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Abstract
Objective—In a previous study, we showed that activation of a transfected human erythropoietin
receptor (EPOR) in the murine myeloid cell line 32D resulted in the development of morphologic
features of granulocytic differentiation and expression of the neutrophil primary granule protein
myeloperoxidase. We now studied if EPOR signaling could also mediate secondary granule protein
gene expression and investigated the signal transduction requirements for induction of secondary
granule gene expression in 32D cells.

Materials and Methods—Wild-type and variant 32D cells expressing normal or chimeric EPORs
or receptors for granulocyte colony-stimulating factor (G-CSFRs) were stimulated with EPO or G-
CSF and the expression of granulocyte-specific genes was analyzed by Northern blot analysis. To
determine the signaling mechanisms required for secondary granule protein gene induction, the
activation of STAT pathways following growth factor stimulation was studied by Western blot
analysis.

Results—We found that EPO treatment of 32D cells engineered to express EPOR did not result in
induction of the secondary granule protein genes encoding lactoferrin and 24p3 lipocalin, the mouse
homolog of human N-Gal, or the myeloid transcription factor C/EBPε. Replacement of the
intracellular domain of EPOR with the intracellular domain of G-CSFR in a chimeric receptor was
associated with EPO-mediated induction of lactoferrin, 24p3 lipocalin, and C/EBPε genes. We found
that STAT3 phosphorylation was mediated by the intracellular domain of G-CSFR, but not EPOR.
Replacement of one or two of the STAT5 binding sites in the intracytoplasmic domain of the EPOR
with STAT3 binding sites resulted in EPO-mediated STAT3 activation and a marked increase in the
expression of the 24p3 lipocalin gene. Knockdown of STAT3 protein levels with siRNA caused
significant decrease in 24p3 lipocalin gene induction.

Conclusion—These results indicate that EPOR signaling cannot substitute for G-CSFR signaling
to stimulate secondary granule protein gene expression in 32D cells. In addition, STAT3 is a critical
mediator of 24p3 lipocalin gene expression in these cells.

Granulocyte colony-stimulating factor (G-CSF), through the interaction with its receptor (G-
CSFR), is the major hematopoietic growth factor regulating the production of neutrophils. The
importance of G-CSF in the regulation of granulopoiesis has been underscored by the
observation that mice deficient in the G-CSF or G-CSFR gene, or mice expressing a chimeric
G-CSFR/EPOR (erythropoietin receptor), developed severe neutropenia [1–3]. The
neutrophils from mice with the chimeric receptor demonstrated reduced chemotaxis and
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reduced mobilization from the bone marrow to peripheral blood, suggesting that signals
mediated by the cytoplasmic domain of EPOR were incapable of completely replacing G-CSFR
function. In addition, transgenic mice expressing a truncated murine G-CSFR displayed
impaired neutrophilic maturation [4].

These studies and others, including those of different hematopoietic growth factors and
receptors, have led to two different theories or models regarding the role of specific growth
factors and their receptors in the process of lineage commitment and differentiation: the
“instructive” or deterministic model, in which growth factors play a direct role in lineage-
specific commitment and differentiation, and the “permissive,” stochastic, or cell-autonomous
model, in which growth factors provide the necessary signals for cell proliferation, survival,
and maturation in cells already predetermined to differentiate along a given pathway (reviewed
in [5–8]).

The binding of G-CSF to its receptor results in tyrosine phosphorylation of bound Janus
tyrosine kinases (JAKs), that then activate multiple downstream signaling pathways [9]. The
JAK/STAT pathway has been proposed to play a critical role in the control of myeloid
proliferation and differentiation [10]. S TAT proteins belong to a family of interactive
cytoplasmic transcription factors that, following activation of the appropriate receptor, become
tyrosine phosphorylated by JAK family protein tyrosine kinases, undergo dimerization, and
translocate to the nucleus to activate gene transcription. Many cytokines and growth factors
can activate STAT signaling pathways [11] and at least seven STATs have been identified that
are differentially activated by distinct receptors [12]. G-CSF activates STAT3 and to a lesser
degree STAT1 and STAT5 [9,13–15]. The relative contribution of these different STATs to
G-CSF-dependent neutrophil differentiation has been debated [16–18].

Several transcription factors, such as PU.1 and members of the CCAAT/enhancer-binding
protein (C/EBP) family, play key roles in the differentiation of multipotent hematopoietic stem
cells to lineage-committed myeloid progenitor cells and their subsequent terminal
differentiation. C/EBPα is expressed in early myeloid progenitors and plays a pivotal role in
the granulocytic lineage, likely through regulating the promoters of a number of important
granulocytic genes, including those encoding the G-CSFR and the primary granule protein
myeloperoxidase (MPO) [19–21]. C/EBPε is upregulated at the promyelocyte and myelocyte
stages of granulocyte maturation and continues to be expressed thereafter. It plays an important
role in mid to late stages of granulocytic differentiation [reviewed in 20].

The function of mature neutrophils is dependent on its granules, which contain characteristic
proteins. Two major granules, primary and secondary (specific) granules, are formed at
different stages of granulocytic maturation. Primary granules contain several proteolytic
enzymes and bactericidal proteins, including cathepsin G, elastase, MPO, and lysozyme. The
secondary granules contain a wide variety of different components, including lactoferrin (LF),
lysozyme, collagenase, gelatinase, and gelatinase-associated lipocalin (N-Gal). Granule
protein gene expression is regulated by a number of transcription factors. Among these factors,
PU.1 and C/EBPα are important for the expression of all granule protein genes [22–25],
whereas C/EBPε is important for the expression of secondary granule protein genes, such as
those encoding LF, neutrophil gelatinase, and neutrophil collagenase [20,26–28].

The growth and differentiation of hematopoietic cells along the erythroid lineage is regulated
by the lineage-specific cytokine EPO and its receptor EPOR [29–31]. G-CSFR and EPOR
belong to the same superfamily of hematopoietic growth factor receptors and share many
common features in their associated signal transduction pathways. In a prior study, we
demonstrated that ectopic expression of the EPOR in myeloid 32D cells was associated with
EPO-mediated development of myeloid differentiation characteristics including
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morphological features and expression of the primary granule protein MPO [32]. These results
were consistent with those of other studies [33], suggesting that the lineage specificity of a
cytokine-associated response can be mediated by activation of noncanonical receptors and/or
signaling pathways [reviewed in 5–8,34]. Because the function of mature neutrophils depends
on both its primary and secondary granule proteins, we examined if EPOR-mediated signaling
could result in increased secondary granule protein gene expression in 32D cells. We found
that EPOR-mediated signals could not replace those associated with G-CSFR activation to
direct the expression of two different secondary granule protein genes in these cells. In addition,
we observed that STAT3 activation, which is mediated by the G-CSFR but not by the EPOR,
is essential in 32D cells for cytokine-induced expression of the gene encoding 24p3 lipocalin,
the murine ortholog of the human secondary granule protein neutrophil gelatinase-associated
lipocalin (N-Gal).

Materials and methods
Cell lines and culture conditions

All cell lines used in this study were derived from murine 32D cells, a factor-dependent myeloid
cell line. Cell line 32DEPOR-WT and 32DEPOR-FE express wild-type and C-terminal
truncated human EPOR, respectively [32]. Cell lines WT EPOR, ER343-S3, and ER343/401-
S3 express, respectively, the wild-type murine EPOR and mutant murine EPORs with modified
residues at positions 342–346 and 400–404, changing STAT5 binding sites to STAT3 binding
sites [35]. Cell line 32Dwt18 (a gift of Dr. Arati Khanna-Gupta, Yale University, New Haven,
CT, USA) was generated in Dr. Daniel Link’s laboratory, Washington University (St. Louis,
MO, USA), and expresses a chimeric receptor (extracellular and transmembrane domains of
murine EPOR and intracellular domain of human G-CSFR). Because 32D cells are interleukin
(IL)-3-dependent myeloid progenitor cells, all of these 32D-derived cell lines were maintained
in IMDM medium with 10% heat-inactivated fetal calf serum (FCS), 5% conditioned medium
from the WEHI 3B cell line (as a source of IL-3), and 400 μg/mL of G418 for maintaining
selection of cell lines containing transfected expression plasmids.

EPO stimulation, preparation of whole-cell lysates, sodium dodecyl sulfate–polyacrylamide
gel electrophoresis, and Western blot analysis

Cells were washed with phosphate-buffered saline (PBS) buffer, cultured in IMDM +1% FCS
without growth factor, then cultured at 37°C in the presence of added EPO, at the concentrations
listed in the text or figure legends, for the indicated periods of time. The culture was terminated
by adding an equal volume of Laemmli sample buffer (Bio-Rad Laboratories Inc., Hercules,
CA, USA). After boiling for 5 minutes, lysates from 2 × 105 cells were fractionated by sodium
dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) and electrophoretically
transferred to nitrocellulose filters (Millipore Corporation, Burlington, MA, USA). The
membranes were blocked in TBST (10 mM Tris-HCl, pH 8, 150 mM NaCl, 0.1% Tween-20)
containing 5% milk for 1 hour at room temperature, then incubated with primary antibodies,
anti-phospho-STAT3, anti-phospho-STAT5 (Cell Signaling Technology, Beverly, MA, USA),
or anti-phospho-JAK2 (Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA). The bound
antibodies were detected by incubation with horseradish peroxidase–conjugated secondary
antibodies and visualized with the ECL detection system (Amersham Biosciences Corp.,
Piscataway, NJ, USA). Probes were removed from the membranes by incubating with stripping
buffer (62.5 mM Tris-HCl, pH 6.7, 2% SDS and 100 mM β-mercaptoethanol) at 50°C for 30
minutes and reprobed with anti-STAT5 (Cell Signaling Technology), anti-STAT3, or anti-
JAK2 (Santa Cruz Biotechnology Inc.).
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Northern blot analysis
Cells were washed with PBS, transferred to medium containing 2 units/mL of EPO, and
harvested at the indicated times. Total RNA was extracted from cells using RNA mini kit
(Qiagen Inc., Valencia, CA, USA). RNA (10μg) was fractionated by electrophoresis in 1%
agarose gels, transferred to nitrocellulose filters, then probed with mouse MPO cDNA,
lactoferrin cDNA, mouse 24p3 lipocalin cDNA, human C/EBPε cDNA, or mouse β-actin
cDNA (gifts of Dr. Nancy Berliner), labeled with 32P using Ready-To-Go DNA labeling beads
(-dCTP) (Amersham Biosciences). The hybridization was carried out in PerfectHyb Plus
hybridization buffer (Sigma-Aldrich, St. Louis, MO, USA) at 68°C for 2 hours. The membranes
were then rinsed in washing buffer containing 2× standard saline citrate (SSC) (1× SSC
contains 0.15 M NaCl and 0.015 M sodium citrate) and 0.1% SDS for 10 minutes with two
changes of buffer at room temperature, followed by washing with a solution of 0.5× SSC +0.1%
SDS at 68 °C for 10 minutes. The membranes were exposed using a PhosphorImaging screen
and analyzed by PhosphorImager (Molecular Dynamics, Sunnyvale, CA, USA).

SiRNA preparation and transfection
All siRNAs were synthesized by Qiagen, Inc. The STAT3 siRNA target sequence is
AAGGACATCAGTGGCAAGACC. Ten μg of STAT3 siRNA or control siRNA were used
to transfect ER343-S3 and 32Dwt18 cells by electroporation. Cells were grown in medium
containing IL-3 and washed twice with PBS buffer. One ×107 cells were suspended in 180
μL of 2× HEPES buffer (0.28 M NaCl, 0.05 M HEPES [(N-2-hydroxyethylpiperazine-N′-2-
ethanesulfonic acid]), 1.5 mM Na2HPO4), mixed with siRNA, transferred to cuvettes, and
subjected to electroporation at a voltage of 400 mV and capacitance of 250 uF. After
transfection, cells were incubated in IMDM +10% FCS +5% WEHI-conditioned medium for
5 hours, washed with PBS, and transferred to the IMDM medium containing 10%FCS and
2units/mL of EPO. Twenty-four hours after transfection, cells were harvested and STAT3
protein levels were determined by Western blot analyses as described above, using anti-STAT3
antibody and anti-actin antibody (Santa Cruz Biotechnology Inc.). 24p3 lipocalin gene
expression was assessed by Northern blot analysis, as described above.

Results
EpoR-mediated signaling in 32D cells results in expression of the gene encoding the primary
granule protein MPO but not the expression of two different genes encoding secondary
granule proteins

To examine primary and secondary granule protein gene expression in 32D cells, we utilized
three different 32D-derived cell lines: 32DEPOR-WT, 32DEPOR-FE, and 32Dwt18. The cell
lines 32DEPOR-WT and 32DEPOR-FE express, respectively, the full-length and C-terminal
truncated human EPOR [36]. The 32Dwt18 cell line expresses a chimeric receptor that consists
of the extracellular and transmembrane domains of the murine EPOR and the intra-cellular
domain of the human G-CSFR. This chimeric receptor is activated by EPO, but results in G-
CSFR signaling. Therefore, 32Dwt18 cells can differentiate into neutrophils following EPO
stimulation [37], and were used as a positive control for neutrophilic differentiation. The cell
line 32DEPOR-FE has been reported to be incapable of myeloid differentiation after EPO
stimulation due to truncation of its C-terminal domain [32], and was used as a negative control.
To determine whether EPOR signaling can mediate the expression of primary and secondary
granule protein genes in 32D, the three cell lines were incubated in medium containing 2 units/
mL of EPO. Cells were harvested at different times and their RNA isolated for Northern blot
analysis (Fig. 1). The mRNA for MPO, a primary granule protein, was significantly increased
after EPO stimulation in 32DEPOR-WT and 32Dwt18 cells, but not in 32DEPOR-FE cells
(Fig. 1A). This result is consistent with our previous study [32], indicating that signaling
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mediated by the full-length EPOR can increase primary granule protein gene expression in
32D cells in a manner similar to G-CSFR-mediated signaling.

With regard to secondary granule protein gene expression, LF mRNA was increased after EPO
stimulation in 32Dwt18 cells expressing the EPOR/G-CSFR chimeric receptor, but not in
32DEPOR-WT or 32DEPOR-FE cells (Fig. 1B), indicating that EPOR-mediated signaling,
unlike G-CSFR-mediated signaling, does not result in increased LF gene expression in 32D
cells. We also examined the expression in these cells of the gene encoding 24p3 lipocalin, the
murine ortholog of human neutrophil gelatinase-associated lipocalin (N-Gal), a secondary
granule protein. In humans, N-Gal is synthesized in myelocytes and metamyelocytes and
packaged into secondary granules [38]. In mice, 24p3 lipocalin has also been detected in
granulocytes prepared from peripheral blood [39]. The results (Fig. 1B) showed that 24p3
lipocalin mRNA was increased after exposure to EPO in 32Dwt18 cells expressing the G-CSFR
intracellular signaling domain, but not in 32DEPOR-WT cells expressing the wild-type human
EPOR. These results demonstrate that EPOR-mediated signaling cannot replace G-CSFR-
mediated signaling to increase the expression in 32D cells of the genes encoding the secondary
granule proteins LF and 24p3 lipocalin.

EPOR-mediated signaling failed to increase the expression of the gene encoding CCAAT/
enhancer-binding protein epsilon (C/EBPε)

The transcription factor C/EBPα appears to be required for the early stages of myeloid
differentiation, whereas C/EBPε appears to be necessary for the later stages of myeloid
differentiation, including expression of the secondary granule proteins genes [28]. To
understand why EPOR-mediated signaling does not result in increased secondary granule
protein gene expression, we examined whether the mRNAs for C/EBPα and C/EBPε are
increased in the different 32D-derived cell lines following exposure to EPO (Fig. 2). C/
EBPα mRNA levels were slightly increased in 32Dwt18 cells after exposure to EPO, but were
unchanged in 32DEPOR-WT and 32DEPOR-FE cells before and after exposure to EPO.
Therefore, the level of C/EBPα is unlikely to be the key factor responsible for the difference
in secondary granule protein gene expression between 32Dwt18 and the 32DEPOR cells
following EPO stimulation. The level of C/EBPα mRNA was consistently much lower in
32Dwt18 cells than in the other 32D-derived cell lines. The significance of this finding is
unclear. It may represent genetic drift between different isolates of 32D cells obtained from
different laboratories. Different 32D cell isolates may also represent myeloid lineage cells
arrested (at baseline) at slightly different stages of maturation. Similar but quantitatively less
significant variations of basal levels of other mRNAs were also observed between the different
32D-derived cell lines (Fig. 1 and Fig. 2). Unlike C/EBPα mRNA, C/EBPε mRNA increased
in 32Dwt18 cells, but not in 32DEPOR-WT and 32DEPOR-FE cells after exposure to EPO,
indicating that EPOR-mediated signaling failed to stimulate C/EBPε gene expression. The lack
of increased secondary granule protein gene expression in 32DEPOR cells may be due to the
low and unchanged levels in these cells of C/EBPε, which appears to be required for secondary
granule protein expression.

EPOR-mediated signaling is not capable of activating STAT3 in 32D cells
Because EPOR-mediated signaling results in increased expression of the gene encoding the
primary granule protein MPO, but not of the genes encoding secondary granule proteins in
32D cells, we used these 32D-derived cell lines as a model system to investigate the signals
that are required for secondary granule protein gene expression. Because STAT proteins,
particularly STAT3 and STAT5, are critical in myeloid cell differentiation and survival, we
examined the patterns of activation of STAT proteins by EPOR- and G-CSFR-mediated
signaling in the different 32D-derived cell lines. Figure 3 shows the pattern of tyrosine
phosphorylation of STAT proteins in 32DEPOR-WT, 32DEPOR-FE, and 32Dwt18 cells
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following EPO stimulation. STAT5 was phosphorylated in all three cell lines 5 minutes after
EPO stimulation. More significantly, STAT3 was only phosphorylated in 32Dwt18 cells
capable of G-CSFR signaling, but not in the two different 32DEPOR cell lines after exposure
to EPO, indicating that EPOR-mediated signaling cannot activate STAT3 in 32D cells.
Therefore, STAT3 is likely to be required for secondary granule protein gene expression in
these cells.

STAT3 phosphorylation mediated by variant EPO receptors containing altered STAT binding
sites

To investigate whether STAT3 is a key component mediating increased secondary granule
protein gene expression, we utilized 32D cell lines expressing the murine wild-type EPOR
(WT EPOR cells) or variant EPOR isoforms that were utilized in a prior study [35] (Fig. 4).
The ER343-S3 cell line expresses an altered murine EPOR in which the STAT5 binding site
at residues 342–346 was replaced by a STAT3 binding site. The pattern of EPO-dependent
JAK/STAT protein tyrosine phosphorylation in ER343-S3 cells was analyzed (Fig. 5).
Following EPO stimulation, STAT5 was phosphorylated in WT EPOR cells and, at a lower
level, in ER343-S3 cells whose EPOR still contains one of the two STAT5 binding sites. As
expected, the alteration of EPOR in ER343-S3 cells caused STAT3 phosphorylation following
EPO stimulation, but this did not occur in WT EPOR cells (Fig. 5A). Moreover, the degree of
STAT3 phosphorylation in ER343-S3 cells was virtually the same as that in 32Dwt18 cells
capable of G-CSFR-mediated signaling after EPO stimulation.

STATs are phosphorylated by the JAK2 kinase, which is bound to the EPOR and is activated
(autophosphorylated) after ligand binding to the receptor [40,41]. The level of EPO-dependent
JAK2 tyrosine phosphorylation was similar in WT EPOR and ER343-S3 cells (Fig. 5B). This
result is consistent with previous results [35], indicating that the mutation of the STAT5 binding
site does not alter activation of the EPOR and the resulting JAK2 autophosphorylation after
exposure to EPO. STAT5 can be activated through non–tyrosine-containing sequences in the
membrane proximal region of the EPOR cytoplasmic domain [42].

STAT3 activation mediates cytokine-dependent expression of the gene encoding 24p3
lipocalin

To determine the effect of mutant EPOR-mediated STAT3 activation on secondary granule
protein gene expression in 32D cells, WT EPOR and ER343-S3 cells were grown in medium
containing 2 units/mL of EPO. Cells were harvested at the indicated times and Northern blots
were performed (Fig. 6).

Expression of 24p3 lipocalin mRNA was markedly increased in ER343-S3 cells after EPO
stimulation, whereas no increase of this mRNA occurred in WT EPOR cells (Fig. 6). Moreover,
the level of 24p3 lipocalin mRNA in ER343-S3 cells after 6 days of EPO stimulation was
approximately the same as that in 32Dwt18 cells, suggesting that STAT3 plays an important
role in cytokine-dependent 24p3 lipocalin gene expression.

To further determine if STAT3 signaling is required for the observed increase in 24p3 lipocalin
gene expression in 32D cells, we knocked down STAT3 activity by use of STAT3 siRNA.
ER343-S3 cells and 32Dwt18 cells were transfected with STAT3 siRNA or control siRNA
using electroporation. After transfection, cells were cultured in medium containing IL-3 for 5
hours, then were washed and transferred to medium containing 2 units/mL EPO. After 24 hours,
cells were harvested for extraction of protein and total RNA. Western blot analysis of lysates
obtained at this time point showed that STAT3 protein levels were reduced by 50% and 70%
in 32Dwt18 and ER343-S3 cells, respectively, compared to that in cells transfected with control
siRNA (Fig. 7A). The levels of 24p3 lipocalin mRNA following EPO stimulation in cells
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transfected with STAT3 siRNA were also proportionally reduced, compared to that in the cells
transfected with control siRNA (Fig. 7B). Therefore these results indicate that STAT3 signaling
is critical for G-CSFR- and variant EPOR-mediated increases in 24p3 lipocalin gene
expression.

We also examined if 24p3 lipocalin gene expression requires STAT5 activation, in addition to
STAT3 activation. The two STAT5 binding sites of EPOR located at residues 342–346 and
400–404 were substituted by two STAT3 binding sites in ER343/401-S3 cells (Fig. 4; Ref.
35). As expected, the level of STAT5 phosphorylation after EPO stimulation was reduced in
ER343-S3 and ER343/401-S3 cells compared to that in WT EPOR cells (Fig. 8A). However,
there was still a low level of STAT5 phosphorylation even in ER343/401-S3 cells, possibly
due to conservation of tyrosine residues 429 and 431 of the EPOR that are capable of binding
STAT5 [43–45]. The EPO-dependent phosphorylation level of STAT3 in ER343/401-S3 cells
was double that in ER343-S3 cells. The level of EPO-stimulated 24p3 lipocalin gene expression
was also increased in ER343/401-S3 cells compared to that in ER343-S3 cells (Fig. 8B). These
results suggest that the level of 24p3 lipocalin gene expression correlates with the degree of
activation of STAT3, but not with that of STAT5.

To explore whether STAT3 directly or indirectly activates 24p3 lipocalin gene expression,
ER343/401 cells were cultured in medium containing 2 units/mL of EPO in the presence or
absence of the protein synthesis inhibitor cycloheximide (CHX), or in the presence of CHX
alone. At the indicated times, cells were harvested and Northern blot analysis of their RNA
was performed (Fig. 9). After EPO stimulation, 24p3 lipocalin mRNA levels gradually
increased in the absence of CHX. The addition of CHX did not inhibit the EPO-stimulated
24p3 lipocalin gene expression, suggesting that STAT3 directly activates 24p3 lipocalin gene
expression.

Retinoic acid enhances STAT3-mediated 24p3 lipocalin gene expression
Retinoic acid (RA) has been reported to enhance 24p3 lipocalin gene expression in mouse L
cells [46]. It is also known that RA plays an important role during myeloid differentiation
[47]. Therefore, we examined if RA promotes 24p3 lipocalin gene expression during
neutrophilic differentiation of 32D cells. WT EPOR and ER343-S3 cells were incubated in
medium containing 2 units/mL of EPO in the presence or absence of 10 μM all-trans retinoic
acid (ATRA). Cells were harvested at the indicated times and Northern blot analysis of their
RNA was performed (Fig. 10). In WT EPOR cells, 24p3 lipocalin mRNA levels were not
increased in the presence of EPO alone, as previously observed in Figure 6, and the addition
of ATRA together with EPO also failed to increase 24p3 lipocalin gene expression, indicating
that ATRA-mediated signals do not stimulate 24p3 lipocalin gene expression in 32D cells. In
ER343-S3 cells, 24p3 lipocalin gene expression was upregulated after exposure to EPO, and
the addition of ATRA together with EPO resulted in even higher levels of 24p3 lipocalin mRNA
(Fig. 10). When ER343-S3 cells were cultured in medium containing ATRA and IL-3, 24p3
lipocalin gene expression was not increased (data not shown). Taken together, these results
indicate that ATRA-mediated signaling enhances the level of 24p3 lipocalin mRNA that is
stimulated by STAT3 activation (mediated by the variant EPOR), but it does not play an
important role by itself in the activation of 24p3 lipocalin gene expression.

Discussion
The EPOR and G-CSFR are members of the hematopoietic growth factor receptor superfamily
and share a number of common features in their downstream signaling pathways. Jacob et al.
[48] demonstrated that bone marrow cells of G-CSFR-deficient mice expressing a retrovirally
transduced G-CSFR/EPOR chimeric receptor transgene could differentiate in vitro into
morphologically mature, chloroacetate esterase–positive neutrophils expressing the Gr-1 and

Wang et al. Page 7

Exp Hematol. Author manuscript; available in PMC 2008 May 20.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Mac-1 cell surface markers. However, secondary granule protein gene expression was not
studied in these cells. In a previous study [32], we found that ectopic expression of full-length
EPOR in myeloid 32D cells led to EPO-dependent granulocytic differentiation, as assessed by
morphologic features and expression of the primary granule protein MPO. In the current study,
we investigated whether EPO-EPOR signaling can also induce secondary granule protein gene
expression that is characteristic of terminal granulocytic differentiation. Our data demonstrated
that EPOR-mediated signaling could not replace G-CSFR signaling to stimulate the expression
of the secondary granule protein genes lactoferrin and 24p3 lipocalin.

Our findings in 32D cells contrast with those we previously obtained using the promyelocytic
EPRO cell line that contains a dominant negative RARα and is capable of myeloid
differentiation in the presence of ATRA combined with GM-CSF [49]. In EPRO cells
ectopically expressing the EPOR, treatment of the cells with EPO combined with ATRA did
result in secondary granule gene expression. Interestingly, in contrast to this finding in EPRO
cells, we found that activation of EPOR signaling in 32D cells failed to induce the expression
of C/EBP-ε, a myeloid transcription factor that mediates G-CSF-induced granulocytic
differentiation [28]. The discrepancy in results is probably due to the fact that these two cell
models of myeloid maturation differ in the mechanisms by which myeloid differentiation is
induced. As demonstrated by Maun et al. [50], ATRA-mediated differentiation of EPRO cells
appears to be STAT3-independent, in contrast to G-CSF-mediated differentiation of G-CSFR-
transduced EPRO cells, which is STAT3-dependent and RAR-independent. In our prior study
using EPOR-expressing EPRO cells, ATRA plus EPO-mediated myeloid differentiation is
likely to have been RAR-dependent but STAT3-independent.

To determine which signaling pathways are involved in induction of secondary granule protein
gene expression, we studied the differences in downstream pathways activated by EPOR
signaling and G-CSFR signaling in 32D cells. We found that STAT3 was activated by G-CSFR
signaling, but not by EPOR signaling, suggesting that STAT3 activation may be required for
secondary granule protein gene expression. To test this hypothesis, the two STAT5 binding
sites in EPOR were replaced with a STAT3 binding site to produce ER343-S3 cells, allowing
the activation of STAT3 upon EPO stimulation. In these cells, granulocytic differentiation and
increased expression of the secondary granule protein 24p3 lipocalin were observed following
exposure to EPO. This phenomenon was associated with only a minor increase in the expression
of C/EBPε (data not shown). It is also noteworthy that lactoferrin mRNA levels also increased
slightly in ER343-S3 cells following EPO stimulation (data not shown), but this increase was
quantitatively much less significant than that observed with 24p3 lipocalin mRNA. This finding
is consistent with the fact that C/EBPε plays an important role in lactoferrin gene expression
and its expression did not show a major increase in ER343-S3 cells after EPO stimulation.
Although it would appear that 24p3 lipocalin gene expression is STAT3-dependent and C/
EBPε-independent, STAT3 binding sites were not identified by nucleotide homology search
in the promoter of the gene.

Human N-Gal is a secondary granule bacteriostatic protein that is expressed at the myelocyte/
metamylocyte stage of neutrophil maturation [51–53]. The mouse homolog of N-Gal is 24p3
lipocalin, which is expressed in neutrophils as well as in other tissues, such as the uterus,
stomach, and lung [38,39]. The factors that regulate N-Gal/24p3 lipocalin gene expression in
neutrophils are not known. In this study, we provided the following evidence that G-CSFR
signaling stimulates the expression of the 24p3 lipocalin gene through STAT3: 1) 24p3
lipocalin mRNA levels were markedly increased by G-CSFR signaling in 32Dwt18 cells; 2)
activation of STAT3 by a modified EPOR in ER343-S3 cells was associated with increased
24p3 lipocalin gene expression; and 3) knockdown of STAT3 protein levels by STAT3 siRNA
in ER343-S3 and 32Dwt18 cells was associated with decreased 24p3 lipocalin gene expression.
Our results also suggested that STAT3 may directly activate 24p3 lipocalin gene expression,
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because the protein synthesis inhibitor cycloheximide did not inhibit STAT3-mediated 24p3
lipocalin gene expression.

Retinoic acid plays a role during granulocyte differentiation through interaction with its nuclear
receptor, RARα, which in turn modulates the expression of multiple downstream targets by
binding to retinoic acid response elements (RAREs) in cellular DNA. The important role of
the RA signaling pathway is reflected by the involvement of RARα in the pathogenesis of acute
promyelocytic leukemia (APL). It is likely that RARα controls granulopoiesis through several
critical regulators of myeloid differentiation, including the C/EBPs, c-myc, and the cyclin-
dependent kinase inhibitor p21 [47,54]. The relationship between the RA signaling pathway
and G-CSFR-activated pathways during myeloid differentiation may be cooperative, because
the combination of retinoic acid and G-CSF can synergistically drive differentiation of RA-
resistant t(11;17) promyelocytic leukemia cells toward complete granulocyte differentiation
[55–58]. We examined the role of RA in the regulation of expression of the 24p3 lipocalin
gene in 32D cells. Our results revealed that RA signaling alone failed to stimulate 24p3
lipocalin gene expression in these cells, but in combination with STAT3 activation (in ER343-
S3 cells), it significantly enhanced the level of 24p3 lipocalin mRNA compared to that obtained
with STAT3 activation alone (Fig. 10). This finding suggests that RA signaling and G-CSFR
signaling may act in concert during granulocyte differentiation.

In summary, we have demonstrated that EPOR-mediated signaling cannot substitute for G-
CSFR signaling to stimulate granulocyte secondary granule protein gene expression in 32D
cells. In addition, activation of STAT3 is required for induction of 24p3 lipocalin gene
expression in these cells. These studies were carried out using established tissue culture cell
lines rather than primary myeloid cells. It will be important to confirm these results in future
studies using primary myeloid cells, including cells from STAT3-deficient mice.
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Figure 1.
Expression of the mRNAs encoding the primary granule protein myeloperoxidase and
secondary granule proteins lactoferrin and 24p3 lipocalin in 32D-derived cell lines after EPO
stimulation. The cells were cultured in medium containing 2 units/mL of EPO for the indicated
times. Ten ug of total cellular RNA was analyzed by Northern blot hybridization, using as
probes 32P-labeled murine cDNAs encoding MPO (A), L F or 24p3 lipocalin (B), and β-actin
as a control for the amount of sample. FE: 32DEPOR-FE cells, expressing a C-terminal
truncated human EPOR; WT: 32DEPOR-WT cells, expressing wild-type human EPOR; wt18:
32Dwt18 cells, expressing a chimeric EPOR/G-CSFR (see Materials and methods).
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Figure 2.
Expression of C/EBPα and C/EBPε mRNA in 32D-derived cell lines after EPO stimulation.
Cells were cultured in medium containing 2 units/mL of EPO for the indicated times. Northern
blot analysis was carried out as in Figure 1, using as probes 32P-labeled murine cDNAs
encoding C/EBPα, C/EBPε, or β-actin. Cell line designations as in Figure 1.
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Figure 3.
Induced phosphorylation of Stat3 and Stat5 in 32D-derived cell lines after EPO stimulation.
Cells were cultured in medium containing 10 units/mL of EPO for the indicated times. Whole-
cell lysates were fractionated by SDS-PAGE and analyzed by Western blotting using anti-
phospho-Stat3 or anti-phospho-Stat5 antibody. The membranes were then stripped and
reprobed with anti-STAT3 or anti-STAT5 antibody. Cell line designations as in Figure 1.
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Figure 4.
Schematic diagram of the structure of the murine EPOR expressed in cell lines WT EPOR,
ER343-S3, and ER343/401-S3. The cytoplasmic region of the murine wild-type (WT) EPOR
is diagrammed on the left, showing the position of the JAK2 binding domain (cross-hatched
bar) and the regions surrounding the tyrosine residues required for STAT5 binding and
activation (Tyr-343 and Tyr-401). ER343-S3 has the sequence GYMPQ (STAT3 binding site)
substituted for residues 342–346 of the WT murine EPOR. ER343/401-S3 has the STAT3
binding site substituted at residues 342–346 and 400–404 of the WT murine EPOR. Adapted
from Wooten et al. [35].
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Figure 5.
Pattern of Stat3, Stat5, and JAK2 phosphorylation in 32D-derived cells after EPO stimulation.
Western blot analysis was carried out as described in Figure 3. Cell line designations as in
Figure 1 (wt18) and Figure 4 (WT EPOR and ER343-S3).
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Figure 6.
Gene expression of secondary granule protein 24p3 lipocalin in 32D-derived cell lines after
EPO stimulation. Northern blot analysis was carried out as described in Figure 1. Cell line
designations as in Figure 4.
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Figure 7.
Expression levels of STAT3 protein and 24p3 lipocalin mRNA in EPO-stimulated ER343-S3
and 32Dwt18 cells after transfection with siRNA. Cells were transfected with siRNA by
electroporation, cultured in medium containing IL-3 for 5 hours, then washed and transferred
to medium containing 2 units/mL of EPO and cultured for an additional 19 hours. Western blot
analysis (A) and Northern blot analysis (B) were carried out as described in Figure 3 and Figure
1, respectively. Quantitation of STAT3 protein and 24p3 lipocalin mRNA was performed by
PhosphorImager using the ImageQuant software program (Molecular Dynamics) and the
average values of the siRNA/control (CT) ratios from at least two separate experiments are
shown below the corresponding STAT3 and 24p3 lipocalin images. Cell line designations as
in Figure 1 (wt18) and Figure 4 (ER343-S3).
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Figure 8.
Phosphorylation of STAT3 and STAT5 and expression of 24p3 lipocalin mRNA in 32D-
derived cell lines after EPO stimulation. Western blot analysis (A) was carried out as described
in Figure 3 and Northern blot analysis (B) was carried out as described in Figure 1. Cell line
designations as in Figure 4.
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Figure 9.
EPO-induced 24p3 lipocalin mRNA expression in ER343/401-S3 cells in the presence or
absence of the protein synthesis inhibitor cyclo-heximide (CHX). ER343/401-S3 cells (Fig. 4)
were cultured medium containing IL-3, then washed and transferred to medium containing 5
μg/L of CHX, 2 units/mL of EPO, or both EPO + CHX. Cells were harvested at the indicated
times, and their total RNA extracted for Northern blot analysis, carried out as described in
Figure 1.
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Figure 10.
Expression of 24p3 lipocalin mRNA in EPOR WT and ER343-S3 cells after stimulation by
EPO in the presence or absence of 10 μM ATRA. EPO stimulation and Northern blot analysis
were carried out as described in Figure 9. Cell line designations as in Figure 4.
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