine phosphorylation. 
Phosphorylatioddephosphorylation activities may 
alter the activity of membrane transport activi- 
ties involved in cell volume regulation such as the 
Na-K-2C1 cotransporter (Pewitt et  al., '90; Vigne 
e t  al., '941, the erythrocyte KCl cotransporter 
(Jennings and Schultz, '911, and sodium-hydrogen 
0 1996 WILEY-LISS, INC. 

exchange activity (L'Allemain et al., '91; Sardet 
et  al., '91). 

EPO is the primary regulator of growth and dif- 
ferentiation of erythroid progenitor cells (Koury 
and Bondurant, '88). Therefore, we tested the ef- 
fects of EPO on the transport of taurine, an  organic 
osmolyte important in cell volume regulation, and 
on cell signaling processes in the skate erythro- 
cyte. Although EPO is believed to act predomi- 
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etin; HzDIDS, 4,4'-diisothiocyano-1,2-diphenylethane-2,2'-disulfonic 
acid IPB, immunoprecipitation buffer; IPj, inositol-1,4,5-trisphosphate; 
MAE: mitogen-activated protein; PA, phosphatidic acid; PBS, phos- 
phate-buffered saline; PC, phosphatidylcholine; PCA, perchloric 
acid; PEth, phosphatidylethanol; PI, phosphatidylinositol; PIP, 
phosphatidylinositol-4-monophosphate; PIP2, phosphatidylinositol-4,5- 
biphosphate; PLC, phospholipase C; PLD, phospholipase D; PMSF, 
phenylmethylsulfonyl fluoride; PVDF, polyvinylidenedifluoride; SDS- 
PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis. 
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nately on mature progenitors, the precise state(s) 
of development at which EPO acts have not been 
unequivocally identified. The receptor for EPO has 
been cloned from multiple species and closely re- 
sembles many other cytokine receptors (D'Andrea 
et al., '89; Jones et al., '90). One unique feature 
which distinguishes this receptor from other 
growth factor receptors is the lack of endogenous 
tyrosine kinase activity as predicted by consen- 
sus sequences (Bazan, '89). EPO, however, stimu- 
lates the tyrosine phosphorylation of a large 
number of proteins including its own receptor, 
RasGAP (Tbrti et  al., '92), Raf-1 (Carroll et  al., 
'91), PLC y-1 (Ren et al., ,941, and a number of 
others (e.g., see Miura et al., '91; Komatsu et al., 
'92; Damen et al., '92; Yoshimura and Lodish, '92). 
Thus EPO appears to  activate a receptor-associ- 
ated and/or activated tyrosine kinase). 

In  the present studies, we demonstrate that  
EPO stimulates Na+-independent taurine trans- 
port in skate erythrocytes. Na'-independent tau- 
rine transport is known to play a n  important role 
in cell volume regulation in skate erythrocytes 
(Goldstein and Davis, '94). EPO's effect on tau- 
rine uptake is inhibited by the tyrosine kinase 
inhibitor genistein, and EPO stimulates tyrosine 
phosphorylation of skate erythrocyte proteins in- 
cluding PLC y-1 and band 3. The activation of PLC 
y-1 is rapid and results in hydrolysis of inositol 
phospholipids, yielding the water soluble IPS and 
1,2-DAG. EPO-stimulated increase in DAG is de- 
rived, however, from both PIS and PC. At later 
times, preferential hydrolysis of PC occurs through 
a PLD pathway to yield DAG. 

EXPERIMENTAL PROCEDURES 
Isolation of skate erythrocytes and 
Na'dndependent taurine uptake 

Little skates (Raja erinacea) were caught by 
trawl nets in Frenchman's Bay, ME, or off Cape 
Cod, MA. Blood was drawn from a tail vessel into 
a heparinized syringe, pelleted at 500g for 2 min, 
plasma and buffy coat removed, and washed an  
additional time in isotonic (940 mosmol/l) elasmo- 
branch incubation medium (940 EIM, composition 
in mmol/l:300 NaC1; 5.2 KCl; 2.7 MgS04; 5.0 
CaCl,; 15 Tris, pH 7.5; and 470 urea). 

Taurine uptake medium contained 1 pCi/ml 
[3H]-taurine; 200 p1 of cells at 20% hematocrit in 
940 LiCl-EIM (LiC1 replaced NaC1) was added to 
800 pl uptake medium (940 LiC1-EIM with or 
without EPO and/or inhibitors). Li-EIM was used 
so that taurine uptake via a sodium-dependent 

system was not activated. In some experiments, 
hypotonic EIM was used to determine additivity 
of the effects of EPO and hypotonicity For these 
experiments, osmolarity was reduced to 660 
mosmol/l (decreasing LiCl to 200 and urea to 250) 
or 460 mosmol/l (LiC1 reduced to  100 and urea to 
250). Aliquots of incubation medium (800 p1) were 
removed at varying times and immediately mixed 
with 2.4 ml 940 Li-EIM. The cells were pelleted 
by centrifugation and washed 3x with 940 Li-EIM. 
The cell pellet was resuspended in 1 ml of 7% 
PCA, vortexed, and centrifuged; 400 pl of the PCA 
extract was removed and radioactivity determined 
in a liquid scintillation counter. 

Phosphorylation studies 
Erythrocytes were washed and resuspended at 

20% hematocrit in 940 EIM. Cells were diluted 
1:2 in 940 EIM with or without 50 U/ml EPO. At 
varying times, cells were pelleted, washed in 940 
EIM with 2 mM orthovanadate, and resuspended 
in 500 pl IPB (concentrations in mmol/l: 20 
HEPES, pH 7.4; 150 NaC1; 2 EDTA, 5 Na-pyro- 
phosphate; 1 PMSF; 2 Na-orthovanadate; 2 NaF; 
0.5% v/v NP-40; 0.5% v/v n i ton  X-100; 10 pg/ml 
each of leupeptin and soybean trypsin inhibitor; 
and 1 pg/ml each of aprotinin and pepstatin). Af- 
ter 60 min on ice, insoluble material was pelleted 
by centrifugation (12,OOOg for 10 min a t  4°C). 
Antiphosphotyrosine antibody 4G10 linked to  pro- 
tein A Sepharose was then added (2 pg antibody 
equivalent per tube) and left to incubate at 4°C 
overnight, rotating gently Samples were pelleted, 
beads washed with IPB, and then proteins eluted 
with lx Laemmli sample buffer at 65°C for 20 
min. Beads were quickly pelleted and samples 
were resolved on 10% SDS-PAGE. The resolved 
proteins were immediately transferred to a PVDF 
membrane in lx Towbin's buffer with 15% metha- 
nol at 400 mAfor at least 4 hr. Membranes were 
then blocked overnight with 5% w/v non-fat dry 
milk in PBS with 0.2% v/v NP-40 (5% Blotto). To 
visualize specific proteins, blots were then incu- 
bated with various antibodies: 1) monoclonal 4G10 
to determine phosphotyrosine containing proteins 
(1 pg antibody/ml); 2) mixed monoclonals to PLC 
y-1 (2 pg/ml); and 3) polyclonal anti-human band 
3 (a generous gift of l? Low, Purdue University) 
at 1 : l O O  dilution. Blots were incubated with one 
of these antibodies for 60 min, washed 5x with 
5% Blotto and 2x with 1% Blotto (1% w/v milk), 
and then incubated with horseradish peroxidase- 
conjugated secondary antibodies (donkey anti-rab- 
bit IgG at 1:2,500 or goat anti-mouse IgG at 
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1:5,000) in 1% Blotto for 60 min. Blots were then 
washed with 1% Blotto 5x and 2x in PBS with 
NP-40. Detection was performed using chemilu- 
minescent system (Renaissance, New England 
Nuclear, Boston, MA). 

Measurement of DAG 
Cells were resuspended at 20% hematocrit in 

940 EIM and kept at 15°C. At designated times, 
cells were diluted 1 : l O  into 940 EIM with or with- 
out 50 U/ml EPO, or 460 EIM (EIM as above ex- 
cept 100 mM NaCl and 250 urea). Samples (200 
pl) were removed and pipetted into 1 ml of 
chloroform:methanol:2 M KC1 (100:200:4 by vol- 
ume). After all samples were taken, phases were 
separated by the addition of 150 p1 each chloro- 
form and 2 M KCI, vortexed, and centrifuged 
(12,0009 for 3 min). The chloroform phase was re- 
moved, washed with 1 ml methanol:water:2 M KCI 
(100:90:1 by volume), phases were separated by 
centrifugation, and the chloroform phase was re- 
moved and dried at 45°C in a vacuum oven. The 
lipid residue was resuspended in  20 p1 of solu- 
bilization solution (5 mM cardiolipin and 7.5% 
w/v octyl-D-glucoside). Samples were left to 
solubilize for 6 hr at room temperature. DAG 
was measured at previously described (Musch 
and Goldstein, '90). Briefly, lipids were added to 
the reaction mixture (final concentrations in mmoV 
1: 50 morpholino-ethane sulfonic acid, pH 6.8; 5 
MgC12; 1 dithiothreitol; 0.5 ATP (44,000 dpmhmol 
[TPIATP), and 25 U/ml DAG kinase). Assays were 
carried out at 22°C for 60 min and reactions ter- 
minated by addition of 1 ml chloroform:methanol:2 
M KC1. Phases were separated and washed as de- 
scribed above. The chloroform was dried in scin- 
tillation vials, 4 ml of scintillation fluid added, 
and radioactivity determined by liquid scintilla- 
tion spectroscopy In each experiment, a standard 
curve of 1,2-DAG was run. Standards (25-1,000 
pmol) were resuspended in 20 pl solubilization 
buffer and assayed above. We have previously 
shown using thin layer chromatography (TLC) 
that approximately 16% of the radioactive prod- 
ucts in  unstimulated cells is phosphorylated 
ceramide. This value was determined and sub- 
tracted from all of the counts. For all experiments, 
triplicate aliquots were saved for measurement of 
lipid phosphorus. 

Labeling of cellular phospholipids 
with [32P04] 

Erythrocytes were washed and resuspended at 
20% hematocrit in 940 EIM with 100 pCi/ml 

[32Y04]. If appropriate, cells were treated for the last 
10 min with the DAG kinase inhibitor R59022. Af- 
ter 4 hr, cells were diluted 1 : l O  into 940 EIM with 
or without EPO (50 U/ml) and 200 p1 samples re- 
moved at varying times. In some experiments, 
0.5% v/v ethanol was included in the dilution me- 
dium to determine the formation of PEth by PLD 
activity Samples (200 pl) were removed at vary- 
ing times and lipids extracted as described. The 
samples were resuspended in ch1oroform:methanol 
(2:l v/v) and applied to silica gel G TLC plates. 
One set of plates was dipped in a solution of 2 
mM EDTA and 1% oxalic acid and air dried over- 
night. These TLC plates were only used for the 
analysis of polyphosphoinositides (PIP and PIP2). 
These plates were developed in a solvent system of 
ch1oroform:methanol:NbOH:water (45:35:6.4:3.6 by 
volume). The other set of TLC plates was devel- 
oped for half the distance in a system of chloro- 
form:methanol:acetic acid:water (50:30:8:2 by 
volume), air dried, and then in the same direc- 
tion in a system using the organic phase of 2,2,4- 
trimethy1pentane:ethyl acetate:acetic acid:water 
(110:50:20:100 by volume). This two-solvent sys- 
tem was used so that PA and PEth could be re- 
solved from the major phospholipids. Samples 
were visualized by autoradiography, scraped, and 
counted after addition of scintillation fluid. 

Measurement of IP3 
Cells were resuspended at 20% hematocrit and 

kept at 15°C. Cells were diluted 1 : l O  into 940 EIM 
with or without EPO (50 U/ml) and 200 p1 samples 
removed at varying times and reactions stopped 
by addition of 200 pl 14% PCA. Samples were kept 
on ice 15 min, proteins pelleted at l2,OOOg for 3 
min, and the supernatants removed and neutral- 
ized to  pH 7.0 with 10 N KOH. Aliquots of the 
samples were assayed for IP, using a competitive 
binding assay Protein in the PCA-precipitated pel- 
let was measured following solubilization in 1 N 
NaOH by the bicinchoninic acid procedure. 

Oligomerization of band 3 
To determine if EPO caused oligomers to band 

3 to  form, cells were washed and resuspended at 
20% hematocrit and diluted 1:2 into 940 EIM with 
or without 50 U/ml EPO or 460 EIM containing 
0.5 pM L3H1-H2DIDS. Samples (1 ml) were incu- 
bated at 15°C for 30 min and plasma membranes 
isolated (Musch et al., '94b). Peripheral membrane 
proteins were stripped by incubation with 0.1 N 
NaOH, neutralized by three washes with 5 mM 
Na-phosphate, pH 8.0, to return pH to pH 7.5. 
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Membranes were resuspended in 10 mM HEPES, 
pH 7.4, with 0.1 mM PMSF, 10 pg/ml each of 
leupeptin and soybean trypsin inhibitor, and 1 pg/ 
ml each of aprotinin, pepstatin, and tosylphenyl- 
chloromethyl ketone. Protein was measured by 
the bicinchoninic acid procedure; 200 pg of plasma 
membrane protein was used for crosslinking. The 
homobifunctional crosslinker BS3 (5 mM) was 
added and crosslinking was allowed to proceed for 
60 min at room temperature. Reactions were 
stopped by addition of 0.1 volume 1 M Tris, pH 
8.0, and then by addition of 0.5 volume 3x Laem- 
mli sample buffer. Samples were heated to 55°C 
for 10 min and resolved on 5% SDS-PAGE and 
gel slices cut. Gel slices were dissolved in scintil- 
lation fluid with 4% Soluene and radioactivity was 
counted. 

Materials 
Monoclonal antibodies 4G10 and mixed mono- 

clonal anti-PLC y-1, anti-p56/531Y", anti-p5gfY", 
anti-p56lCk, anti-pp60src, and anti-p72"' antibod- 
ies were purchased from UBI (Lake Placid, NYj; 
I3H1-H2DIDS was from Hospital for Sick Children 
(Toronto, Ontario, Canada); [?PI-ATE H332P04, 
[3H]-taurine, Reflection film, and Renaissance 
Western Blot Chemiluminescent Kit were from 
New England Nuclear (Boston, MA); EPOGEN 
was a generous gift of AMGEN (Thousand Oaks, 
CAI; orosomucoid was a gift of Dr. Eugene 
Goldwasser, University of Chicago; protein-A 
Sepharose was obtained from Pharmacia (Piscat- 
away, NJ); Immobilon PVDF membrane was from 
Millipore (Medford, MA); horseradish peroxidase- 
conjugated donkey anti-rabbit IgG and goat anti- 
mouse IgG were from Jackson Laboratories 
(Jackson, PA); BS3 was from Pierce (Rockford, IL); 
DAG kinase assay kit, IP3 assay kit, and NP-40 
were from Amersham (Arlington Heights, IL; 
Cleveland, OH); silica gel G plates were from 
Brinkman (Westbury, NY); octyl-D-glucoside was 
from Novabiochem (La Jolla, CAI; cardiolipin, 1,2- 
DAG and phospholipids were from Avanti Polar 
Lipids (Birmingham, AL); and R59022 was from 
Janssen Life Sciences (Belgium). All other re- 
agents were of the highest grade available and 
purchased from GIBCOBRL (Gaithersburg, MD j, 
Fisher (Springfield, NJ), or Sigma (St. Louis, MO). 

RESULTS 
EPO stimulates taurine uptake via a 

genistein-inhibitable pathway 
Under isoosmotic conditions, Na'-independent 

taurine uptake into skate erythrocytes averages 

0.66 nmoVlO min/g*RBC (Fig. 1A). When the cells 
are stimulated with EPO under isoosmotic condi- 
tions, taurine uptake increases approximately 60% 
(Fig. 1Aj. The effect of EPO is concentration de- 
pendent with stimulation observed at concentra- 
tions as low as 1 U/ml and the effect is maximal 
at 25 U/ml (Fig. 1B). EPO stimulation of taurine 
uptake is inhibited by pretreatment (10 min) with 
the tyrosine kinase inhibitor genistein (50 pM; Fig. 
1C). Pretreatment with genistein does not inhibit 
a comparable stimulation of uptake by medium 
made hypotonic to  660 mosmol/l (Fig. 1C). The 
effect of EPO is additive to that of hypotonicity 
At all osmolarities tested (940,660,460), EPO en- 
hanced taurine uptake (data not shown). 

The EPO preparation used in these experiments 
(EPOGEN, AMGEN) contains 150 mM Na'. Al- 
though this results in a concentration of Na' in 
the incubation medium of only about 2 mM (vs. 
Na' kIl2 for activating uptake of 80 mMj, we tested 
the effects of EPO in the total absence of Na' by 
using a n  EPO preparation dialyzed (against 
HEPES-buffered LiC1) free of Na'. The dialyzed 
preparation stimulated taurine uptake similar to 
the undialyzed preparation (data not shown). To 
determine whether the effect of EPO was specific, 
another heavily glycosylated protein, orosomucoid 
(alpha-1 acid glycoprotein), was tested. The car- 
bohydrate portion of both EPO and orosomucoid 
is approximately 35% and the composition is quite 
similar. Using equivalent amounts of EPO and 
orosomucoid (1.25 pg/ml, which is equivalent in 
mass to 50 U/ml EPO), stimulation of taurine up- 
take was readily observed with EPO but not 
orosomucoid, suggesting that the effect on taurine 
uptake was specific. l b o  other important growth 
factors were also tested. Neither EGF nor insu- 
lin-like growth factor I1 had any effect on taurine 
uptake (data not shown). 

Effect of EPO on tyrosine phosphorylation 
Since the effect of EPO on taurine uptake was 

inhibited by genistein, we tested whether protein 
tyrosine phosphorylation occurred after EPO 
stimulation. To determine tyrosine phosphoryla- 
tion, cells were stimulated with EPO (50 U/ml) 
and patterns of phosphotyrosine containing pro- 
teins determined following immunoprecipitation 
using a specific antiphosphotyrosine monoclonal 
antibody (4G10j. Under control conditions, a num- 
ber of proteins had phosphotyrosines, most nota- 
bly proteins between 80 and 150 kDa (Fig. 2). 
Upon stimulation with EPO, the tyrosine phos- 
phorylation of these proteins, as well as other pro- 
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Fig. 1. A: Effect of EPO (50 Uiml) on Na+-independent 
taurine uptake. Erythrocytes were washed, resuspended in 
940 Li-EIM (940 mosmol/l Ii-substituted elasmobranch incu- 
bation medium), and then uptake was measured in the pres- 
ence and absence of EPO. Uptake was terminated at 15 min 
as described iR Experimental Procedures. Data are means 2 
SE for three experiments. B: Concentration dependence of 
EPO effect on taurine uptake. Taurine uptakes were per- 

teins of different molecular weights, increased as 
determined by antiphosphotyrosine immunopre- 
cipitation. The most predominant proteins whose 
levels increased were the 150, 120, 100, and 45 
kDa, whereas proteins which did not appear to  
have phosphotyrosine prior to stimulation ap- 
peared at molecular weights of 80, 65, and 32. 
With longer exposures of the Western blots, addi- 
tional phosphoproteins, which demonstrated 
smaller changes in tyrosine phosphorylation could 
be observed. Stimulation of protein tyrosine phos- 
phorylation was a rapid event; some proteins in- 
creased maximally by 1-2 min (150 and 45 kDa 
proteins), whereas others (100 and 32 kDa pro- 
teins) increased less rapidly The fold stimulations 

4 1  T T  

9 4 0  6 6 0  660 + G 

formed as described in Experimental Procedures. Uptakes 
were measured over 15 min. Values are means f SE for three 
experiments. C: Inhibition of EPO (50 U/ml) stimulated tau- 
rine uptake by genistein. Cells were pretreated with 50 pM 
genistein (G), tyrosine kinase inhibitor, for 10 min prior to 
measuring taurine uptake in 940 Li-EIM. Uptakes were mea- 
sured over the next 15 min in either 940 Li-EIM 2 EPO (E) 
or EPO 2 genistein, or 660 Li-EIM 5 genistein. 

of the proteins varied. As representatives, the 
range of stimulation for the 150 kDa protein was 
15-28 (mean of 21 2 10 for 3 experiments) and 
for the 100 kDa protein the range was 3-10 (mean 
of 6 

To determine the possible identity of these pro- 
teins, some of the proteins known to be tyrosine 
phosphorylated after EPO were studied using spe- 
cific antibodies. Since the PLC y-1 has been shown 
to be heavily tyrosine phosphorylated in EPO-de- 
pendent UT7A cells (Ren et al., '94), we deter- 
mined whether the amount of PLC y-1 increased 
in  the phosphotyrosine immunoprecipitates of 
skate erythrocytes using a set of mixed monoclonal 
anti-PLC y-1 antibodies to probe the Western 

2.5 for 3 experiments). 
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Fig. 2. Western blot of phosphotyrosine containing pro- 
teins stimulated by EPO (50 U/ml). Cells were washed, re- 
suspended at  20% hematocrit, and diluted 1:2 in 940 EIM 
with or without EPO at varying times. Immunoprecipitations, 
gel analysis, and visualization were performed as described 
in Experimental Procedures. Image shown is representative 
of those performed on three different skates. 

blot. As shown in Figure 3A, using blots gener- 
ated following immunoprecipitation with 4G10 
antiphosphotyrosine, a major phosphoprotein 
could be identified with the anti-PLC y-1 antibod- 
ies. Using this method, the levels were found to 
increase 15 f 6-fold for 3 experiments. Similarly, 
the identity of the phosphoprotein near 100 kDa 
was confirmed used a specific polyclonal antise- 
rum against human band 3 (Fig. 3B). Using the 
anti-band 3 antiserum, the fold increase over con- 
trol at the maximal time point (5 min) was 5 2 2. 

We have attempted to use a number of specific 
tyrosine kinase antibodies to find which kinases 
are activated during EPO stimulation. Using spe- 
cific antibodies, we have found kinases homolo- 
gous to p72"', pp6OSrc, and p56lCk (but no protein 
reactive with p5gfYn or  p56/531Yn) in skate erythro- 
cytes (Musch et al., unpublished results). The 
three kinases have slightly different molecular 
weights which may relate to species differences. 
However, using an  immune complex assay their 
activities do not appear to change after EPO. 

Hydrolysis of PI and PC 
Since EPO stimulated the tyrosine phosphory- 

lation of PLC y-1, we determined whether cell 
DAG levels would increase as well. Additionally, 
since we have previously demonstrated that vol- 

Control EPO(5OUI ml) 
0 60 1 2 5 10 30 60 MIN 

Fig. 3. Effect of EPO on tyrosine phosphorylation of 
PLC y-1 (A) and band 3 (B). Samples were isolated and 
immunoprecipitated as described in Experimental Proce- 
dures. Immunoprecipitation was performed using 4G10 
antiphosphotyrosine antibody. Blots were developed with (A) 
mixed monoclonal anti-PLC y-1 and (B) anti-human band 3 
polyclonal serum. Images shown are representative of results 
obtained from three different skates. 

ume expansion stimulates PLD activity in skate 
erythrocytes, we determined whether EPO might 
stimulate PLD. Cells were stimulated with EPO 
under isoosmotic conditions and lipids extracted 
for mass measurements of DAG using recombi- 
nant DAG kinase. As shown in Figure 4, EPO (50 
U/ml) caused a rapid and prolonged elevation of 
DAG. To compare these DAG levels with those in- 
duced by volume expansion due to hypotonic 
stress, cells were exposed to 460 EIM and a sample 
taken at a previously determined maximal time 
point (Musch and Goldstein, '90). Hypotonic expo- 
sure caused a greater elevation (compared to EPO 
stimulation) in DAG. At 2 min the levels reached 
1.77 f 0.14 pmolhmol cell phospholipid (compared 
with the zero time control of 1.13 

Since DAG can be generated from multiple 
sources, we looked for the phospholipid pool from 
which the DAG was derived. Cells were labeled 
with t3*P04] and then stimulated with EPO (50 
U/ml). Although we analyzed all of the major cell 
phospholipids, only those for which we observed 
changes are shown (Fig. 5). Early decreases could 
be noted in the polyphosphoinositides (PIP and 
PIP2) and a smaller (not statistically significant) 
change was observed in PI itself (Fig. 5) .  These 

0.08). 
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Fig. 4. Effect of EPO on DAG content. Cells were washed and resuspended at 20% 
hematocrit. Cells were diluted 1 : l O  into 940 EIM with or without EPO. Samples were re- 
moved at varying times and stopped. Lipids were extracted and DAG measured as de- 
scribed in Experimental Procedures. Values are means 2 SE for three experiments, each 
point performed in triplicate in each experiment. *P i 0.05; " P  < 0.001 compared with zero 
time control by ANOVA. 

changes strongly support an  activation of PLC y- 
1. After the first 5 min the inositol phosphate lev- 
els were no different from controls. However, 
significant decreases were observed in PC, sug- 
gesting a possible activation of PLD. 

As additional evidence for PLD activation, we 
investigated the formation of labeled PA in these 
cells. Tb determine whether a PLC y-1 or D was 
involved, we used the DAG kinase inhibitor 
R59022. This agent should only inhibit PA formed 
from PLC y-1, but not from D activation. As shown 
in Figure 6A, PA rose rapidly after EPO. Whereas 
the early increase in PA was inhibited by R59022, 
the latter phase was less so, supporting a n  early 
activation of PLC y-1 followed by activation of 
PLD. %I unequivocally demonstrate activation of 
PLD, ethanol was included to promote the forma- 
tion of PEth by transphosphatidylation by PLD. 
As shown in Figure 6B, a delayed increase in [32Pl- 
labeled PEth occurred, demonstrating the activa- 
tion of PLD. 

As further support for the sequential activation 
of these phospholipases, we measured the forma- 
tion of IP3 which occurs solely from PLC y-l  acti- 

vation. As shown in Figure 7, IP3 levels increased 
rapidly after EPO, the maximal increase occur- 
ring after 2 min. The cells were not treated with 
lithium to inhibit phosphodiesterase activity, pos- 
sibly accounting for the transient nature of the 
response. These results, along with those demon- 
strating formation of PEth, strongly support the 
sequential activation of PLC y-1 and then D. 

Oligomerization of band 3 
We have recently shown that hypotonic volume 

expansion of skate erythrocytes stimulates the for- 
mation of dimeric and tetrameric forms of the an- 
ion exchanger protein band 3 (Musch et al., '94a). 
Tb test whether EPO also causes oligomerization, 
band 3 was labeled with the irreversible binding 
agent [3H]-H2DIDS in isoosmotic medium with or 
without EPO (50 U/ml). As a control, an  aliquot 
of cells was labeled in hypotonic medium which 
stimulates an increase in HzDIDS binding and 
which promotes oligmerization. To observe the for- 
mation of oligomeric forms, plasma membranes 
were isolated and proteins crosslinked using the 
homobifunctional crosslinker BS3. As shown in 
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Fig. 5. Hydrolysis of [32Pl-labeled phospholipids stimulated by EPO. Cells were prelabeled 
for 4 hr  with ["2Pl-orthophosphate in 940 EIM and diluted 1:lO into EIM with or without 
EPO (50 U/ml). Samples were taken at varying times, stopped, and lipids extracted as 
described in Experimental Procedures. Samples were analyzed by TLC as described, lipids 
visualized by autoradiography, and major phospholipids scraped off and radioactivity quan- 
tified. Values are means z SE for three experiments, each point done in duplicate in each 
experiment. *P < 0.05 compared with zero time control by ANOVA. 

Figure 8, hypotonic exposure causes an increase 
in [3Hl-H2DIDS binding and a shift in distribu- 
tion toward oligomeric forms. EPO caused a small 
increase in binding which was not significant and 
only a small shift toward oligmeric forms was ob- 
served. 

DISCUSSION 
In the present studies we demonstrate that the 

erythroid growth factor EPO stimulates Na+-in- 
dependent taurine uptake in skate erythrocytes. 
This effect is inhibited by the tyrosine kinase in- 
hibitor genistein. In addition, EPO stimulates ty- 
rosine phosphorylation on a number of proteins, 

predominantly ones of molecular masses 150,120, 
100, 80, 45, and 32 kDa. The 150 kDa protein 
was identified as PLC 'y-l using specific mono- 
clonal antibodies. A tyrosine phosphoprotein near 
100 kDa was determined to  be skate band 3 us- 
ing a specific anti-human band 3 polyclonal se- 
rum. EPO stimulated the generation of DAG from 
membrane polyphosphoinositides as well as from 
PC. Direct evidence for stimulation of PLC y-1 and 
D was obtained by measuring the stimulation of 
cell IP3 levels and the generation of PEth. Differ- 
ences in the mechanism of stimulation of taurine 
transport by hypotonic volume expansion and EPO 
were the effect of genistein on the former and 
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Fig. 6. Formation of [32P]-labeled PA (A) in the presence 
and absence of the DAG kinase inhibitor R59022 and the for- 
mation of [32Pl-labeled PEth (B). Cells were labeled for 4 hr 
with [32P041 and if appropriate, treated for the last 10 min 
with 10 pM R59022. Cells were diluted 1 : l O  into medium 
with or without EPO. Ethanol (0.5% v/v) was included to mea- 

sure formation of PEth. Lipids were analyzed by TLC, and 
PA and PEth localized by autoradiography, scaped from the 
plates, and counted. Values are means 2 SE for three experi- 
ments, each point done in duplicate in each experiment. *P < 
0.05; 'P 4 0.01, " P  < 0.001 compared with zero time control 
by ANOVA. 
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Fig. 7. Stimulation of IP3 formation by EPO. Cells at 20% hematocrit were diluted 1 : l O  
into 940 EIM with or without EPO (50 U/ml). Samples were removed at  varying times and 
stopped by addition of PCA. IPS was measured in the supernatant by a specific competitive 
protein binding assay. Values are means SE for three experiments, each point done in 
duplicate in each experiment. *P < 0.05 compared with zero time control by ANOVA. 

small effect of EPO on oligomerization of band 3 
compared to hypotonicity Thus multiple mecha- 
nisms may be involved in the regulation of tau- 
rine transport by skate cells. 

Our results are similar to  those of Tilly et al., 
('93) investigating the efflux of C1 and K which 
often occurs in mammalian cells during the regu- 
latory volume decrease after volume expansion. 
Using the INT407 cells they observed that ty- 
rosine phosphorylation played a pivotal role in the 
regulation of ion (K and C1) channel activity These 
investigators found increased phosphorylation of 
major phosphoproteins of 125, 75, and 70 kDa, 
and a number of minor phosphoproteins increased 
as well during hypotonic stress. In this cell line, 
the growth factor and well-characterized tyrosine 
kinase activator EGF also stimulated efflux of K 
and Cl, but only in the presence of the phos- 
phatase inhibitor vanadate. Without vanadate 
present we observed the effect of EPO and there- 
fore chose not to confound our results with this 
additional agent. It should be noted that vana- 

date by itself did not stimulate taurine uptake in 
skate erythrocytes, but it did potentiate the ef- 
fect of EPO (data not shown). 

The number of kinases which could be involved 
in EPO stimulation of the cells is large. Erythro- 
cytes contain large numbers of tyrosine kinases and 
which one(s) are involved as second messengers that 
stimulate taurine transport is (are) unknown. Ad- 
ditionally, EPO generates DAG which would acti- 
vate protein kinase C, a known activator of taurine 
transport (Leite and Goldstein, '87). It is also pos- 
sible that other serine/threonine kinases may also 
play a role in the regulation of taurine transport. 
In the INT407 cells, EGF stimulated MAP kinase 
activity (as well as a number of other kinases) (Tilley 
et al., '93). EPO has been shown to  stimulate one 
of the MAP kinases (Miura et al., '91), and a num- 
ber of MAP-like kinases Qnk and hog) have been 
determined to be involved in osmosensing (Maeda, 
'94; Galcheva-Gargova et al., '94; Han et al., '94). 
Whether these are present in elasmobranchs and 
how they are regulated are unknown. 
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sion cloning of the 
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ing in the generation of and DAG. The DAG 
may be important in the effects of EPO by acti- 
vating protein kinase C, a known modulator of 

lates a delayed increase in PLD activity which 
may be useful to  prolong its effect. The precise 
mechanism of EPO stimulation will require a 
great deal of additional work. 

Galcheva-Gargova, Z., B. Derijard, I.-H. Wu, and R.J. Davis 
(1994) An osmosensing signal transduction pathway in 

Science, 265'806808. 
Goldstein, L., and E.M. Davis (1994) Taurine, betaine, and 

transport in these EPo stirnu- inositol share a volume-sensitive transporter in state eryth- 
rocyte cell membrane. Am. J. Physiol., 267:R426-R431. 

Han, J., J.-D. Lee, L. Bibbs, and R.J. Ulevitch (1994) A MAP 
kinase targeted by endotoxin and hyperosmolarity in mam- 
malian cells. Science, 265:808-811. 

Jennings, M.L., and R.K. Schulz (1991) Okadaic acid inhibi- 
ACKNOWLEDGMENTS 

This work was supported by National Science 
Foundation grant IBN9505567 (L.G.) and Na- 
tional Institutes of Health grants DK38510 and 
DK47722 (M.W.M.). 

LITERATURE CITED 
Bazan, J.F. (1989) A novel family of growth factor receptors: 

A common binding domain in the growth hormone. prolac- 
tin, erythropoietin and IL-6 receptors, and p75 IL-2 recep- 
tor 0-chain. Biochem. Biophys. Res. Commun., 164:788-795. 

Carroll, M.E, J.L. Spivak, M. McMahon, N. Weich, U.R. Rapp, 
and W.S. May (1991) Erythropoietin induced Raf-1 activa- 
tion and Raf-1 is required for erythropoietin-mediated pro- 
liferation. J. Biol. Chem., 266:14964-14969. 

Damen, J.E., A.L.-F. Mui, L. Puil, T. Pawson, and G. Krystal 
(1992) Erythropoietin-induced tyrosine phosphorylations in 

tion of KC1 cotransport: Evidence that protein dephosphory- 
lation is necessary for activation of transport by either cell 
swelling or N-ethylmaleimide. J. Gen. Physiol., 97:799-817. 

Jones, S.S., A.D. D'Andrea, L.L. Haines, and G.G. Wong (1990) 
Human erythropoietin receptor: Cloning, expression and bio- 
logical characterization. Blood, 76:31-35. 

Komatsu, N., J.W. Adamson, K. Yamamoto, D. Altschuler, M. 
Torti, R. Mazocchini, and E.G. Lapetina (1992) Erythropoi- 
etin rapidly induces tyrosine phosphorylation in the human 
erythropoietin-dependent cell line, UT-7. Blood, 8053-59. 

Koury, M.J., and M.C. Bondurant (1988) The molecular mecha- 
nism of erythropoietin action. J. Cell Physiol., 137:65-74. 

L'Allemain, G.J., J. Pouyssegur, and M.J. Weber (1991) P42/ 
mitogen-activated protein kinase as a converging target for 
different growth factor signaling pathways: Use of pertus- 
sis toxin as a discrimination factor. Cell Regul., 2:675-684. 

Leite, M.V., and L. Goldstein (1987) Ca++ ionophore and 
phorbol ester stimulate taurine efflux from skate erythro- 
cytes. J. Exp. Zool., 242:95-97. 



92 M.W. MUSCH ET &. 
Maeda, T. (1994) A two-component system that regulates 

a n  osmosensing MAP kinase cascade in yeast. Nature, 
369:242-245. 

Miura, O., A. D'Andrea, D. Kabat, and J.N. Ihle (1991) Induc- 
tion of tyrosine phosphorylation by the erythropoietin recep- 
tor correlates with mitogenesis. Mol. Cell Biol., 11:48954902. 

Musch, M.W., and L. Goldstein (1990) Hypotonicity stimulates 
phosphatidylcholine hydrolysis and generates diacylglycerol 
in erythrocytes. J. Biol. Chem., 258:13055-13059. 

Musch, M.W., E.M. Davis, and L. Goldstein (1994a) Oligo- 
meric forms of skate erythrocyte band 3. J. Biol. Chem., 

Musch, M.W., T.R. Leffmgwell, and L. Goldstein ( 1994b) Band 
3 modulation and hypotonic-stimulated taurine eMux in 
skate erythrocytes. Am. J. Physiol., 266:R65-R74. 

Pewitt, E.B., R.S. Hegde, M. Haas, and H.C. Palfrey (1990) 
The regulation of Na/K/2Cl cotransport and bumetanide 
binding in avian erythrocytes by protein phosphorylation 
and dephosphorylation: Effects of kinase inhibitors and 
okadaic acid. J. Biol. Chem., 265:20747-20756. 

Ren, H.-Y., N. Komatsu, R. Shimizu, K. Okada, andY. Miura 
(1994) Erythropoietin induces tyrosine phosphorylation and 

269:19683-19686. 

activation of phospholipase Cy-1. J. Biol. Chem., 269: 

Sardet, C., F! Farfournoux, and J. Pouyssegur (1991) Alpha- 
thrombin, epidermal growth factor, and okadaic acid acti- 
vate the Na'/H' exchanger, NHE-1, by phosphorylating a 
set of common sites. J. Biol. Chem., 266:19166-19171. 

Tilly, B.C., N. van den Berghe, L.G.J. Tertoolen, M.J.  
Edixhoven, and H.R. de Jonge (1993) Protein tyrosine phos- 
phorylation is involved in osmoregulation of ionic conduc- 
tances. J .  Biol. Chem., 268:19919-19922. 

Torti, M., K.B. Marti, D. Althschuler, K. Yamamoto, and E.G. 
Lapetina (1992) Erythropoietin induces p2 l ras  activation 
and p120GAP tyrosine phosphorylation in human erythro- 
leukemia cells. J. Biol. Chem., 267:8293-8298. 

Vigne, P. A.L. Farre, and C. Frelin (1994) Na(+)-K(+)-Cl- 
cotransporter of brain capillary endothelial cells. Properties 
and regulation by endothelins, hyperosmolar solutions, 
calyculin A, and interleukin-1. J. Biol. Chem., 269:19925- 
19930. 

Yoshimura, A., and H.F. Lodish (1992) In vitro phosphoryla- 
tion of the erythropoietin receptor and an associated pro- 
tein, pp130. Mol. Cell. Biol., 12706-715. 

19633-19638. 




