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Abstract: Glucocorticoids are endogenous steroid hormones that regulate several biological functions including pro-
liferation, differentiation and apoptosis in numerous cell types in response to stress. Synthetic glucocorticoids, such 
as dexamethasone (Dex) are used to treat a variety of diseases ranging from allergy to depression. Glucocorticoids 
exert their effects by passively entering into cells and binding to a specific Glucocorticoid Receptor (GR) present 
in the cytoplasm. Once activated by its ligand, GR may elicit cytoplasmic (mainly suppression of p53), and nuclear 
(regulation of transcription of GR responsive genes), responses. Human GR is highly polymorphic and may encode 
> 260 different isoforms. This polymorphism is emerging as the leading cause for the variability of phenotype and 
response to glucocorticoid therapy observed in human populations. Studies in mice and clinical observations indi-
cate that GR controls also the response to erythroid stress. This knowledge has been exploited in-vivo by using syn-
thetic GR agonists for treatment of the erythropoietin-refractory congenic Diamond Blackfan Anemia and in-vitro to 
develop culture conditions that may theoretically generate red cells in numbers sufficient for transfusion. However, 
the effect exerted by GR polymorphism on the variability of the phenotype of genetic and acquired erythroid disor-
ders observed in the human population is still poorly appreciated. This review will summarize current knowledge on 
the biological activity of GR and of its polymorphism in non-hematopoietic diseases and discuss the implications of 
these observations for erythropoiesis.

Keywords: Dexamethasone (Dex), glucocorticoid receptor (GR), single nucleotide polymorphism (SNP), erythropoi-
etin-resistant anemia, erythrocytosis

Introduction 

Considerable progress has been made in 
understanding the cellular compartments 
involved in erythropoiesis and the extrinsic 
(growth factors, GFs) and intrinsic (transcrip-
tion factors) factors that regulate the functions 
of these cells [1, 2]. 

Erythropoiesis begins at the level of the hema-
topoietic stem cell (HSC) which is instructed by 
specific GFs to generate a hierarchy of progres-
sively lineage-restricted progenitor cells. These 
cells, morphologically indistinguishable from 
HSC, are defined by specific antigen and mRNA 
expression profiles. After several divisions, lin-
eage-specific progenitor cells give rise to the 
first morphologically recognizable erythroblast 
(Ery), the proerythroblast (proErys) [1, 2]. Under 
steady-state conditions, proErys undergo limit-

ed numbers (4-5) of divisions that generate 
mature erythroid precursors which accumulate 
the proteins necessary to perform the physio-
logical function of red cells prior to undergo 
enucleation [3]. 

The initial phases of erythropoiesis are con-
trolled by the early acting GFs stem cell factor 
(SCF), interleukin-3 (IL-3) and, in humans, gran-
ulocyte-monocyte colony stimulating factor 
(GM-CSF) [4]. Erythropoietin (EPO), although 
dispensable, synergizes with early acting GFs in 
inducing hematopoietic progenitor cells into 
proliferation [5, 6]. Later on, Erys become exqui-
sitely sensitive to EPO for proliferation, matura-
tion and survival [7, 8]. EPO exerts its effects by 
binding to the erythropoietin receptor (EPO-R) 
present on the surface of erythroid progenitors 
developing in the marrow [9, 10]. Clinical stud-
ies have demonstrated that red cell mass and 
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concentrations of EPO in serum are correlated 
in several pathologies [11, 12] (Figure 1A). 
Under steady-state conditions, however, the 
red mass does not correlate with EPO concen-
tration alone and other factors, such as sex, 
age and other unknown genetic determinants, 
play an important role in determining its vari-
ability (Figure 1B). Clinical observations sug-
gested that these factors may be represented, 
at least in part, by nuclear receptors, such as 
the glucocorticoid (GR) [13, 14] and the estro-
gen (ESR) [15] receptors, prompting early stud-
ies that identified the ability of synthetic GR 
and ESR agonists to synergize with EPO in 
inducing generation of erythroid bursts in cul-
tures of either adult bone marrow or blood 
mononuclear cells (MNC) [15-17]. When puri-
fied hematopoietic progenitor cells, serum-free 
media and recombinant GFs became available, 
Dex and ES were shown not to affect the num-
ber of colonies generated in culture but rather 
the number and maturity of the cells present 
within individual colonies [18]. Although ESR 
plays an important role in the induction of ane-
mia of post-menopausal women and in aplastic 

anemia, knowledge on the effect of this recep-
tor on erythropoiesis is limited [19, 20]. By con-
trast, research on the effects exerted by GR on 
erythropoiesis has provided several insights on 
the role of glucocorticoids in a variety of physi-
ological and pathological conditions.

Extensive studies in mice have indicated that 
conditions of acute or chronic blood loss (ery-
throid stress) activate the GR pathway which 
confers to Erys a self-renewal state allowing 
them to divide numerous times before undergo-
ing terminal maturation [21, 22]. Therefore, 
under conditions of stress, the final cellular out-
put, i.e. the number of Erys produced, is deter-
mined not only by the number of hematopoietic 
progenitors recruited but also by the number of 
cell divisions allowed within the Ery compart-
ment. This effect is mediated by activation of 
CXCR4 that shifts the proliferative control of 
erythroid cells from the SCF pathway, used in 
steady state conditions, to a SDF-1 (CXCL12) 
and BMP4 pathway used under conditions of 
stress [23, 24]. In addition to stress erythropoi-
esis in adult animals, GR may also control fetal 

Figure 1. Red cell mass and EPO concentration are inversely correlated in plasma from patients with acquired 
and congenital anemias but not in that from non-diseased individuals. A: Correlation between red cell mass (as 
hematocrit) and EPO concentration in plasma (> 30 mU/mL) from anemic patients (aplastic anemia and congenital 
malignancies, sickle cell disease and rheumatoid arthritis) (modified from [12]). B: Lack of correlation between red 
cell mass (as hemoglobin, gm %) and EPO concentration in plasma (< 30 mU/mL) from non-diseased individuals. 
In non diseased individuals there is a statistical significant difference between the red cell mass in females (closed 
circles) and that in males (open circles). (Published by permission from Dr. Jerry Spivak). 
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erythropoiesis by inducing a self-renewal state 
in the erythroid progenitor cell compartment 
and this effect may be mediated, at least in 
part, by the GR target gene ZFP36L2 [25] (also 
known as BRF2 and TIS11D) that controls RNA 
stability and/or translation [26].

The importance of GR in the regulation of 
human erythropoiesis has been inferred from 
clinical observations since 1961. Patients with 
Addison’s disease, a rare chronic endocrine dis-
order in which the adrenal gland does not pro-
duce sufficient glucocorticoids and mineralcor-
ticoids have normocytic anemia [14]. In add- 
ition, patients who experience constitutive GR 
activation, either because they over-express 
glucocorticoids as a consequence of a pituitary 
corticotroph adenoma (Cushings’ disease) or 
because receive glucocorticoids for treatment 
of an underlying disease (Cushing’s syndrome), 
develop erythrocytosis [13]. By contrast with 
the murine gene, human GR is highly polymor-
phic and this polymorphism is emerging as a 
leading cause for the heterogeneity of the 
response to synthetic GR agonists and for the 
variegation of phenotypes regulated by GR 
observed in the human population [27]. Recent 
data indicate that GR polymorphism may also 
affect the phenotype of diseases involving the 

erythroid lineage [28, 29]. This review will sum-
marize current knowledge on the biological 
activity of GR, including effects of the polymor-
phism of its gene in non-erythroid systems, and 
discuss the implications for normal and stress 
erythropoiesis, EPO-resistant anemia, and 
erythrocytosis in humans.

The human glucocorticoid receptor (GR) gene

Human GR is encoded by GR/NR3C1 located in 
the 5q31.3 band of the long arms of chromo-
some 5. This band is deleted in patients with de 
novo myelodisplastic syndrome (MDS) as well 
as in the subgroup of MDS patients with del(5q) 
syndrome [30, 31]. Patients with del(5q) MDS 
often present with EPO-resistent anemia. A ret-
rospective FISH analyses for NR3C1 from 14 
EPO-resistant del(5q) MDS and Acute Myeloid 
Leukemia (AML) patients identified that in 78% 
of the cases the breakpoint involved GR (J. 
Tripodi, V. Najfeld and AR Migliaccio, unpub-
lished observations) (Table 1). Therefore, these 
patients should be considered GR haplo- 
insufficient.

GR contains numerous single nucleotide poly-
morphisms (SNPs) both in the coding region 
and in regions associated with alternative splic-

Table 1. FISH with probes specific for GR (NR3C1) and EGR1 (early growth response 1) (as control) 
on 14 patient with MDS/AML and deletion 5q ideneified by cytogenetic analysis present in the pa-
tient archives of MSSM
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Table 2. SNPs of human GR associated with diseases or with altered sensitivity to corticosteroids. The frequency of the minor allele in the nor-
mal population and the predicted biological consequence, when known, are also reported. SNPs that affect negatively or positively GR activity 
are indicated in blue and red fonts, respectively. SNPs indicated in black probably reduce the activity of GR but the mechanism is unknown. 
The frequencies of the minor alleles are from http://www.ncbi.nlm.nih.gov/projects/SNP/snp_ref.cgi. See text for further details

http://www.ncbi.nlm.nih.gov/projects/SNP/snp_ref.cgi
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ing and mRNA stabilization [27], producing > 
260 combinations of alternative GR isoforms 
which are variably expressed in the human pop-
ulation [27]. SNPs of human GR that have been 
associated with human diseases or with altered 
response to glucocorticoids are summarized in 
Table 2.

GR consists of 9 exons that are differentially 
spliced to produce several receptor isoforms 
[27, 32]. The two isoforms with the most differ-
ent biological activity are GRα and GRβ. GRα is 
the transcriptionally active isoform homologous 
to the murine receptor [33]. It consists of 777 
amino acids (AA). GRβ is a transcriptionally 
inactive isoform generated by alternative splic-
ing of exon 9 [34]. This splicing produces a 
mRNA encoding a protein of only 742 AA diverg-
ing from GRα in its C-terminal domain that 
lacks helix 12 which contains the ligand binding 
domain and possesses a shorter helix 11 with 
a unique terminal 15 AA sequence. This struc-
ture impairs ligand binding and induces nuclear 
retention [35]. It is debated whether GRβ is 
expressed in mice. Sequence analyses of 
murine GR indicate that murine exon 9β con-
tains an open reading frame of 59 amino acids 
instead of the 15 amino acids encoded by 
human exon 9β [36]. However, a later study 
reported that an isoform similar to human GRβ 
may be generated in mice by alternative splic-
ing of intron 8 [37]. 

GRβ is a dominant negative isoform that het-
erodimerizes GRα into a transcriptionally inac-
tive complex. Confocal microscopic imaging of 
Cos-7 cells transfected with green fluorescent 
protein (GFP)-tagged GRα and GRβ indicated 
that nuclear translocation of GRα requires Dex 
stimulation but that GRβ is constitutively 
retained in the nucleus [35]. When complexed 
with GRβ, GRα is also constitutively retained in 
the nucleus, preventing its activation by gluco-
corticoids that are present in the cytoplasm.

The human population expresses numerous 
GRα isoforms with slightly different transcrip-
tional activity. The most studied of them is GRγ 
that is generated by alternative splicing 
between exon 3 and 4 [38]. GRγ contains an 
additional Arg in the DNA-binding domain which 
reduces its transactivation potential by half.  
Reduced expression of GRγ has been associ-
ated with glucocorticoid resistance in child-
hood acute lymphocytic leukemia (ALL) [39]. 

Regulation of GR expression 

GR expression is regulated by genetic and 
microenvironmental cues. This regulation plays 
an important role in fine tuning signals elicited 
by GR during the cell response to stress in spe-
cific tissues and is emerging as a leading cause 
for glucocorticoids unresponsiveness or for 
development of glucocorticoid resistance in 
patients with inflammatory and autoimmune 
diseases and in chronic depression [40-43]. 

Genetic cues that negatively regulate GR activ-
ity may be represented by SNPs that regulate 
levels or type of isoform expressed and/or by 
epigenetic modifications of GR regulatory 
sequences. 

GRα is expressed by all cell types and its 
expression is negatively regulated by the SNP 
rs10482605 in the promoter region of the 
gene. The low levels of GRα transcription ob- 
served in major depression is thought to be the 
result of increased frequency of rs10482605 
(Table 2) [44]. Methylation silencing of GR pro-
moter regions has been instead observed in 
suicide victims with a history of childhood 
abuse [45]. Methylation silencing of GR may 
also be determined by underlying alterations in 
epigenetic programming as observed in cancer 
cells [46, 47]. 

GRβ is expressed in a cell type specific fashion 
and its expression is positively regulated by the 
A3669G (rs6198) SNP in the untranslated 
region of exon 9 that stabilizes GRβ mRNA [35]. 
In the normal population, this SNP is present 
with an allele frequency between 4% (Sub-
Saharan Africans) and 20% (Europeans) but its 
frequency increases in patients with autoim-
mune disorders (27% in systemic lupus erythe-
matosus [48] and 42% in rheumatoid arthritis 
[40] and in individuals predisposed to central 
adiposity (30.4%) [43]. Increased GRβ expres-
sion induced by this SNP, by suppressing GRα 
activity, is thought to be responsible for the glu-
cocorticoid resistance observed in these disor-
ders. The presence of the A3669G polymor- 
phism has also been associated with decreased 
risk of developing diabetes in patients with 
Cushing’s syndrome [49]. Among the hemato-
poietic disorders, the frequency of the A3669G 
polymorphism is increased in patients with 
Diamond Blackfan Anemia (DBA) or with myelo-
proliferative neoplasms (MPN) [28, 29] (Table 
3).
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Table 3. The presence of A3669G (rs6198) polymorphism in 
Non-Diseased Volunteers and MPN patients

DBA is a congenic form of erythroid aplasia 
often associated with mutations resulting in 
ribosome insufficiency [50]. The marrow of 
these patients is normocellular but there is no 
evidence of Ery maturation, suggesting that 
anemia in DBA is the result of defective termi-
nal Ery maturation. DBA patients have high EPO 
levels and their anemia is not responsive to 
EPO. However, 40-50% of these patients be- 
came transfusion-independent when treated 
with glucocorticoids [51, 52]. Erythroid cells 
expanded ex-vivo from DBA patients express 
levels of both GRα and GRβ mRNA greater than 
normals (Figure 2A). The relationship between 
levels of mRNA expression and glucocorticoid 
responsiveness in DBA patients is currently 
under investigation. 

MPN are a class of human neoplasms charac-
terized by the presence of the gain of function 
JAK2V617F mutation, which constitutively acti-
vates JAK2 [53-55], the first signaling molecule 
of both EPO-R and GR [10, 22]. MPN are classi-
fied according to the lineage in which the myelo-
proliferation is manisfested into polycythemia 
vera (PV, erythrocytosis), essential thrombocy-
themia (ET, increased platelet counts) and pri-
mary myelofibrosis (PMF, ineffective mega-
karyocytopoiesis) [56, 57]. The frequency of 
the rs6198 SNP is greater than normal in 
patients with PV (55%), suggesting that expres-
sion of GRβ may represent a host-genetic-mod-
ifier that contributes to erythroid manifesta-
tions [28], and in PMF (50%), where it may 
represent a susceptibility allele that confers a 
myeloproliferation phenotype that, when asso-

While the mechanism by which GRβ expression 
favors blast transformation in PMF is still 
unknown, the manner by which it confers the 
erythroid phenotype to PV has been, at least in 
part, elucidated and is discussed later (see 
Biological activity of GR in erythroid cells). 

Genetic evidence for an association between 
steroid resistance and specific GR haplotypes 
has been described also in Crohn’s disease 
[59], although the mechanism linking the SNPs 
associated with this disease and suppression 
of GR activity has not been defined (Table 2).

Genetic cues that positively regulate GR activity 
have also been reported. For example, the 
SNPs rs33389/rs33388 favor, through a 
mechanism still not completely understood, 
expression of GRγ marking a haplotype associ-
ated with increased glucocorticoid sensitivity 
[60] (Table 2).

In addition to GR polymorphism, response to 
glucocorticoids may be affected by genetic 
cues that alter expression of GR target gene 
and/or genes that encode proteins competing 
with GR. A genome-wide association study rec-
ognized that the glucocorticoid-induced tran-
script 1 gene (GLCCI1) variant rs37972/
rs37973, by decreasing expression of GLCCI1, 
impairs the response to glucocorticoid therapy 
in patients with asthma [61] and data in a 
mouse model indicate that over-expression of 
the hairy and enhancer of split-1 (HES1) gene 
suppresses GR activity by de-repressing the 
expression of genes suppressed by GR [62]. 

ciated with JAK2V617F, may 
favor blast transformation 
determining poor survival 
[58]. Erythroid cells expanded 
in-vitro from PV patients 
express levels of GRβ mRNA 
(Figure 2B) and protein [28] 
greater than normal. The 
observation that among Erys 
expanded in-vitro from normal 
donors, those expanded from 
one cord blood (CB) that is 
rs6198 SNP-positive express 
levels of GRβ mRNA greater 
than those expanded from 
rs6198 SNP-negative CB sup-
ports the hypothesis that this 
SNP is responsible for the 
increased GRβ expression 
observed in PV (Figure 2B). 
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Microenvironmental cues may also contribute 
to regulation of GR expression at the transcrip-
tional and post-transcriptional levels [63]. In 
fact, the complex structure of the gene with 
multiple alternative starting codons, splicing 
and poly-adenylation sites allows a variegation 
of tissue-specific positive and negative tran-
scriptional regulatory mechanisms [64]. 

GRα expression is negatively regulated also by 
its ligand [65]. Glucocorticoids may suppress 
both GRα expression, by inducing methylation 
of its promoter [45, 66], and GRα activity, by 
inducing post-transcriptional modification of 
the protein. In fact, in addition to inducing phos-

phorylation of S211, required to observe nucle-
ar localization and transcriptional activity [67], 
glucocorticoids may induce phosphorylation of 
S203 which results in cytoplasmic retention 
possibly favoring the cytoplasmic over the 
nuclear activity of GRα [68] (Figure 3).

In agreement with the observation that the pro-
moter region of GRα contains functional bind-
ing sites for NF-kB, GRα expression has been 
reported to be positively regulated in HeLA 
cells by factors that activate NF-kB signaling 
[69]. In addition, human GR contains at least 
15 alternative starting sites which generate 
mRNAs with different affinity for the ribosomal 

Figure 2. Erys expanded ex-vivo from 
DBA and PV patients express levels 
of GRβ mRNA greater than those ex-
pressed by Erys expanded from non-
diseased volunteers. A: Quantitative 
RT-PCR analyses for the expression 
of GRα, GRγ and GRβ mRNA in Erys 
expanded from normal donors (ND, n 
= 6) and DBA patients (n = 5). mRNA 
was isolated from Erys characterized 
in117 and was kindly provided by Dr. 
Marieke von Lindern. B: Quantitative 
RT-PCR analyses for the expression of 
GRα (red bars), GRγ (green bars) and 
GRβ (blue bars) in Erys expanded ex-
vivo from non-diseased adult blood 
donors (AB, n = 3), cord blood (CB, n 
= 2) and polycythemia vera patients 
(PV, n = 2). One of the CB carried the 
rs6198 SNP (SNP+) and the other did 
not (SNP-). 
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machinery. Experiments of ectopic GR expres-
sion in murine pituitary epithelial cells have 
indicated that basic fibroblast growth factor 
favors accumulation of GR protein by inducing 
translation of the gene from the start codon 
with the highest affinity for the ribosomes [70].

The alternative splicing of exon 9 leading to syn-
thesis of GRβ mRNA is minimally active in cells 
from primary tissues [63] and is tightly regulat-
ed. It is mediated by Serine-Arginine-rich pro-
tein p30 in neutrophils [71] and Serine-Arginine-
rich protein p40 in HeLa cells [72]. It may be 
induced in-vitro by components present in 
serum from septic patients [73] and in vivo in 
peripheral blood mononuclear cells exposed to 
IL-2 and IL-4 [74]. In mice, it is induced by treat-
ment with tumor necrosis factor (TNF-α) and 
may contribute to the glucocorticoid-resistant 
state conferred by prolonged inflammation 
[69]. 

The alternative splicing leading to synthesis of 
GRγ mRNA involves tandem donor sites and 

Biological activity of human GR, general con-
siderations

In the absence of its ligand, GR resides mostly 
in the cytoplasm as a part of a hetero-oligomer-
ic complex within the heat shock protein chap-
erone complex (HSPs) 90, 70, 50 [33]. HSP90 
regulates ligand binding and cytoplasmic reten-
tion of GR. Glucocorticoids enter the cells by 
passive diffusion across the plasma membrane 
and binds GRα present in the cytoplasm acti-
vating the nuclear and cytoplasmic activities of 
this receptor (Figure 3). Binding to the ligands 
activates the nuclear activities of GRα by induc-
ing its association with serine kinase p38 that 
phosphorylates Serine 211 [67]. pSer211GRα 
forms dimers that may be either translocated 
to the nucleus or become associated with the 
tyrosine kinase JAK2, leading to JAK2 activa-
tion, STAT5 phosphorylation and formation of 
STAT5/GRα heterocomplexes [33]. In addition 
to STAT5, pSer211GRα may form complexes 
with other signaling molecules such as PI-3K, 
NF-kB, and activator protein-1 (AP-1) [33]. Once 

Figure 3. Diagram summarizing the cytoplasmic and nuclear activities of 
GRα observed in non-erythroid cells that may be relevant for erythropoiesis. 
The diagram also depicts how these GR activities may be affected by expres-
sion of GRβ or by exposure to the synthetic GR antagonists RU486. Upon 
binding to its ligand, exemplified in this diagram by Dex, GRα dimerizes and 
binds either to its transcription partners (such as STAT-5 and PI-3K) or to 
p53. GRα homodimers and GRα-STAT-5/PI-3K heterocomplexes migrate to 
the nucleus where they binds to glucocorticoid responsive elements (GRE) 
and to STAT-5/PI-3K consensus sequences to exert their transcriptional ac-
tivity. By contrast, GRα/p53 complexes are retained in the cytoplasm inhibit-
ing the ability of p53 to binds its consensus sequences (p53 binding sites, 
PBS) and to exerts its transcriptional activity. Expression of GRβ, by retaining 
GRα in the nucleus, inhibits the nuclear activity of GRα and stimulates that 
of p53. RU486, also known as mifepristone, inhibits GRα activity by prevent-
ing its dimerization. 

intronic motifs in exon 3/4 
that are highly conserved in 
mammals [75, 76]. This splic-
ing is constitutive and contrib-
utes to ~3-5% of all GR tran-
scripts expressed by adult 
cells. 

We have recently identified 
that in erythroid cells GRα 
expression is positively acti-
vated at the transcriptional 
and post-transcriptional level 
by soluble SCF [77], a form of 
SCF released in plasma upon 
cleavage of the membrane-
bound form of this growth fac-
tor in response to stress [78]. 
The SCF signaling responsible 
for activation of GRα expres-
sion is the ERK pathway. This 
regulatory loop explains why 
transgenic mice carrying GR 
lacking its dimerization doma- 
in (GRdim mice) [21] and those 
carrying a SCF gene lacking 
the site encoding the major 
proteolytic domain of the pro-
tein [79] are similarly impaired 
in their recovery from anemia. 
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in the nucleus, GRα homodimers bind to gluco-
corticoid-specific DNA responsive element 
(GRE) in the promoter regions of target genes 
activating and/or suppressing their expression 
[33]. GRα heterodimers bind instead to the 
consensus sequences specific for their tran-
scription partners modulating the expression of 
their target genes [33]. It has been calculated 
that GR regulates either directly, or indirectly 
through its partners, expression of ~25% of the 
human genes.

GRβ lacks the ligand binding domain and its 
nuclear function was thought to be inhibition of 
GRα activity [33, 80] (Figure 3). In fact, titration 
experiments in cells expressing ectopic levels 
of GRα and GRβ at different ratios indicated 
that 5-fold over-expression of GRβ is sufficient 
to reduce the transcriptional activity (mostly on 
transcriptional repression) of GRα by 50% [81, 
82]. The nuclear retention activity of GRβ is 
antagonized by Calreticulin, a Ca+2-binding pro-
tein responsible to chaperon GRα back to the 
cytoplasm restoring the ability of the cells to 
respond to glucocorticoids [83, 84]. More 
recent observations indicate that GRβ retains 
AP1 and DNA binding domain and exerts a 
ligand-independent control on the transcription 
of a subset of genes not controlled by GRα [85, 
86]. Also the transcriptional activity of GRβ is 
inhibited by the GRα antagonist RU-486 [87]. 

The best characterized of the cytoplasmic activ-
ity of GRα is its ability to suppress p53 [88] 
(Figure 3). Studies in mouse models have 
established a central role for p53 as regulator 
of the transcription of genes that induce apop-
tosis (activation of BAX), cell cycle (activation of 
p21) and growth (repression of c-Myb) arrest 
[89, 90]. In non-hematopoietic cells, once acti-
vated, GRα forms a complex with p53 through 
the nuclear localization signal (NLS) of p53 
[91]. The formation of this complex prevents 
nuclear translocation of both proteins inhibiting 
their reciprocal nuclear activity. Therefore, 
treatment with the GR agonist Dex may induce 
cytoplasmic retention of p53, antagonizing the 
control of this protein on proliferation and apop-
tosis. Although not formally tested as yet, it 
may be hypothesized that GRβ, by retaining 
GRα in the nucleus, should indirectly activate 
p53.

Studies using murine embryonic fibroblasts 
have indicated that GRβ exerts cytoplasmic 
activity. As an example, GRβ mediates the pro-

liferative effects of insulin by inhibiting the cyto-
plasmic activity of PTEN and activating the 
AKT1 growth control signaling [92].

Biological activities of human GR in erythro-
poiesis

The hematopoietic system responds to ery-
throid stress by altering the biological proper-
ties of a series of cellular elements ranging 
from hematopoietic stem cells (HSC) to red 
blood cells. The details of this process have 
been elucidated in vivo using animal models 
(mainly mouse and zebrafish) and in-vitro using 
surrogate assays represented by cultures of 
human CD34pos stem/progenitor cells stimulat-
ed with erythroid-specific growth factors and 
the GR agonist Dex [92-95]. This culture system 
was defined as Human Erythroid Massive 
Amplification (HEMA) culture [95] because it 
allows the generation of great numbers of ery-
throid cells (108-109 Ery/103 CD34pos cells) from 
discarded HSC sources [96, 97]. 

HEMA cultures are composed of a proliferative 
and a differentiative phase. The proliferative 
phase is stimulated with Dex and estradiol in 
addition to SCF, interleukin-3 (IL-3), EPO. The 
presence of Dex allows for great expansion 
through the generation of waves of stress-spe-
cific cell populations with high proliferative 
potential primed for erythroid maturation. The 
differentiative phase can be initiated with Erys 
obtained any time from day 12-on of the prolif-
erative phase. It is stimulated with EPO, insulin, 
thyroid hormone (T3) and human plasma and 
generates red blood cells within 7 days [98, 
99]. In the differentiative phase, Erys undergo 
distinctive morphological changes which 
include vesicle remodeling (degradation of cel-
lular organelles and destruction of cytoskele-
ton-nuclear-membrane junctions by the autoph-
agic machinery [100], a process controlled by 
p53 [101]) and activation of the HDAC2-
dependent chromatin condensation necessary 
to generate pyknotic nuclei [102]. At the end of 
the differentiative culture, each Ery generates 
one pyrenocyte, a nucleus with a rim of cyto-
plasm, and one reticulocyte, an anucleated cell 
rich in hemoglobin. All the biochemical machin-
ery necessary to produce a reticulocyte is neg-
atively regulated by activation of GRα. 

On the basis of growth properties and cell com-
position, the proliferative phase may be divided 
into three stages (Figure 4 [95, 103]):
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Stage I (day 0-6). Cell numbers increase mod-
estly. In the first 3-days, CD34pos cells generate 
multilineage (CD34posCD36neg) and bipotent 
Ery-megakaryocytic (CD34pos/CD36pos) progeni-
tor cells. By day 6, a population of CD34neg/
CD36pos cells is detected (in red in Figure 4). 
This population has proEry morphology (not 
shown), does not express CD235a and has a 
phenotype similar to that of proErys generated 
in mice under conditions of stress [102] that 
includes expression of high levels of cKIT (the 
receptor for SCF), CD123 (the α chain of the 
IL-3 receptor), lack of expression of Mpl (the 

36posCD235apos erythroid progenitor cells. The 
mechanism by which Dex stimulates CD34pos 
cells to generate these unilineage progenitors 
is still not completely elucidated and may 
involve, at least in part, activation of the tran-
scription of ZFP36L2 [25], a gene encoding a 
protein that binds to 3’ terminus of mRNA decr- 
easing its stability and transcription potential.

More information is available on the mecha-
nism that in the presence of Dex retains 
CD36pos/CD235aneg proErys immature and con-
fers to them a self-renewal state in the second 

Figure 4. Total number (top) and phenotype (bottom) of cells generated over 
time in HEMA cultures of mononuclear cells from AB (See also [95, 103]). 
Phenotype is defined by flow cytometrical analyses on the basis of CD34 
(the antigen expressed by hematopoietic stem/progenitor cells [126]), 
CD36 (the thrombospondin receptor expressed when CD34pos cells became 
committed to the erythroid-megakaryocytic lineage in response to EPO [127, 
128]) and the erythroid marker CD235a (glycophorin A).

thrombopoietin receptor ex- 
pressed instead by bipotent 
erythroid and megakaryocytic 
progenitor cells), extensive pro- 
liferation potential and ability 
to undergo unilineage matura-
tion (Figure 5A) and [95, 103, 
105].

Stage II (day 6-12). Cell num-
bers increase exponentially 
but CD34pos cells are no longer 
detected. CD36pos/CD235aneg 
proErys are responsible to 
generate new proErys, through 
a self renewal mechanism and 
to mature into CD36posCD- 
235apos Erys (Figures 4 and 
5A). 

Stage III (day 12-on). cKITpos/
CD36pos/CD235aneg proErys 
are responsible to generate 
new proErys and to mature 
into CD36posCD235apos Erys 
but growth reaches a plateau 
due to a balance between 
generation of new proErys and 
death of Erys by autophagy 
[103]. It may be postulated 
that when the autophagy 
machinery used by Erys to 
mature into reticulocytes is 
blocked by Dex for a prolonged 
period of time cell death 
occurs (Figure 5B).

During the first 6 days, GR 
activation is instrumental to 
induce CD34pos cells to gener-
ate the stress-specific CD- 
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phase of the culture. This mechanism may 
involve both the nuclear and cytoplasmic activ-
ity of GR.

Nuclear activity

The mechanism by which GR activation retains 
Erys in a proliferative state was investigated by 
microarray profiling of murine fetal liver cells 
exposed to Dex, SCF and EPO, alone or in com-
bination [23]. This comparison identified that 
SCF and EPO never showed opposite effects on 
gene expression. By contrast, Dex alone exert-
ed limited effects on the expression of its tar-
get genes but enhanced and/or attenuated the 
effects exerted by EPO and/or SCF on gene 
expression. Among the genes regulated by Dex 
observed in the library there was activation of 

Myb, a gene that controls Ery proliferation 
[106], and suppression of GATA1, that controls 
maturation [1].

Cytoplasmic activity

In erythroid cells, GR antagonizes the cytoplas-
mic activity of the receptor for EPO (EPO-R) and 
of p53. 

Suppression of EPO-R activity

EPO-R has cytoplasmic and nuclear activities. 
The cytoplasmic activity of EPO-R is to fine-tune 
the cellular content of the transcription factor 
GATA1 [107]. Experiments in mouse models 
have established the central role of the GATA2/
GATA1 switch in the control of the transition 

Figure 5. Erys generated in HEMA culture have the ability to undergo self-replication and to die by autophagy. A: 
Phenotype (CD235a/CD36 flow charts) and growth curve (in fold increase, FI, bottom panel on the left) of Erys gen-
erated in HEMA over time by unfractionated populations (flow charts in the top) or by proErys (CD36posCD235aneg, 
in pink) separated by serial sorting every two days (see also [103]). Mature Erys (CD36posCD235apos) are indicated 
in blue. This serial sorting/culture approach is the “culture” equivalent of serial transplantation experiments per-
formed in mice to determine the self-replication potential of stem cells. The growth curve of unfractionated popu-
lations reaches a plateau by day 10. By contrast, the growth curve of resorted proErys remains exponential upon 
three sorting given the ability of sorted cells to generate new proErys, in addition to Erys (reproduced from [103] 

and published by permission from the editor. B: Biochemical, electron microscopy and flow cytometric evidence for 
activation of the autophagic machinery in Erys obtained in culture with Dex. Autophagy is a proteosome-dependent 
pathway developed by eukaryotic cells to survive starvation but which may lead to death [100, 101] or, in the case 
of EBs, may promote terminal maturation [98]. One of the first steps of this pathway is formation of the autopha-
gosome with the conversion by lipidation of the cytosolic form of the microtubule associated protein light chain 3 
(LC3-I) into the vescicle-specific LC3-II form. The fusion of the autophagosome with the lysosome involves release 
of LC3-II from the membrane. The autophagosome machinery is mature when the ratio between LC3-1/LC3-II [100, 
101] is 1:2. Biochemical analyses (top panels on the left): By westen blot, Erys from the proliferative phase (Prol) 
express a LC3-I/LC3-II ratio of 1:2, an indication that the cells contain mature autophagosomes. This ratio is not 
further increased by growth factor deprivation (GFD), 15 min stimulation with EPO, SCF. Dex or estradiol (ES) or 1, 2 
and 4 days exposure to EPO to induce their maturation (differentiation culture, Diff) [28]. Electron microscopy obser-
vations (Top panel on the right). Cultured Erys contain autophasomic vescicles detectable by electron microscopy. 
The arrow indicates an Ery presenting features of death in the process to extrude its autophagosomic vescicles. 
Flow cytometry observations. By flow cytometry, autophagic death is detected by acrydin orange (AO) staining. At 
day 10, only 4% of Erys are AOpos but the frequency of AOpos Erys increases up to 23% upon growth factor deprivation 
(GFD). Modified from [103] and published by permission from the editor.
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from ProErys to Erys [108]. GATA2 is expressed 
in early Erys and controls mostly genes involved 
in proliferation [109]. GATA1 is expressed in 
late Erys [110] and suppresses the expression 
of GATA2 [108], and of its downstream part-
ners, while activating the expression of the 
genes required for Ery maturation [1]. EPO con-
trols GATA1 biosynthesis by regulating both the 
transcription of its gene [110] and the stability 
[111] (by inhibiting HSP-70 activation of the 
caspase pathway) [107] and phosphorylation 
state (via the PI-3K/AKT kinase pathway) [112] 
of the protein. Erys exposed to Dex rapidly, 
within 15 min, down-regulate GATA1 expression 
[113]. The observation that also GRα interacts 

with HSP-70 suggests that Dex may down-regu-
late GATA1 expression also by blocking the abil-
ity of EPO to inhibit HSP-70. 

The nuclear activity of EPO-R is mediated by 
STAT-5 [114]. Gene deletion studies in mice 
have indicated that STAT-5 is also the transcrip-
tion partner that cooperates with GR in retain-
ing proErys into a self-renewal state [22]. To 
clarify whether this interaction induces self-
renewal ability also to human Erys we per-
formed the signaling study presented in Figure 
6. These studies included Erys expanded from 
PV patients because these cells have intrisic 
Dex-independent self-renewal potential [115]. 

Figure 6. Dex and GRβ are responsible for quenching the EPO maturation signal in Erys from normal donors and 
from PV patients, respectively. (A) Immunoprecipitation with STAT-5 and GRα antibodies of Erys expanded from one 
normal donor (ND331B) and one PV (PV514) patient. The cells were analyzed at baseline and after 4 h of growth 
factor deprivation (GFD) and then exposure to EPO and Dex alone or in combination for 15 min. The blots were 
probed with antibodies against the total and phosphorylated form of STAT-5, GRα and GRβ. (B) Gel retardation as-
say with STAT-5-specific probes of nuclear extracts from Erys expanded from the normal donor and the PV patients 
and stimulated with and without Dex. (C) Western blot analyses for the expression of GILZ of Erys from the normal 
donor and the PV patient (the same cells as in A). (D) A model for the mechanism that quenches the maturation 
signal provided by EPO in Erys from normal donors and PV patients leading to erythrocytosis. Erys expanded from 
the normal donor exposed to Dex and EPO in combination contain low levels of STAT-5p (A), their nuclei bind poorly 
STAT-5 specific labeled probes (B) and express reduced levels of the GR-target GILZ gene (C). Erys expanded from 
PB, due to the presence of the JAK2V617F mutation, express constitutive levels of phosphorylated STAT5 however 
STAT5 cannot bind GRα because this protein forms a complex with GRβ (A). Therefore, also the nuclei of PV Erys 
bind poorly STAT-5 specific probes and do not express GILZ. Based on these data, we propose a unifying model 
for development of erythrocytosis through inhibition of GRα/STAT-5 interactions either by exposure to excess Dex 
(Cushing syndrome) or GRβ expression (PV). In both cases, the block of GRα and EPO-R signaling induces EB into 
self-replication. Modified from Varricchio et al Blood 2011 and published with permission from the editor. 
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In normal Erys, a previously undescribed cyto-
plasmic cross-talk between GR and EPO-R was 
identified that inhibits the transcriptional activ-
ity of both receptors. STAT-5 was phosphorylat-
ed when normal Erys were stimulated with 
either EPO or Dex alone but not when they were 
exposed to Dex and EPO in combination. In 
addition, Erys stimulated with EPO and Dex in 
combination did not contain nuclear STAT-5 
DNA binding activity and expressed reduced 
levels of the GR-target gene GILZ. In PV Erys, as 
predicted by the presence of the JAK2V617F 
mutation, STAT-5 was constitutively activated. 
However, by contrast with normal Erys, PV Erys 
express high levels of GRβ. Threfore in these 
cells GRα did not form a complex with STAT-5 

because it was retained by GRβ in the nucleus. 
As a consequence, nuclear STAT-5 DNA binding 
activity and expression of GILZ were barely 
detectable (Figure 6). In this case, formation of 
GRβ/GRα complexes constitutively retained in 
the nucleus quenched GRα/EPO-R signaling 
leading to ligand independent inhibition of both 
pathways. In addition to provide a unifying 
mechanism for erythrocytosis induced by expo-
sure to excess of glucocorticoids and presence 
of the JAK2V617F mutation, these data indi-
cate that individuals carrying the SNP rs6198 
that favor expression of GRβ should be predis-
posed for a faster recovery from erythroid 
stress. In partial support for this hypothesis, 
the rs6198 SNP was found to be present at fre-
quency greater than normal among regular 
Caucasian blood donors (6/12 regular donors, 
50%) while it was found with a normal frequen-
cy among unselected low volume CB collected 
from the same geographical area (3/20 low vol-
ume CB analysed, 15%) (G. Barosi and AR 
Migliaccio, unpublished observations). This 
observation raises the possibility that the pres-
ence of rs6198 may facilitate the recovery after 
blood donation, increasing the likelihood for an 
individual to became a regular donor and may 
explain why African-americans, who express 
rs6198 at a frequency lower than that 
expressed by Caucasians, may be less resilient 
in recovering from blood donation.

Another important cytoplasmic interaction of 
GRα well studied in mice is with p53 [101], a 
protein required for activation of the autopha-
gic machinery [101] that remodels the Ery cyto-
plasm into that of a reticulocyte [116]. 
Preliminary data on the interaction between 
GRα/p53 in human Erys are presented in 
Figure 7. As expected, p53 was constitutively 
localized in the nucleus of Erys but p21 activa-
tion was observed only when Erys were exposed 
to growth factor deprivation (GFD, a known acti-
vator of the p53/p21 pathway) and Dex or EPO 
alone but not to Dex and EPO in combination. 
This observation suggests that Dex antagoniz-
es the maturation signals mediated by p53 in 
response to EPO. This experiment also indicat-
ed that nuclear localization of HDAC2, the his-
tone deacethylase which mediates the chroma-
tin condensation that precedes enucleation 
[102], is also observed in Erys stimulated with 
either Dex or EPO alone but not in those 
exposed to Dex and EPO in combination (Figure 
7). 

Figure 7. Dex antagonizes the nuclear p53 activ-
ity and HDAC2 localization induced by EPO in Erys 
expanded from non-diseased donors. Western blot 
analyses for the expression of GRα, p53, p21 (a p53 
target gene) and HDAC2 in nuclear extracts from 
Erys expanded in-vitro (Prol), growth factor deprived 
(GFD) for 4 h and then exposed for 15’ to Dex and 
EPO alone or in combination. Expression of Laminin 
B1 and HSP90 is presented as loading control (nu-
clear-specificity) and contamination from cytoplas-
mic proteins, respectively. Exposure of Erys to either 
Dex or EPO alone, but not in combination, induces 
p21 expression, a marker for activation of p53 activ-
ity) and nuclear localization of HDAC2. 
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Summary of cell fates controlled by GR; 1) 
Induction of proliferation directly (c-Myb activa-
tion) and indirectly (suppression of GATA1-
dependent GATA2 down-regulation and sup-
pression of ZFP36L2); 2) reversible block of 
maturation (by suppressing activation of SCF/
EPO target genes and translocation of HDAC2 
to the nucleus and promoting GATA1 degrada-
tion); 3) promotion of autophagy by inducing 
dephosphorylation of AKT and down-regulation 
of Bcl2 but suppression of cytoplasmic remod-
eling by inhibiting p53. 

Clinical implications of GR polymorphisms for 
erythroid diseases.

The stimulatory effect exerted by glucocorti-
coids on stress erythropoiesis has been utilized 
for many years to treat Diamond-Blackfan 
Anemia (DBA) [52], an erythropoietin-resistant 
congenital red cell aplasia often associated 
with loss-of-function mutations in genes encod-
ing proteins of either the large or small ribo-
some subunit [50, 51]. These mutations reduce 
the translation efficiency of the ribosomes 
resulting in reduced content of key cell proteins 
[117]. Reductions in translation efficiency 
greatly impair the accumulation of hemoglobin 
necessary to generate functional RBCs. It has 
been suggested that Dex rescues the defective 
terminal EB maturation induced by ribosomal 
deficiency by retaining EBs into self-replication 
allowing more time for the synthesis of the ery-
throid proteins which are required in abundant 
amounts for terminal maturation [29, 103]. 
Additional mechanisms are also possible. Since 
Dex inhibits p53 [91], the protein that triggers 
apoptosis in response to deficient ribosome 
biosynthesis [118], it is particularly suited to 
promote survival of Erys carrying loss-of-func-
tion mutations of ribosomal genes. In addition, 
Dex, by targeting ZFP36L2 [25], increases 
mRNA stability, increasing their translation effi-
ciency. However, for reasons still unknown, 
approximately half of the DBA patients have a 
clinical response to Dex [52]. Although some 
DBA patients are steroid unresponsive already 
at diagnosis, the majority of patients acquire 
the non-responsive state at the end of a pro-
cess during which their anemia is controlled by 
progressively greater doses of glucocorticoids. 
This transition suggests that ligand-mediated 
methylation silencing of GR, similar to that 
observed in severe depression [119], may be 
responsible for induction of an unresponsive 

state. Therefore, SNPs, such as rs6198, that 
favor expression of GRβ quenching the activity 
of GRα, may allow longer response retention. 
This hypothesis is testable and if proven cor-
rect suggests that rs6198 may represent a bio-
marker to predict glucocorticoid responsive-
ness and that combination therapies with 
demethylating agents may delay the acquisi-
tion of a non-responsive state. Glucocorticoids 
have significant metabolic and bone side 
effects [120]. It is anticipated that GR agonists 
lacking these effects that are under develop-
ment for non-hematopoietic diseases [121] will 
be in the near future beneficial also for DBA. 
However, increasing knowledge on the biology 
of GR in erythropoiesis may also allow identifi-
cation of additional targets (p53 and or HDAC 
inhibitors to mention only a few) that may be 
used, alone or in combination with glucocorti-
coids to improve treatment of DBA. 

The biological activity of GR, including its poly-
morphism, has also implications for the therapy 
of MPN. Studies in transgenic JAK2V617F 
mouse models of MPN have established that 
the levels of JAK2V617F expressed by the 
transgenic lines determines whether the mice 
will express the PV (high levels)- or ET (low 
levels)-like phenotype [122]. This study also 
identified that deletion of Stat5, the gene 
encoding one of the signaling molecules imme-
diately downstream to JAK2, normalizes blood 
values of JAK2V617F knock-in mice [122], indi-
cating that STAT5 is required for development 
of erythroblastosis in this mouse model of PV. 
Since deletion of STAT5 in these mice may cor-
respond to the neutralization of STAT5 exerted 
by GRβ in human erythroid cells, it is possible 
that in PV patients the presence of the rs6198 
SNP [28], possibly in association with polymor-
phisms still to be identified that affect the lev-
els of GRα activity, may represent a biomarker 
to predict levels of erythrocytosis. This interest-
ing possibility is still to be demonstrated. 

Last, but not least, improvement of our knowl-
edge on the biology of GR in erythropoiesis has 
allowed developing the concept of blood farm-
ing, ex-vivo generation from MNC or CD34pos 
cells obtained from stem cell sources currently 
discarded (low volume CB or regular blood 
donations) of cultured red blood cells (cRBCs) 
as transfusion products [96, 97]. Proof-of-
principle for this concept was obtained in a 
mouse model of lethal anemia [123] and a first-
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in-man autologous transfusion (5 mL) study 
which demonstrated that human cRBCs have a 
normal life-span in vivo [124]. This has become 
such an active area of investigation. Since 
these first reports, > 525 papers may be 
retrieved on this subject from PubMed. These 
reports have defined technologies to generate 
from discarded stem cell sources of Caucasian 
origin numbers of cRBCs sufficient for 3-50 
transfusions [96, 97]. It is predicted that 
increased knowledge on the biology of GR in 
erythropoiesis will facilitate development of 
cRBCs for transfusion from donors of any ethni-
cal background, including those with rare blood 
phenotypes that may represent universal 
donors [125]. 
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