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Abstract. Erythropoietin (Epo) induces a dose-dependent increase in intracellular free
calcium concentration ([Ca|]) in single human BFU-E derived erythroblasts, which is
specific for stage of differentiation and mediated through a voltage-independent ion
channel permeable to calcium. This minireview examines the regulation of calcium
channels by Epo during normal erythroid differentiation, as a model to delineate the
immediate signaling events which follow interaction of Epo with its receptor.
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rythropoietin (Epo) is a glycoprotein growth
factor which induces proliferation and differ-
entiation of erythroid progenitor and precursor
cells. On normal human erythroid cells, Epo receptor
expression peaks at the CFU-E/proerythroblast stage,
with approximately 1,100 receptors per cell, followed
by gradual decline during maturation to undetectable
levels at the reticulocyte stage (1). The human Epo
receptor (Epo-R) has recently been cloned (2). No ki-
nase or other enzyme motif has been identified in the
cytoplasmic domain of the Epo receptor. However, as
an early step in the signaling cascade, Epo has been
shown to induce tyrosine phosphorylation of its own
receptor (3, 4) as well as other proteins (4-9) including
Janus kinase 2 (5); the c-fps/fes proto-oncogene prod-
uct (6); the 85-kDa regulatory subunit of phosphati-
dylinositol 3-kinase (7); and two proteins involved in
activation of ras, the 56-kDa SH2-containing protein
Shc¢ (8) and 120-kDa GTPase-activating protein (GAP)
(9). Activation of a cascade of serine and threonine
kinases, including Raf-1, likely follows tyrosine phos-
phorylation (10, 11).
Our research and the rest of this review will focus
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on the changes in intracellular free calcium concentra-
tion ([Ca;]) following Epo stimulation. Using fluores-
cence microscopy coupled to digital video imaging,
our laboratory was the first to show that Epo induces
a dose-dependent increase in [Ca;] in single normal
human BFU-E derived erythroblasts (12). Erythro-
blasts were removed from culture at different days to
obtain normal erythroid precursors at defined stages of
maturation (13). Treatment of cells from Day 7 of ful-
ture with Epo when colonies are small and blasts
poorly hemoglobinized with a large proliferative ca-
pacity (CFU-E), resulted in no significant increase in
[Ca;]. On Day 10 erythroblasts which are partially he-
moglobinized and have decreased proliferative capac-
ity, Epo stimulated a large increase in [Ca;] from 49 +
11 nmol/l at baseline to 279 * 47 nmol/l, which per-
sisted for at least 18 min (13). The differential [Ca;]
response observed between early and late erythroid
precursors to growth factor stimulation suggests that
[Ca;] may be an important signal in cell differentia-
tion. The lack of [Ca;] response in early erythroid pre-
cursors is unlikely to be due to reduced Epo-R density
since early BFU-E progeny contain more Epo-R per
cell when compared with late, more mature erythro-
blasts (1). The role of increased [Ca;] in erythroid differ-
entiation is supported by the observations that the cal-
cium ionophore A23187 induced the commitment to dif-
ferentiation of murine erythroleukemia (MEL) cells (14)
and that Ca?* influx was required for hexamethylene
bisacetamide-induced differentiation of MEI cells (15).
Ca?" mobilizing hormones regulate cell function
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Calcium Channels in Human Erythroblasts
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Figure 1. Calcium channels in human erythroblasts. (A) Whole-
cell attached patch channel recordings of a human Day 10
BFU-E derived erythroblast incubated in media containing (in
mM): N-methyl-D-glucamine 140, CsCl 4, MgCl, 1, EGTA 1,
HEPES 20, glucose 10, pH 7.4. Sylgard-coated fire-polished pi-
pettes (diameter 1-2 um) were filled with millipored filling solu-
tion containing (in mM): N-methyl-D-glucamine 140, CsCl 4,
MgCl, 0.5, CaCl, 6, tetraethylammonium 10, HEPES 20, pH 7.4.
Charybdotoxin (100 nM) was used in pipette solution to block
Ca®*-activated potassium channels. Holding potential was at
~20 mV. Upward deflections (inward current) indicate channel
openings. There are two channels in this membrane patch. (B)
Amplitude histograms showing two identical channels, each
passing 0.3 pA at —20 mV. Addition of Epo (2 units/ml) to this
erythroblast resulted in increase in open probability from 0.059
to 0.273 with no changes in the amplitudes.
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by increasing [Ca;]} through two basic mechanisms, re-
lease from internal stores via receptor-G protein-
mediated stimulation of phospholipase C, or extracel-
lular Ca®* influx. We have demonstrated that the
increase in [Ca;] observed in normal human erythro-
blasts is the result of extracellular Ca>" influx via an
Epo-modulated voltage independent ion channel per-
meable to calcium (16). This is supported by several
observations: (i) chelation of extracellular free calcium
with EGTA abolished the rise in [Ca;] in response to
Epo; (ii) pretreatment of cells with the calcium channel
blocker nifedipine or nickel chloride blocked the in-
crease in [Ca;]; (iii) levels of inositol-1,4,5-tris-

phosphate and inositol-1,3,4,5-tetrakisphosphate were
not elevated in Day 10 cells treated with Epo; and (iv)
addition of Epo did not cause significant changes in the
resting membrane potential (16). Gillo et al. (15) also
identified voltage-independent calcium channels on
MEL cells. In preliminary experiments utilizing whole
cell attached patch configuration, we have identified
Epo-regulated calcium channels on Day 10 BFU-E-
derived erythroblasts (Fig. 1). In response to Epo,
there was an increase in open channel probability, but
no change in conductance was evident.

Hormonal modulation of plasma membrane cal-
cium channels which are ligand-regulated but not volt-
age-dependent is not well understood. In contrast, the
activity of voltage-dependent calcium channels can be
influenced by hormone-mediated phosphorylation by
protein kinase A (17), protein kinase C (18), or tyro-
sine kinase (19, 20). Gastric mucosal calcium channels
showed an increase in tyrosine phosphorylation of the
55- and 170-kDa channel subunits and a 78% and 48%
increase in calcium uptake in response to platelet-
derived growth factor or epidermal growth factor bind-
ing (19, 20). We have explored the role of protein phos-
phorylation in regulation of calcium channel activity
by Epo (Miller et al., submitted?). The Epo-induced
increase in [Ca;] was blocked by staurosporine, a
broad inhibitor of serine/threonine and tyrosine ki-
nases. However, the Epo-induced calcium influx was
unaffected by preincubation of cells with specific in-
hibitors of protein kinase C (Calphostin C) or the
¢-AMP- or C-GMP-dependent kinases (KT 5720, HA
1004). [Ca;] did not increase following stimulation with
phorbol 12-myristate 13-acetate (PMA) or dibutryl
c-AMP. These results suggest that neither protein ki-
nase C nor protein kinase A mediate the Epo-induced
[Ca;] increase. In contrast, preincubation with
genistein, a tyrosine kinase inhibitor, blocked the Epo-
induced increase in [Ca;] (Table I). The results dem-
onstrate that tyrosine phosphorylation has a functional
role in regulation of plasma membrane calcium chan-
nels by Epo. We have not yet determined whether the
relevant protein(s) tyrosine phosphorylated is the Epo
receptor, the calcium channel itself, or protein in-
volved in receptor/channel coupling.

Evidence suggests that GTP-binding proteins are
involved in the signaling mechanisms of Epo. Three
classes of proteins (GTPases) have been described: (i)
the heterotrimeric G proteins which couple ligand-
bound receptors to effector proteins and are composed
of a (the GTPase), B and vy subunits; (ii) the small
GTP-binding proteins of the Ras family; and (iii)

2 Miller BA, Bell L, Lynch C, Cheung JY. Erythropoietin activation of
plasma membrane calcium channels: A role for tyrosine phosphorylation.
(Submitted, 1993).
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Table I. Effect of Tyrosine Kinase Inhibition on
[Caj] Increase®

[Ca)] (nM)

Stimulation Basal Peak n
Epo 55+ 5 207 =+ 34> 35
Epo + staurosporine 41 =3 58 £ 9 17
Epo + genistein 43+ 4 656 24
Mastoparan 52 + 3 214 £ 36° 37
Mastoparan + genistein 54 =10 62 =8 9
Epo + PT 21+ 6 42 =10 20

2 Day 10 Fura-2-foaded BFU-E-derived erythroblasts were prein-
cubated at 37°C for 20 min with IMDM, 100 nM staurosporine, 20
wM genistein or 1 pg/ml pertussis toxin (PT) and then stimulated
with 2 units/ml recombinant erythropoietin (Amgen), 10 pM mas-
toparan, or IMDM in the presence of inhibitor. Mean [Ca;] + SEM
at baseline and the peak during 20 min of stimulation measured
by digital video imaging are shown. n is the number of individual
cells studied.

b Significant increase above control (P < 0.05).

GTPases used in ribosomal synthesis. We have dem-
onstrated the important role of heterotrimeric GTP-
binding proteins in the signaling pathway of Epo (21).
Pertussis toxin was able to: (i) ADP ribosylate Gia
subunits on the surface of human (21) and fetal rat liver
erythroid percursors (22); (ii) block the Epo-stimulated
rise in [Ca;] in Day 10 erythroblasts (Table I, 21); and
(iii) block the Epo-dependent proliferation of an Epo-
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responsive cell line 32 D C123 (23) as well as Epo
stimulated large colony formation in rat liver (22). The
pertussis toxin-sensitive G protein « subunits in hu-
man erythroblasts were Gial or Gia3 and Gia2 but not
Goa (21). Furthermore, mastoparan, a peptide from
wasp venom which activates G-proteins including Gi,
was able to induce a dose-dependent rise in [Ca;] on
Day 10 erythroblasts (Table I) similar to that observed
with Epo (Miller et al., submitted®). These data pro-
vide strong evidence for the involvement of heterotri-
meric G proteins in the signaling mechanism of Epo
and in the Epo modulation of calcium channels. The
mastoparan-induced [Ca,] increase was also dependent
on tyrosine phosphorylation, since it was blocked by
preincubation with genistein (Table I). This suggests
that G-protein activation is proximal to tyrosine kinase
activation involved in calcium channel regulation by
erythropoietin. Whether these G-proteins interact di-
rectly with the plasma calcium channel or in associa-
tion with the Epo receptor is not clear.

The activation of a small GTP-binding protein,
Ras, in erythropoietin signal transduction has been
demonstrated. Using a human erythroleukemia cell
line, Torti et al. presented evidence that GTP-bound
p21Ras is increased 5-fold in HEL cells following Epo
stimulation in association with Epo-induced tyrosine
phosphorylation of GAP (9). The increase in GTP-
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Figure 2. Model of signaling pathways of the erythropoietin receptor. Solid line, established pathway; broken lines, hypothetical

pathways.
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bound Ras following Epo stimulation may also result
in part from Epo induced tyrosine phosphorylation of
Shc and its association with Grb2 and/or a tyrosine
phosphorylated 145-kDa protein (8). A third potential
mechanism to increase GTP-bound Ras is activation of
Vav, a hematopoietic-specific SH2- and SH3-
containing molecule with Ras GDP/GTP nucleotide
exchange activity (24). Tyrosine phosphorylation of
Vav in response to Epo has been reported (8). The
signaling cascade downstream of Ras-GTP may in-
clude phosphorylation of Raf-1 (11), followed by acti-
vation of mitogen-activated protein kinase (MAPK),
with induction of immediate early genes as has been
reported with GM-CSF and IL-3 (25). Another poten-
tial downstream target mechanism for activated Ras is
regulation of ion channels. Ras has been shown to reg-
ulate insulin-like growth factor II-triggered calcium in-
flux by restoring receptor G-protein coupling (26). Ras
and GAP have also been shown to interfere with cou-
pling of muscarinic receptors to the heterotrimeric G
protein, G, (27), providing evidence that Ras may con-
trol signal transducing components at the plasma
membrane. Thus, inhibition of calcium channel open-
ing by genistein could result from interference with
activation of proteins involved in coupling including
Ras.

The importance of increased intracellular free cal-
cium in erythroid differentiation is not yet defined.
Using optical sectioning microscopy, we demon-
strated a 2- to 3-fold elevation of calcium concentra-
tion in the nucleus compared with the cytoplasm in
Epo-stimulated erythroid precursors (28). Activation
of Ca® ", Mg* *-dependent endonucleases (29), en-
hanced expression of protooncogenes (30) or phos-
phorylation of transcription factors following activa-
tion by calcium of protein kinase C (31) or Ca™**-
calmodulin-dependent protein kinases (32) are
possible mechanisms through which ionic signals
transduced to the nucleus may play an important role
in gene regulation.

A model for the known signaling components of
the Epo receptor including recent observations on reg-
ulation of calcium channels is shown in Figure 2. Many
of the identified components are shared by receptor
superfamily members. How activation of receptors re-
sults in lineage-specific proliferation and differentia-
tion remains to be identified.
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