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Abstract
Objective—The aim of this study was to identify whether the rapid membrane-associated pathway
of the glucocorticoid receptor (GR) is active in erythroid cells and plays any role in determining the
reversible inhibition on erythroid maturation exerted by GR.

Materials and Methods—First we determined the biological effects (inhibition of apoptosis and
induction of β-globin expression) induced in primary erythroblasts by EPO and the GR agonist
dexamethasone, alone and in combination. Next, by biochemical analysis, we determined the
association between GR and the erythropoietin receptor in proerythroblasts generated in vitro from
10 normal adult donors. These studies also analyzed the levels of STAT-5 phosphorylation induced
when the cells were stimulated with dexamethasone alone or in combination with erythropoietin.

Results—Dexamethasone antagonized the β-globin mRNA increases but not the inhibition of
apoptosis induced by EPO in primary cells. Dexamethasone also antagonized the ability of
erythropoietin to induce STAT-5 phosphorylation in these cells. In fact, erythropoietin and
dexamethasone alone, but not in combination, induced phosphorylation and nuclear translocation of
STAT-5. The inhibition likely occurred through an interaction between the two receptors because
GR became associated with the erythropoietin receptor and STAT-5 in cells stimulated with
erythropoietin and dexamethasone.

Conclusion—These data suggest that glucocorticoids inhibit erythroid maturation not only through
a transcriptional mechanism but also through a rapid membrane-associated pathway that interferes
with the erythropoietin receptor signalling.
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INTRODUCTION
Extensive clinical studies have established a direct correlation between numbers of red cells
present in the blood and concentrations of erythropoietin (EPO), a hormone mainly produced
by the kidney, present in the sera (1,2). The correlation is established through the interaction
of EPO with a specific receptor, EPO-R, present on the surface of the erythroid cells being
developed in the marrow (3). In the circulation of normal individuals, variability has been
described both in red cell number (normal ranges of hemoglobin in blood are 12–16 gr/L) and
EPO concentration (4–26 U/mL) (4). Under steady state conditions, however, the two
parameters are not correlated and other factors, such as sex, age, and possibly yet to be identified
genetic determinants, appear to play a more important role than EPO in tuning the number of
red cells in the blood (4). Earlier studies have identified nuclear receptor binding compounds,
such as dexamethasone (5), estradiol (6) and thyroid hormone (7,8) as synergizing with EPO
in inducing generation of erythroid bursts in bone marrow or blood mononuclear cells in
culture. The fact, however, that the culture assay used in these early studies did not contain
purified progenitor cells prevented from clarifying whether stimulation of these nuclear
receptors affected erythroid maturation directly or indirectly, by promoting growth factor (GF)
release by the accessory cells.

The issue of a cell autonomous effect of nuclear receptors on erythropoiesis has been recently
addressed by genetic studies in vertebrates. In the mouse, the glucocorticoid receptor (GR)
directly controls the speed of the erythroid recovery following stress (9,10). In fact, although
the hematocrit (Hct) of mice genetically engineered to either lack GR or to carry a GR allele
encoding a dimerization-deficient protein is apparently within normal ranges, the mice recover
poorly from hemolytic anemia induced by phenylhydrazine (9). Indirect evidence that GR
might be a key player in controlling erythropoiesis also in humans, is provided by the
observation that polycythemia is the first manifestation of Cushing’s disease, a syndrome
associated with chronic stimulation of GR (11). It is generally accepted that glucocorticoids
enter cells by passive transfer and interact with GR within the cytoplasm (12,13). Binding of
glucocorticoids to their receptor has been shown to induce receptor dimerization, STAT-5-
phosphorylation and formation of GR/STAT-5 complexes. These complexes, migrate to the
nucleus, where they activate/repress the expression of target genes, by binding to specific
consensus sequences (12,13). In the case of erythroid cells, the target genes represent a subset
of those controlled by EPO and stem cell factor (SCF), a growth factor exerting an important
function at early stages of differentiation (14,15). Recent evidence, however, indicates that in
addition to its transcriptional activity, GR can activate a rapid membrane-associated signaling
in several cell systems (16). The possibility that such a rapid pathway might be active in
erythroid cells has not been investigated to date.

The ability of glucocorticoids to modulate erythroid differentiation has been exploited by using
liquid cultures that permit massive amplification of primary murine and human erythroid cells
(14). Greater numbers (108–10) of proerythroblasts are generated under human erythroid mass
amplification (HEMA) culture conditions, a refinement of this liquid system (17). Such large
numbers of cells gave us the opportunity to clarify whether GR is present on the membranes
and physically interacts with EPO-R in erythroid cells. The data presented here indicate that,
in human erythroblasts, growth-factor stimulation induces association of GR on the
membranes. In addition, in these erythroid cells, GR forms a complex with EPO-R and
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antagonizes its ability to phosphorylate STAT-5. Therefore, glucocorticoids interfere with EPO
signaling not only through a transcriptional mechanism but also by directly interfering with
EPO-R signalling possibly through a rapid membrane-associated pathway. We suggest that
genetic heterogeneity in the glucocorticoid-receptor gene contributes, at least in part, to the
variability in red cell numbers observed in the circulation of normal individuals under steady-
state conditions.

MATERIALS AND METHODS
Human Subjects

Peripheral blood was collected from 15 normal adult donors at the transfusion center of “La
Sapienza” University (Rome, Italy) according to guidelines established by Institutional Ethics
Committee.

Culture of Human Proerythroblasts
Light density blood cells were separated by standard centrifugation over Ficoll-Hypaque
(Amersham Pharmacia Biotec, Uppsala, Sweden) and cultured at a concentration of 106 cells/
mL for 10–11 days in Iscove’s Modified Dulbecco’s Medium (IMDM; Invitrogen, Carlsbad,
CA, USA) containing fetal bovine serum (FBS, 20% v/v, Hyclone, Logan, UT), bovine serum
albumin (BSA, 4% wg/vol) SCF (10 ng/mL, Amgen, Thousand Oaks, CA, USA), EPO (3 U/
mL, Epoetina alfa, Dompè Biotec, Milan, Italy), IL-3 (1 ng/mL, Bouty, Milan, Italy) and DXM
(10−6M, Sigma, St. Louis, MO, USA) (HEMA conditions) (17). For growth factor-deprivation
experiments, cells were incubate with IMDM supplemented with FBS (10% v/v).

Phenotypical analysis
Cells were spun onto coverslip (Shandon, Astmoor, England), fixed (4% paraformaldehyde/
Phosphate-buffered saline, Invitrogen), saturated/permeabilized for 30 min with NET gel
(150mM NaCl, 5mM EDTA, 50mM Tris-HCl pH 7.4, 0.05% NP-40, 0.25% Carrageenan
Lambda gelatine, 0.02% NaN3) and were stained either with May-Grünwald-Giemsa or with
an antibody specific for STAT-5 (sc-835), (Santa Cruz Biotechnology Inc., Santa Cruz, CA,
USA) and then probed with the secondary FITC-conjugated antibody (Invitrogen, Carlsbad,
CA) diluted 1:400 in NET gel. Nuclei were counterstained with DAPI (Sigma). Negative
controls were represented by samples incubated with the secondary antibody only. For flow
cytometric analysis, cells were suspended in Ca++ and Mg++-free phosphate-buffered saline,
supplemented with 1% BSA, 2mM EDTA and 0.01% NaN3, labelled with propidium iodide
(5μg/mL, Sigma) and either phycoerythrin (PE)-conjugated CD36 and fluorescein
isothiocyanate (FITC)-conjugated CD235a (anti-glycophorin A), or appropriate isotype
controls (all from Immunotech, Beckmann-Coulter, Milan, Italy) or FITC-Annexin V
(PharMingen, San Diego, CA) and analyzed with a FACS Aria (Becton Dickinson, San Josè,
CA).

Purification of Human CD4+ T cells
CD4+ T cells were purified from light density blood cells of normal volunteers, by negative
selection using magnetic beads (Miltenyi Biotech, Auburn, CA, USA) coated with mAbs
directed against CD8, CD19, CD16, CD56 and CD11b as described by the manifacture.
Immune-depleted cells were >96% CD3+ as determined by FACS analysis.

Western Blot Assay
Cells were dissolved in lysis buffer (20mM Hepes pH 7.4, 50mM NaCl, 10mM EDTA pH 8.0,
2mM EGTA, 0.5% NP-40. 0.5mM DTT, 10mM NaMo, 10mM NaVO3, 100mM NaF, 50mM
β-glycerophosphate, 100μg/ml leupeptin, 0.5mM PMSF). Proteins (30 μg) were separated on

Stellacci et al. Page 3

Exp Hematol. Author manuscript; available in PMC 2010 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



10% SDS-PAGE and transferred to a nitrocellulose membrane. Blots were first incubated with
anti-STAT-5, -EPO-R (1:200, C-20 sc-695 and M-20 sc-697), -GR, -HSP-90α/β and -Actin
(sc-1616) antibodies (all 1:200 and from Santa Cruz Biotechnology Inc.), and then with anti-
rabbit, -mouse or -goat horseradish peroxidase-coupled secondary antibodies (Calbiochem,
San Diego, CA, USA) as appropriate. Immune complexes were identified using the enhanced
chemiluminescence system (Amersham Biosciences). The immunoblotting bands were
quantified by using the Quantity One 1D-Analysis Software (Bio-Rad).

Immunoprecipitation (IP) Assay
Whole cell extracts (30–50 μg) were incubated with either a polyclonal anti-EPO-R (18) or
anti-STAT-5, anti-GR or anti-HSP-90α/β antibodies overnight at 4°C under rotation in lysis
buffer (see above). Extracts were then incubated with Ultralink Immobilized Protein A/G
sepharose (Pierce Biotech, Rockford, IL, USA) for 2 h at room temperature. Immunocomplexes
were dissociated from the beads by boiling for 5′ in loading buffer, separated on SDS-PAGE
under reducing conditions, transferred to nitrocellulose membranes, and analyzed by Western
Blot with anti-STAT-5pY (1:1000, cat. 9351S, Cell Signaling, Lake Placid, NY, USA), -
HSP-90α/β and -GR antibodies.

Cell Fractionation
Cytosol and membrane fractions were prepared by sequential lysis with buffers of increasing
stringency, followed by ultracentrifugation, as described (19). Briefly, cells were lysed in cold
lysis buffer A (20mM Tris-HCl pH 7.5, 1mM EDTA pH 8.0, 1mM EGTA, 2mM DTT, 1mM
NaVO3, 1mM NaF, 50mM β-glycerophosphate, 100μg/ml leupeptin, 0.5mM PMSF), broken
with 20 strokes of a Dounce homogenizer and centrifuged for 50′ at 45,000 rpm at 4°C with a
Beckman Ultra Centrifuge TL100 (Beckman Coulter, Fullertone, CA, USA). Supernatants,
containing the cytosol fraction, were kept on ice while pellets were suspended in cold lysis
buffer B (1% Triton X-100, 20mM Tris-HCl pH 7.5, imM EDTA pH 8.0, 1mM EGTA, 2mM
DTT, 1mM NaVO3, 1mM NaF, 50mM β-glycerophosphate, 100μg/ml leupeptin, 0.5mM
PMSF), left on ice for 15′, vortexed 2–3 times, and centrifuged for 50′ at 55,000 rpm at 4 °C.
The supernatants of this second centrifugation step contained the membrane fractions. Both
the cytosol and membrane fractions were precipitated with 10 vol of cold acetone, kept
overnight at −20 °C and centrifuged for 30′ at 10,000 rpm at 4°C. Pellets were suspended in
10mM Tris-HCl pH=7.5 to be analyzed by IP and western blot. Cytosol and membrane proteins
(50 μg) were separately analyzed by IP as described above. As a control for fraction purity,
blots were probed with anti-β-tubulin (1:200, sc-23949) and anti-spectrin α1 (1:200, sc-15371)
(Santa Cruz Biotechnology) antibodies.

RNA isolation and semiquantitative and quantitative RT-PCR analysis
Total RNA was isolated from 106 cells using TRIZOL (Invitrogen). For semi-quantitative
determinations, RNA (1μg) was reverse transcribed and amplified adapting to the human genes
PCR conditions previously described for the corresponding murine genes (20). Conditions for
quantitative RT-PCR determination of β-globin expression have been described (21). Levels
of β-globin mRNA were expressed in arbitrary units, using hGAPDH as calibrator, according
to the following algorithm: ΔCt=[Ctβ-globin − CtGAPDH], where Ct is the threshold cycle,
and presented as 2−ΔCt.

Statistical Analysis
Statistical analysis was obtained by paired t-test or by analysis of variance, as appropriate,
using the Origin 6.1 software for Windows (Microcal Software Inc, Northampton, MA, USA).
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RESULTS
Human proerythroblasts are sensitive to GF-starvation and activate the maturation program
within 24 h of exposure to EPO

As expected (22), light density cells from the blood of normal adult donors cultured in the
presence of SCF, EPO and IL-3 (GFs) generated, after 11 days of culture, cells of multiple
lineages. However, only 20–50% of these cells had the antigenic profile of erythroid cells
(CD235apos) (Figure 1A). The same cells cultured under HEMA conditions (GFs plus DXM)
generated by day 11 many more cells (FI: 2.8±1.2 vs 6.2±1.6 in cultures without and with
DXM, respectively, p<0.001), the majority of which were erythroid, as indicated by the few
(<5%) cells that failed to express CD235a (Figure 1A). In addition, although these cells did
not contain significant numbers of erythroid progenitors (< 0.1% of these cells generate BFU-
E- or CFU-E- derived colonies in semisolid media) they remained immature, as indicated by
their pro-erythroblast morphology and by the paucity of the cells expressing a mature
CD36lowCD235apos profile (Figure 1A). In contrast to the constant number of cells generated
in replicated HEMA cultures for each single donor (17), high variability was observed among
the cells generated by different normal individuals (Figure 1A).

To clarify whether the apparent block exerted by DXM on erythroid maturation was reversible,
proerythroblasts obtained in HEMA were induced to mature with EPO for 24 h. EPO reduced
the size of the cells and suppressed GATA-2 expression (23) while inducing GATA-1 and β-
globin expression by 6 fold within 24 h. Morphology and expression profiling of the control
proerythroblasts maintained in HEMA culture for the same period of time did not change
(Figure 1B).

Primary proerythroblasts generated in HEMA culture were sensitive to apoptosis induced by
GF-starvation. While the majority (>98%) of proerythroblasts generated in HEMA culture
were Annexinneg, a significant proportion (17%) of them became Annexin Vpos within 3 h of
GF-starvation. By 6 h, Annexin Vpos (11%) and Annexin VposPropidium Iodidepos (13%) cells
became detectable and less than 50% of the cells was trypan blueneg by 8 h (Figure 1C).

DXM antagonizes the effects of EPO on maturation, but not those on survival, of human pro-
erythroblasts

As shown in Figure 1, proerythroblasts generated ex vivo under HEMA conditions respond to
EPO by repressing apoptosis and increasing β-globin expression. In order to identify which of
these functions are inhibited by DXM, we compared size, viability and levels of β-globin
expressed by proerythroblasts exposed for 24 h to EPO and DXM, either alone or in
combination (Figure 2).

The effects of 24 h incubation with medium without GFs or medium supplemented with EPO,
DXM or the combination of both on induction of apoptosis was evaluated by flow cytometry
(Figure 2B). At day 11 of HEMA culture, very few proerythroblasts (>95% CD235apos) were
in apoptosis (<5% Annex Vpos). After 24 h of GF-starvation, the cells became low in number
(<20% of the input, compare also the number of events in the FSC/SSC plots of Figure 2B),
and >17% of them were Annexin Vpos. The cells that had died during GF-starvation were the
more mature CD235ahigh cells (Figure 2B). Cells kept for 24 h in DXM alone were similar in
number, frequency of Annexin Vpos and maturation state to those obtained in the absence of
GFs. On the other hand, the cells in cultures containing EPO remained constant in number,
with few Annexin Vpos cells (< 4%) (Figure 2B). In contrast, the cells in cultures containing
both EPO and DXM were mostly alive (< 4% Annexin Vpos). Therefore DXM does not interfere
with the anti-apoptotic effects of EPO on primary proerythroblasts.
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As expected the level of β-globin mRNA expressed in ex vivo generated erythroblasts exposed
for 24 h to EPO, increased by 2-fold (Figure 2C). The levels of β-globin expressed by these
cells also increased upon exposure to DXM. Since the proerythroblasts that survived 24 h with
DXM alone were the most immature, it is unlikely that the increases in β-globin induced by
DXM were due to cell selection. By contrast β-globin mRNA levels did not increase when the
proerythroblasts were exposed to EPO and DXM in combination. These results suggest that
both EPO and DXM, when used alone, activate a signaling pathway, possibly represented by
STAT5, that induces β-globin expression in primary proerythroblasts but that this pathway is
not activated when the two factors are used in combination.

The protein content of primary human erythroblasts is not affected by GF-starvation or by
other manipulations necessary for signaling studies

The use of primary cells for signaling studies is often discouraged by their low number and
intrinsically high GF-sensitivity. The massive generation of human proerythroblasts in HEMA
culture overcomes number limitations (21). Furthermore, the GF-starvation studies presented
in Figures 1C identified a time window (3–4 h) during which significant numbers of cells
survived the GF-withdrawal treatment necessary to bring the EPO-R and GR-signaling
pathways to their resting configuration. In primary cells, however, protein turnover can be
rapid (protein half-lives can be as low as 1 h) and GF-dependent. Therefore, 4 h of GF-
starvation, although had not induced apoptosis, might bias the interpretation of signaling
studies by altering the amount of proteins expressed by the cells. As shown in Figure 3, WB
experiments ensured that the protein milieu in human proerythroblasts remained constant
during the manipulations necessary for signaling studies. As additional control, proteins whose
stability is known to be either EPO-sensitive (GATA-1) or -insensitive (GATA-2) (24–26)
were included in the analysis.

The different treatments did not change the intensities of the bands corresponding to the
analyzed protein expressed by primary proerythroblasts, with the exception of an apparent
reduction of STAT-5 in GF-starved cells and in cells stimulated with EPO and DXM in
combination, and of a predicted (27) decrease in GATA1 content observed in cells treated with
DXM alone (Figure 3A).

Recently it has been described that commercially available EPO-R antibodies may recognize
other proteins, in addition to EPO-R (28). The EPO-R antibody to be used in our study was
chosen on the basis of the results presented in Figure 3B. In these experiments, cell lysates of
primary erythroblasts obtained from three separate donors and of naïve or human EPO-R-
transduced BaF3 cells (29) were blotted in parallel with the antibody C-20, identified by Elliott
et al. (28) as the most specific commercially available antibody. The human EPO-dependent
erythroleukemic UT7/EPO cell line (30) and human adult CD4+ T cells were also included in
the analysis as further positive and negative controls, respectively. The C-20 antibody
recognized in primary erythroblasts three of the fours bands detected by Elliott et al., in various
cell lines, with this same antibody. Two of these bands have the expected molecular weight
(66 and 68 KDa) for EPO-R (18,31–33) and co-migrated with the EPO-R specific bands
expressed by BaF3/EPO-R cells. The position of these bands on the gel corresponds to that of
the EPO-R bands identified by Elliott et al (28). The levels of expression of EPO-R in primary
proerythroblasts was low (<100-fold than in BaF3/EPO-R) and was not affected by stimulation
with EPO (Figure 3B).

GF starvation and EPO or DXM alone induce HSP-90-independent association of GR with the
cell membranes of human proerythroblasts

To characterize the molecular mechanism(s) underling the counteraction exerted by DXM the
biological effects of EPO, we first determined the localization of GR within the human
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proerythroblasts (Figure 4). In these experiments, the membrane and cytosol fractions were
prepared from proerythroblasts obtained from normal donors after 11 days of culture (Prol),
GF starved for 4 h, and then treated either with EPO (3U/mL) and DXM (10−6M), alone or in
combination, for 15′. The fractions were immunoprecipitated with anti-GR antibody and the
immunoprecipitates analyzed by western blot with anti-GR. Since the cells analyzed were at
a maturation stage in which spectrin becomes associated with the membranes, control blots
were analysed with antibodies against spectrin α1, as a control for membrane-contamination
of the cytosol fraction (Figure 3A).

Proerythroblasts from cultures contained low levels of membrane-associated GR (GRm/GRc
ratio = 0.06) (Figure 4A and Table 1). GF starvation, however, induced a significant increase
in the amount of GR present on the membranes of primary cells (GRm/GRc ratio = 0.39).
Stimulation of the cells with EPO and DXM individually, but not in combination, further
increased the amount of GR present on the membranes (GRm/GRc ratio = 1.4–2).

Since GR does not have a transmembrane spanning domain, association of GR with the cell
membranes is thought to depend upon the interaction with the chaperone protein HSP-90,
usually present on the membranes of many cell types (34). To identify whether the association
of GR with the membranes of primary proerythroblasts was mediated by HSP-90, cell lysates
from primary proerythroblasts incubated with the different GF combinations were
immunoprecipitated with antibodies for HSP-90 and then analyzed by western blot with anti-
HSP-90 (as a control) and anti-GR antibodies (Figure 4B). With the exception of a slightly
higher (by 2-fold) levels of HSP-90 in cells from culture (Prol), equivalent amounts of HSP-90
were immunoprecipitated from all the other cell lysates investigated. Robust levels of GR were
immunoprecipitated by the anti-HSP-90 in proerythroblasts obtained from HEMA cultures, a
condition in GR was mainly localized in the cytosol (Figure 4A). Lower levels (by 3 fold) of
GR were instead IP with the anti-HSP-90 antibody from GF starved cells, or from cells that
had been treated with EPO or DXM, alone or in combinations (Figure 4B). Therefore,
significant amounts of GR were associated with HSP-90 under Prol conditions, but not under
GF-starvation and EPO and DXM stimulation when GR was preferentially localized on the
cell membranes (Figure 4A,B).

In conclusion, GF starvation and stimulation with EPO and DXM promotes a HSP-90-
independent association of GR to the cell membranes of human proerythroblasts.

DXM antagonizes EPO-induced phosphorylation and nuclear localization of STAT-5 in
normal human proerythroblasts

The observation that GF-starvation induced human proerythroblasts to express GR on the cell
membranes indicates that these cells might be induced to acquire the rapid membrane-
associated GR signaling pathway. Since STAT-5 is immediately downstream of JAK2 of both
EPO-R (35) and GR (10,36) signaling, it is possible that the membrane-associated GR might
compete with EPO-R for STAT-5 signaling. To test this hypothesis, we analyzed the
distribution within the cells and the phosphorylation status of STAT-5 in normal
proerythroblasts obtained from HEMA culture (Prol) and after GF deprivation for 4 h (Stv)
and then stimulated for various length of time either with EPO, DXM, or the combination of
both.

Immunofluorescence studies with a STAT-5 antibody indicated a significant increase in
STAT-5-immunostaining of the plasma membrane of normal proerythroblasts upon exposure
to EPO and DXM alone, but not in combination (Figure 5A). In addition, EPO and DXM alone,
but not in combination, significantly increased the nuclear localization of STAT-5 in these
cells (Figure 5A and Table 2).
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On the other hand, although comparable levels of total protein phosphorylation were detected
in all the culture conditions, analyzed in this study (data not shown), STAT-5-phosphorylation
was barely detectable in normal proerythroblasts generated in HEMA cultures (Figure 5B). GF
deprivation alone induced some STAT-5-phosphorylation with a great level of donor-to-donor
variability. A significant (p<0.01) linear correlation (Figure 6) existed between the levels of
STAT-5 phosphorylation induced by GF-starvation (Figure 5) and the numbers of
proerythroblasts, expressed as FI, generated under HEMA conditions observed in 10
independent experiments, each one with a separate donor (Figure 1). This correlation suggests
that the two variabilities might be linked. EPO and DXM both induced a strong STAT-5-
phosphorylation signal in normal proerythroblasts. In the case of EPO, the extent of the
induction was concentration and time dependent. At the lower EPO concentrations tested (1
U/mL), maximal levels of STAT-5-phosphorylation were observed after 4 h of exposure, while
at higher concentrations (3–30 U/mL), phosphorylation was maximal within 5′, started to
decrease by 60′ and was still detectable after 4 h. Following DXM (10−6 M) exposure, STAT-5-
phosphorylation became detectable after 15′ and was maximal after 60′. By contrast EPO and
DXM in combination did not induce STAT-5-phosphorylation in normal proerythroblasts at
any of the time points (5′, 15′ and 4 h) investigated (Figure 4B).

To clarify the hierarchy of the interaction between EPO-R and GR under co-stimulation
conditions, the levels of STAT-5-phosphorylation induced by 10′ of stimulation with EPO or
DXM in cells that had been pre-incubated for 5′ with either DXM or EPO were measured
(Figure 5C). Preincubation with DXM did not affect the ability of the cells to phosphorylate
STAT-5 in response to EPO while the strong STAT-5-phosphorylation signal induced by
incubating the cells for 5′ with EPO was quickly quenched by additional 10′ exposure to DXM.

These results indicate that GR exerts a dominant antagonistic effect on the ability of EPO-R
to recruit to the cell membranes and to phosphorylate STAT-5.

Interaction of EPO-R, GR and STAT-5 in proerythroblasts stimulated with EPO and DXM,
either alone or in combination

To understand why, when used in combination, both DXM and EPO failed to phosphorylate
STAT-5, experiments were undertaken to identify which receptor STAT-5 was associated with,
in cells exposed to different GF. Proerythroblasts obtained at day 11 of HEMA were GF-starved
for 4 h and then treated either with EPO (3U/mL), DXM (10−6M) or the combination of both
for 15′. Whole cell extracts were IP with antibodies specific for EPO-R (18), GR, STAT-5 and
phosphotyrosine (p-Tyr) and the IP proteins were analyzed by WB with antibodies specific for
EPO-R, GR, and STAT-5pY (Figure 7). As a quantitative control of the experiment, all the IP
obtained with anti-EPO-R, by WB contained equivalent amount of EPO-R, while those
obtained with anti-GR, by WB contained equivalent amounts of GR (Figure 7).

Surprisingly, IP obtained with anti-EPO-R from cells treated either with EPO or DXM, by WB
not only were positive for GR, but contained more GR than IP obtained from cells being treated
with the combination of both. The reciprocal was also true, IP obtained with anti-GR from cells
exposed to EPO or DXM, by WB were positive for EPO-R, at levels much higher than those
from cells being treated with EPO and DXM in combination (Figure 7). WB with anti-
STAT-5pY of IP performed with anti-STAT-5 indicated once again that significant levels of
STAT-5 phosphorylation were detectable primarily in cells incubated either with EPO or
DXM, but not in cells stimulated with the two factors in combination. By WB, IP with anti-
STAT-5 were positive for EPO-R in cells stimulated with EPO and positive for GR in those
stimulated with DXM, respectively. These results indicate that in primary cells STAT-5pY had
become associated either with EPO-R or with GR, depending on the stimulus to which the cells
had been exposed. As a confirmation, WB with anti-STAT-5pY detected high levels of the
protein in IP obtained with anti-GR only in cells exposed to DXM. By contrast, WB with anti-
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STAT-5pY in IP obtained with EPO-R detected the presence of the protein both in cells exposed
to EPO, as expected, and in those exposed to DXM (Figure 7). As a last control, EPO-R was
detected by WB, in IP with the p-Tyr antibodies only from cells exposed to EPO while GR
was detected in IP from cells in all the conditions analyzed. Therefore, EPO-R was
phosphorylated only in proerythroblasts stimulated with EPO while GR was constitutively
phosphorylated in these cells.

DISCUSSION
It is here documented that human proerythroblasts remain immature as long as maintained in
the presence of DXM but that, once exposed to EPO alone, mature within 24 h by decreasing
GATA-2 and activating β-globin expression (Figure 1 and 2). The presence of DXM
counteracted the maturation (β-globin induction) but not the anti-apoptotic effect induced by
EPO on these cells (Figure 2 and Table 1). These results indicate that DXM allows massive
generation of erythroid cells in culture because, in addition to its genomic effects, antagonizes
the effects of EPO on maturation, retarding the cells at a stage in which they proliferate in
response to GFs.

Biochemical studies indicated that GR is recruited to the cell membranes of primary
erythroblasts after exposure to GR-deprivation. The association of GR to the membranes is
further increased by exposing the cells to EPO and DXM alone, but not in combination (Figure
4 and Table 1). In addition, in these primary cells, both EPO and DXM alone induce association
with the membranes and phosphorylation and migration of STAT-5 to the nucleus, while their
combination is ineffective (Figure 5 and Table 2). A series of IPs, followed by WB, indicated
that EPO-R and GR are present as a complex in normal human proerythroblasts stimulated
either with EPO or DXM, that p-STAT-5 becomes part of this complex in association either
with EPO-R or GR, depending on the stimulus to which the cells are exposed, and that the
physical association between the two receptors is reduced when the cells are stimulated with
EPO and DXM in combination (Figure 7). These results support the hypothesis that GR
signalling in primary erythroblasts involves interaction with EPO-R. This hypothesis explains
how GR may have access to JAK2, the first element of its signalling pathway in erythroid cells.
In fact, since JAK2, as other members of the JAK family, is mainly localized on the cell
membranes (37), the cytosolic form of GR has poor access to the first element of its signaling
cascade unless it migrates to the membranes. The steric mechanism that underlies the inhibition
of the EPO-R activity by GR can be explained by two, non mutually exclusive, models
depending whether the physical interaction between the two receptors occurs within the
cytoplasm and/or on the plasma membrane. The first model is supported by the observation
that the majority of EPO-R is localized on the Golgi and endoplasmic reticulum where it is
assembled into EPO-R/JAK2 complexes that are translocated to the plasma membrane (38).
According to this model, association between GR and EPO-R inside the cell, by dislodging
JAK2 from the complex, inhibits EPO signalling by preventing the migration of its receptor
to the plasma membrane. In other words, GR would exert in the erythroid lineage the same
function played by LNK in megakaryocytes. LNK, in fact, by binding to MPL, prevents its
translocation to the cell surface and reduces the responsiveness of megakaryocytes to
thrombopoietin, the MPL ligand (39–41). The second model is consistent with the canonical
membrane-associated GR signalling described in other cell types (16) and is supported by the
observation that DXM antagonized some (β-globin activation) but not all (anti-apoptotic) of
the effects induced by EPO in human proerythroblasts (Figure 2), an indication that, at least
some, EPO-R is present on the plasma membrane of DXM treated cells. In this model, steric
interference between the two receptors when both of them are engaged by their respective
ligands dissociates JAK2 from the complex, halting the ability of both receptors to
phosphorylate STAT-5. Additional studies are necessary to formally identify the cellular
localization of the interaction between EPO-R and GR in this primary erythroid cells.
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Previous studies have described physical association of EPO-R with other receptors. The
possibility exist that the specificity of the EPO-R functions are determined by the type of
complex it forms in a cell. In mouse, EPO-R can become associated with c-KIT, the receptor
for SCF, and stimulation with SCF of BaF3 cells ectopically engineered to express both c-KIT
and EPO-R results in EPO-R activation in the absence of EPO (42). The observation that fetal,
but not adult, BFU-E differentiate in cultures stimulated with SCF alone (43), and gain of
function experiments with fetal EPO-Rnull cells (44), have suggested that c-KIT/EPO-R
interactions might specifically support erythropoiesis in the fetal liver, when EPO production
is poor. On the other hand, human EPO-R can also form a complex with the β chain common
to the IL-3 and GM-CSF receptor (45). Although this complex does not have apparent
hematopoietic functions (46), it has been implicated in the transduction of EPO-R signal in
nonhematopoietic cells (47). This paper adds GR to the list of receptors that can form a complex
with human EPO-R.

The human GR gene is localized on the short arm of chromosome 5, a region frequently deleted
in myelodysplastic syndrome and in acute myelogenous leukaemia (48). The human GR gene
is highly polymorphic and its complex structure includes several alternative splicing and
starting sites giving rise to an extreme large numbers of different GR isoforms found expressed
in the human population (49,50). Such polymorphism is emerging as a leading cause for the
heterogeneity of the response to glucocorticoids in the treatment of stress in humans (51–53).
In this regard, it is interesting that GF-starvation induced some donor-dependent STAT-5
phosphorylation in human proerythroblasts (Figure 5). Since the GF-deprived media to which
the cells were exposed contained some (10%) FBS, a source of glucocorticoids, we believe
that the correlation between extent of STAT-5 phosphorylation induced by GF-starvation and
numbers of erythroblasts generated in HEMA culture (Figure 7) reflects a correlation between
affinity of the GR isoform for DXM and strength of its antagonistic effects on EPO-R signaling.
According to this interpretation, polymorphism at the GR locus may represent one of the
genetic factors that tune the number of red cells in the blood under conditions of steady-state
hematopoiesis in humans. In fact, the size of the erythroid mass is determined both by the
number of erythroid progenitors being recruited and by the number of cell divisions allowed
at each stage of maturation. Given the fact that in vivo the number of proerythroblasts is higher
than that of progenitor cells, the number of divisions that the former perform before terminal
differentiation plays an important role in determining how many red cells will be produced by
each progenitor cell. By retarding the EPO maturation signal, DXM would favor erythroblast
proliferation and increase the cellular output of the erythropoietic process.

The hypothesis that GR polymorphism affects the Hct of normal individuals is in apparent
contrast with the observation that the Hct of mice carrying the GRnull or a dimerization-
defective GR defective mutation is apparently normal (9,10). However the statistical power of
these studies is flawed by the small cohort of animals (5–6 mice per experimental group)
analyzed. In the regard, using relatively low numbers of mice (14–18 per group), our laboratory
was originally unable to detect statistically significant differences between the Hct expressed
by mice carrying the hypomorphic Gata1low mutation (a mutation that reduces Gata1
expression in erythroid cells) and their wild-type littermates at 1 month of age (54). However,
a recent reanalyzes of the data that included a larger cohort of animals (27 wild-type and 32
Gata1low littermates) revealed that although the Hct of Gata1low mice was within normal
ranges, the average Hct of Gata1low mice was statistically lower than that of wild type mice
(40.5±0.6, Min 34 − Max 45.4 vs 46.2±0.7, Min 37 − Max 56.6, respectively, p<0.001). This
consideration strongly indicates that larger cohorts of GR deficient mice must be analyzed to
be able to define the effects of these mutations on the Hct of mice under steady state condition.
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In conclusion, we observed a membrane-associated interaction between GR and EPO which
interfered with the ability of both receptors to phosphorylate STAT-5 and that may retard the
ability of EPO-R to transduce a maturation signal for primary human proerythroblasts.
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Figure 1. Glucocorticoids sustain massive generation of proerythroblasts in culture by preventing
their maturation in response to EPO
(A) Fold Increase, flow cytometry analyses (forward/size side scatter and CD36/CD236a
expression) and May-Grunwald Giemsa staining of cells obtained after 11 days in cultures of
light density blood cells of normal adult volunteers stimulated either with multi-lineage GFs
(SCF, IL-3, and EPO) or with GFs and DXM in combination (HEMA conditions), as indicated.
Fold increase is calculated with respect to the number of cells seeded at day 0 and is presented
as mean (±SD) of 10 separate experiments, each one with an individual donor. The difference
in FI observed between cultures stimulated with GFs and those stimulated with GFs + DXM
is statistically significant (<0.001) by paired t-test. By flow cytometry, cultures stimulated with

Stellacci et al. Page 14

Exp Hematol. Author manuscript; available in PMC 2010 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



GFs contain both erythroid (CD235apos) and non-erythroid (neutrophils, CD235adim, and
lymphocytes, CD235aneg) cells. By contrast, the majority (>90–95%) of the cells in cultures
stimulated with GFs and DXM were erythroid (CD235apos). Furthermore, both by flow
cytometry (lack of CD235ahighCD36dim) and morphological criteria, erythroid cells obtained
in the presence of GFs and DXM remained immature. Cell morphology is presented at 40×
original magnification.
(B) May-Grunwald-Giemsa staining, forward size scatter (FSC) analyses and semiquantitative
RT-PCR analyses for the expression of GATA1, GATA2 and Actin (the triangle on the top
indicates amplifications levels after 25, 27 and 30 cycles), and quantitative RT-PCR analysis
for β-globin in proerythroblasts obtained after 11 days of HEMA culture incubated for 24 h
either under HEMA conditions (Prol) or in medium containing EPO alone. The levels of β-
globin expression are presented as mean (±SD) of 5 separate experiments (*, p<0.01 by paired
t test). Original magnification 40X.
(C) Flow cytometry analysis for Annexin V and propidium iodide staining of proerythroblasts
generated in 11 days of HEMA cultures (GFs + DXM) and GF-starved for up to 6 h. Significant
numbers (17%) of Annexin Vpos cells became detectable within 3 h of GF-starvation and ~25%
of them became Annexin V and/or propidium iodide positive by 6 h.
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Figure 2. DXM antagonizes maturation (β-globin m-RNA induction), but not survival (prevention
of apoptosis) signaling of EPO on human proerythroblasts
A) Forward and size side scatter analysis, Annexin V/Propidium Iodide and CD36/CD235a
staining of pro-erythroblasts obtained after 11 days in HEMA cultures (prol) and incubated for
24 h either without GFs or with EPO (3 U/mL), DMX (10−6 M) or the combination of both,
as indicated. Equivalent numbers (106) of proerythroblasts were incubated in 1 mL of each
culture condition. To highlight eventual cell loss due to cell death, the numbers of events
analyzed in each sample correspond to equivalent culture volumes. Results are representative
of those obtained in 3 separate experiments, each with a different donor.
B) Levels of β-globin expressed by adult erythroblasts obtained in HEMA culture and exposed
for 24 h to EPO or DXM, alone or in combination. EPO and DXM alone but not in combination,
significantly upregulated the levels of β-globin expressed by these cells. Results are presented
as mean (±SD) of three separate experiments (p<0.01 by paired t-test).
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Figure 3. Exposure to GF-starvation and to EPO and DXM, alone and in combination, has modest
effects on the EPO-R, GR, STAT-5, GATA-1 and GATA-2 content of human proerythroblasts
A) Western blot analyses for GR, STAT-5, GATA-1 and GATA-2 of whole cell extracts from
proerythroblasts obtained under HEMA (Prol) conditions, or GFs starved for 4 h (Stv) and then
exposed for 15′ to EPO (3 U/mL) and DXM (10−6 M), alone or in combination as indicated.
Equivalent amounts (30 μg) of protein were loaded in each lane. The source of each antibody
is specified in Materials and Methods. The blots were reprobed with Actin as a loading control.
The position of the bands of the expected molecular weight for each protein is indicated on the
left.
B) Western blot analyses for EPO-R of whole cell extracts from proerythroblasts obtained in
HEMA (Prol) culture from 3 different donors. The cells were also GF deprived for 4 h and
then exposed for 15′ to EPO (3 U/mL). Naïve Ba/B3 cells and BaF3 cells transfected with the
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human EPO-R gene (29), UT7/EPO and CD4pos T cells were used as controls. The membrane
was blotted with the C-20 antibody. Equivalent amounts (30 μg) of protein were loaded in each
lane. The position of the molecular weight markers (in kDa) is presented on the right.
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Figure 4. GF starvation, and stimulation with EPO and DXM alone, induces HSP-90-independent
translocation of GR from the cytosol to the cell membranes of normal proerythroblasts
A) Localization of GR in normal proerythroblasts by cell fractionation experiments. Equivalent
amount of proteins (30 μg) obtained from the membrane and the cytosol fraction of human
proerythroblasts were immunoprecipitated with antibodies specific for GR, separated by SDS-
PAGE and probed again by western blot with an antibody specific for GR. The cells were
obtained either from HEMA culture (Prol) or GF starved for 4h (Stv) and then treated either
with EPO, DXM or the combination of both, as indicated. The amount of spectrin α1 present
in the membrane and cytosolic fractions was analyzed by western blot. The relative distribution
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of GR in the membrane and cytosol fraction, as corrected for the total amount of proteins
obtained in the two fractions, of cells exposed to different stimuli is presented in Table 1.
B) Western blot analyses from HSP-90 and GR of whole cell extracts (50 μg)
immunoprecipitated with an anti-HSP-90 antibody from human proerythroblasts obtained in
HEMA (Prol), GF starved for 4 h (Stv), and then treated for 15′ with EPO (3 U/mL), DXM
(10−6 M), or the combination of both, as indicated. The position of the molecular weight
markers (in kDa) and of the bands of the expected size for HSP-90, GR and IgG are indicated.
The relative intensity of the HSP-90 and GR bands observed in the different lanes was
determined by spectrometry, expressed as optical density (OD) and used to calculate the ratio
between the two bands.
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Figure 5. Levels of STAT-5 phosphorylation after exposure either to GF starvation, EPO and DXM,
alone or in combination, of human proerythroblasts obtained from normal donors
A) Immunofluorescence analyses with an anti-STAT-5 antibody of proerythroblasts obtained
in HEMA culture (Prol) from a normal donor and treated as indicated in Figure 3B. Original
magnification: 100×. Representative cells in which STAT-5 is localized on the plasma
membrane are indicated by arrowheads. The microscopic images were acquired as described
in the legend of Figure 3A. Quantification of the level of STAT-5 immunostaining in the
nuclear area is presented in Table 1.
B) Levels of STAT-5-phosphorylation in proerythroblasts obtained in HEMA culture (Prol)
from two normal donors (each panel a different donor), GF starved for 4 h (Stv) and then treated
for 5′-4h either with EPO (1–30 U/mL), DXM (10−6 M) or the combination of both, as
indicated. The specificity of the signal for the phosphorylated form of STAT-5 was increased
by analyzing proteins that were immunoprecipitated from 50 μg of whole cell lysates with a
STAT-5 antibody by western blot with an anti-STAT-5pY antibody. Equivalent amounts (10
μg) of pre-immunoprecipitated proteins were analyzed by western blot with an anti-Actin
antibody, as quantitative control. Similar results were obtained in 10 additional experiments.
C) Levels of STAT-5-phosphorylation in proerythroblasts preincubated for 5′ either with DXM
(10−6 M) or EPO (3 U/mL) and then exposed to EPO (3U/mL) or DXM (10−6 M) for 10′.
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Figure 6. Correlation between the levels of STAT-5-phosphorylation induced by GF starvation and
the number of proerythroblasts generated in HEMA cultures from different donors
To compare the levels of STAT-5-phosphorylation in GF starved cells obtained from different
donors, the intensities of the bands were normalized to those observed with cells stimulated
for 15′ with 3 U/mL of EPO. The number of proerythroblasts obtained in HEMA was, instead,
expressed as Fold Increase (FI). Each symbol represents a different donor. The equation of the
linear relationship between the two values, indicated on the top, is statistically significant (p<.
01).
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Figure 7. Interaction of GR, EPO-R and STAT-5pY in human proerythroblasts treated either with
EPO and DXM alone, but not in combination
Whole cell extracts (50 μg) were IP either with anti-EPO-R, -GR, -STAT-5 or -p-Tyr specific
antibodies. The different IP were divided into aliquots that were independently separated by
SDS-PAGE, transferred to nitrocellulose membranes, and blotted with antibodies that
recognize EPO-R (C-20), STAT5pY and GR, as indicated. The WB with anti-STAT-5pY of
IP obtained with anti-p-Tyr is not presented because of its high background (n.d.). Similar
results were obtained in 3–5 additional experiments, each with a separate donor.
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Table 2
Intensity of the STAT-5 immunostaining (expressed as gray units) in the nuclear area of proerythroblasts derived in
vitro from normal proerythroblasts stimulated with different GF-combinations.

Nuclear STAT-5 immunostaining

Treatments Minimum Intensity Maximal Intensity Average Intensity

Prol 1392° 2149° 1764.7±123.2°

Stv 1223* 1914* 1470.0±89.5*

EPO 1344° 2576*° 1799.5±172.8°

DXM 1439° 2250° 1833.1±130.6°

EPO + DXM 1285* 1865* 1524.0±77.1*

The intensity of the immunostaining was determined by analyzing thirty randomly selected nuclei per experimental point with the MetaMorph Imaging
System (Molecular Devices, Sunnyvale, CA). The acquiring settings were maintained constant for all samples.

P values were calculated by Anova.

*
p< 0.001 with respect to the corresponding Prol cells

°
 p< 0.01 with respect to the corresponding Stv cells
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