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Abstract
C/EBPβ is known to be important for monocytic differentiation and macrophage function. Here, we
found that expression of all three C/EBPβ isoforms induced in HL60 cells by 1,25-dihydroxyvitamin
D3 (1,25D) was upregulated in a sustained manner that correlates with the appearance of monocytic
phenotype and with the G1 phase cell cycle arrest. In 1,25D-resistant HL60-40AF cells, isoforms
β-1 and β-3 were expressed at levels comparable to 1,25D-sensitive HL60-G cells, but isoform β-2
was difficult to detect. Treatment of sensitive HL60 cells with 1,25D resulted in predominantly
nuclear localization of C/EBP isoforms β-2 and β-3, while a large proportion of C/EBPβ-1 remained
in the cytoplasm. Attenuation of the MEK-ERK MAPK pathway by the inhibitor PD98059 markedly
reduced the expression, 1,25D-induced phosphorylation and nuclear localization of C/EBPβ-2 and
C/EBPβ-3. Interestingly, only the lower molecular mass isoforms of C/EBPβ phosphorylated on
Thr235 were found in the nuclei, while C/EBPβ-1 was constitutively phosphorylated and was
detected principally in the cytoplasmic fraction. Although the role of C/EBPβ isoforms in 1,25D-
induced differentiation is complex, our results taken together strongly suggest that the
phosphorylation of C/EBPβ isoforms on Thr235 takes place mainly via the MEK-ERK pathway and
that C/EBPβ-2 is the principal transcription factor in this cell system.
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Introduction
Hematopoiesis is a multistage process in which all formed elements of the blood are
differentiated from multipotential hematopoietic stem cells [1,2]. The pathway of
differentiation is determined by signals supplied by series of growth factors and hormones in
the microenvironment of the cells in the bone marrow. These signals are translated within the
cells into the expression or activation of transcription factors, which direct the differentiation
process [3]. The CCAAT enhancer binding proteins (C/EBPs) are a family of basic leucine
zipper transcription factors which participate in the differentiation of several cell types
including myeloid cells [4,5]. Out of the six members of C/EBP family of transcription factors,
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C/EBPα and C/EBPε are known to be critical for normal granulocytic differentiation [6-9],
while C/EBPβ is particularly important for macrophage function [10-12]. It was recently shown
that in leukemic cells undergoing monocytic differentiation in response to 1,25-
dihydroxyvitamin D3 (1,25D) exposure, the expression of C/EBPβ transcription factor is
upregulated [13]. Of note, the expression of C/EBPβ correlated with the degree of monocytic
differentiation, and the expression appeared to be under the control of MAPK pathways, though
the role of these signaling pathway was not clear [13,14]. Thus, it seems that C/EBPβ is
important for the function of macrophages and for differentiation of myeloid leukemic cells
along the monocytic lineage, but the mechanisms require further elucidation.

It is well documented that 1,25D induces differentiation and inhibits proliferation of various
cancer cells including myeloid leukemia cells [15–19]. When exposed to 1,25D, these cells
acquire the functional properties and express cell surface differentiation markers of monocytes
(e.g.[20]). Yet, despite many previous studies of 1,25D-induced cell differentiation, the precise
molecular basis of 1,25D differentiation-inducing actions is unclear. It is known that the
biological activity of 1,25D is mediated mainly by the nuclear vitamin D receptor (VDR) and
that the cells lacking VDR or harboring mutated VDR are unresponsive to 1,25D [21–23]. It
has also been reported that 1,25D activates several intracellular signaling pathways such as the
PKC pathway [24,25], calcium-dependent pathways [26–28], the PI3/AKT-kinase pathway
[29–31], and the MAP kinase pathways [32–37]. In myeloid leukemia cells, activation of one
or more of these signal transduction pathways eventually leads to regulation of transcription
factors such as AP-1 [38–40], and it is likely that the transcriptional activity of C/EBPβ protein
is also regulated by at least some of these pathways [13,14].

Activation of C/EBPβ function as a transcription factor is a complicated process since there
are several levels of its regulation. The C/EBPβ gene is intronless, but its mRNA has three
alternative AUG translation initiation sites, and three products of C/EBPβ gene can be
translated [41,42]. The human C/EBPβ-1 is a full-length protein of 346 amino acids that is
translated from the first in-frame methionine. CEBPβ-2, which begins at the second in-frame
methionine, is truncated by 23 amino acids, and CEBPβ-3 begins at the final in-frame
methionine at position 199, and thus is the truncated C-terminal part of the protein (Fig. 1). In
rodents, the corresponding polypeptides are shorter and have been termed “full-length” LAP
and LIP (e.g. [43]). Because the transactivation domains are at the N-termini of these proteins,
the different protein products have been proposed to be functionally different [44]. Since C/
EBPβ-3 lacks the transcription activating domain, yet it can dimerize and bind to DNA [41],
it is believed to act as a transcriptional repressor. Another level of regulation of the function
of C/EBP family members may be achieved through protein-protein interactions of C/EBPs
with other proteins important for cell proliferation, such as Cdk2, Cdk4 and the Rb protein
[13,45,46]. Yet, another level of regulation is obtained by multiple phosphorylations of C/
EBPβ. Human C/EBPβ has several known phosphorylation sites, including those at Thr235,
Thr266, Ser288 and Ser325 (Fig. 1), which are important for intracellular localization and
transcriptional activity of the protein (e.g. [47-51]). Since the known phosphorylation sites are
located in the C-terminal part of human C/EBPβ, all three isoforms of C/EBPβ contain these
sites [41]. It has been shown that a serine in the leucine zipper of C/EBPβ was phosphorylated
by a calcium-calmodulin-dependent protein kinase [52], the phosphorylation of Ser288 is
carried out by protein kinase A [48], while phosphorylation at Thr266 is mediated in rat cells
by the kinase p90RSK, which is downstream from the Raf-MEK1-ERK-1/2 signal transduction
module [53]. The kinase responsible for phosphorylation at Thr235 has been shown in several
systems to be part of the MAPK cascade, presumably ERK, and this phosphorylation confers
major transcriptional activity on C/EBPβ [50,51,54].

Previously, studies of C/EBPβ usually focused on the sum of β-1 and β-2 isoforms, while the
levels of the rapidly migrating C/EBPβ-3 protein were seldom examined. In this study, we
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investigated the expression of the individual isoforms of C/EBPβ, and the intracellular
localization and phosphorylation of these isoforms in leukemic cells differentiating along the
monocytic pathway induced by 1,25D. We show that the 1,25D-induced activating
phosphorylation on Thr235 of C/EBPβ isoforms β-2 and β-3 is regulated by the MEK-ERK
MAPK pathway, that the phosphorylated isoforms β-2 and β-3, but not β-1, are predominantly
localized in cell nuclei, and that the expression and the dependence on the MEK-ERK MAPK
pathway of isoform β-2 correlate most closely with 1,25D-induced differentiation of HL60
cells.

Materials and methods
Cell cultures

HL60 cells, derived from a patient with promyeloblastic leukemia [55], were obtained for these
studies from the European Collection of Cell Cultures. HL60-G [56], and HL60-40AF cells
[57], derived from HL60 cells, are differentiation-sensitive and -resistant subclones of HL60
cells, respectively. These cells were propagated as a suspension culture in RPMI 1640 medium
supplemented with 10% fetal calf serum (FCS, Sigma, and St. Louis, MO), 100 units/ml
penicillin and 100 μg/ml streptomycin (Sigma, St. Louis, MO). The cells were kept at standard
cell culture conditions, i.e. humidified atmosphere of 95% air and 5% CO2 at 37°C. The cell
number and viability were determined by hemocytometer counts, and trypan blue (0.4%)
exclusion and routine microbiology testing for mycoplasma were conducted. For all
experiments, the cells were suspended in fresh medium containing 1,25D or the equivalent
volume of ethanol as a vehicle control. Each experimental condition was repeated at least twice.

Chemicals and antibodies
1,25D was a kind gift from Dr. Peter Weber (Hoffmann-La Roche S.A., Pharma Preclinical
Research, Basel, Switzerland). PD98059 and SB203580 were from Calbiochem (San Diego,
CA). Protein phosphatase from λ phage was obtained from Sigma (St. Louis, MO).
Chemiluminescence Blotting Substrate was from Roche Diagnostics (Mannheim, Germany).
MY4-RD1 and MO1-FITC recognizing CD14 and CD11b respectively and isotype controls
were from Coulter (Miami, FL). Antibodies against β-actin were obtained from Sigma (St.
Louis, MO). Rabbit anti-C/EBPα, anti-C/EBPβ, anti-C/EBPε, and anti-Crk-L were from Santa
Cruz Biotechnology Inc. (Santa Cruz, CA). Anti-phospho-C/EBPβ (Thr235) antibodies were
from Cell Signaling Technology (Beverly, MA). Goat anti-rabbit IgG and anti-mouse IgG
conjugated to peroxidase were from Jackson ImmunoResearch (West Grove, PA).

Determination of markers of differentiation and cell cycle progression
Aliquots of 1 × 106 cells were washed twice with 1× phosphate-buffered saline (PBS) then
incubated with 1 μl MY4-RD1 and 1 μl MO1-FITC on ice for 45 min to analyze the expression
of surface cell markers CD14 and CD11b, respectively. After the incubation, the cells were
washed three times with ice-cold 1× PBS and fixed in 1.5% paraformaldehyde. The cells were
then suspended in 0.5 ml 1× PBS and analyzed using FACS Calibur flow cytometer (Becton
Dickinson, San Jose, CA). The acquisition parameters were set for an isotype control. Data
analysis was performed with use of Cell Quest software (Becton Dickinson, San Jose, CA).

To determine cell cycle distributions, aliquots of 1 × 106 cells were washed twice and fixed in
75% ethanol at −20°C overnight, washed twice with PBS and incubated with 100 U/ml of
RNase A at 37°C for 1 h. The cell pellet was washed twice and resuspended in a propidium
iodide solution (10 μg/ml). The cells were analyzed using an Epics Profile II instrument
(Coulter), and the cell cycle distribution was determined by Multicycle Software Program
(Phoenix Flow System, San Diego, CA).
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Preparation of total cell lysates
In order to obtain total cell lysates, the cells were lysed in SDS sample buffer as described
before [30]. Then, samples were sonicated for 10 s twice on ice. The lysed samples were boiled
and stored at −20°C for subsequent electrophoretic analyses.

λ-protein phosphatase treatment of lysates
Twenty micrograms of protein samples from the cell lysates prepared as described above was
treated with 0.3 μl of λ-protein phosphatase in phosphatase buffer supplied by the manufacturer,
with protease inhibitor cocktail added to each sample. All samples, including controls, were
kept at 30°C for 30 min then mixed with 3× SDS sample buffer and boiled for 10 min. The
samples were stored at −20°C for subsequent electrophoretic analyses to demonstrate the loss
of protein phospho groups.

Cell fractionation
Cell fractionation was performed as previously described [58]. The cells were washed 3 times
with PBS and lysed for 20 min on ice in lysis buffer (20 mM Tris, 150 mM NaCl, 1 mM EDTA,
1 mM EGTA, 1% Triton X-100; pH 7.5) containing protease inhibitor cocktail. The lysates
were separated by centrifugation for 5 min at 14,000 rpm at 4°C. Supernatants were designated
the membrane/cytosolic fraction, and the nuclei remaining in pellets were sonicated for 10 s
in a new portion of lysis buffer. After sonication, nuclei were centrifuged again, and the final
supernatants were designated the nuclear fraction. As a control for the fractionation procedure,
Western blotting for histone H3 was performed, and histone was detected in the nuclear fraction
only.

Western blotting
Western blotting was performed using either whole cell extracts or cell extracts fractionated
into membrane/cytosolic and nuclear fractions. Twenty five micrograms (75 μg for detection
of C/EBPα and C/EBPε) of protein samples was separated on 12% SDS-PAGE gel and
transferred to PVDF membranes. The membranes were blocked then blotted with primary
antibodies for 1 h in room temperature, washed three times with TBS and then blotted with
horseradish-peroxidase (HRP)-conjugated secondary antibody for 1 h in room temperature.
The protein bands were visualized with a chemiluminescence assay system. Then, the
membranes were stripped, blocked and probed with subsequent antibodies. The absorbance of
each band was quantitated using an Image Quant software (Molecular Dynamics, Sunnyvale,
CA).

Results
The kinetics of upregulation of C/EBP family members associated with 1,25D-induced
differentiation of HL60 cells

It has been reported previously that C/EBPα and C/EBPε are principally involved in
differentiation of granulocytes [6,9,59], while C/EBPβ expression is increased in several
differentiation systems [10], including 1,25D-induced differentiation of HL60 cells [13], and
is important for proper function of macrophages [11]. However, the expression levels of C/
EBPβ isoforms have not been studied in myeloid cells. We therefore determined the kinetics
of the upregulation of the protein levels of the isoforms of these transcription factors in
differentiating HL60 cells (Fig. 2). In these cells, C/EBPα is upregulated transiently in the early
phase of 1,25D-induced differentiation, while the upregulation of C/EBPβ is more marked and
persists until late phase of differentiation. Moreover, it seems that, of the three transcription
factors studied here, C/EBPβ is the most abundantly expressed because it was necessary to use
three times more of cell lysates to detect C/EBPα and C/EBPε (75 μg/lane) than to detect C/
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EBPβ (25 μg/lane). C/EBPε-1 was also found to be upregulated with the kinetics similar to C/
EBPβ, but its increase was only moderate and more transient. The results are illustrated in Fig.
2A, and the quantitation of this series of experiments is presented in Fig. 2B. The isoforms 1,
2 and 3 of C/EBPβ were identified by their molecular mass according to Eaton et al. [44]. For
comparison, Fig. 2C shows that the expression of C/EBPβ-2 and C/EBPβ-3 follows a time
course similar to the appearance of monocytic differentiation markers on the surface of HL60
cells treated with 1,25D. While it is likely that there is a degree of functional redundancy
between the various members of C/EBP family of transcription factors, these data suggest that
C/EBPβ isoforms are key players in 1,25D-induced differentiation, consistent with previous
reports that C/EBPβ is required for monocyte/macrophage lineage of differentiation [60,61].
Therefore, we focused our additional studies on C/EBPβ isoforms.

Expression of isoforms of C/EBPβ is regulated by 1,25D in a concentration-dependent
manner in HL60-G cells, but not in 1,25D-resistant HL60-40AF cells

The 1,25D-resistant subline of HL60 cells, designated 40AF, can be cultured continuously in
the presence of 1,25D at concentrations as high as 40 nM, and differentiation markers do not
appear when these cells are exposed for 2 days to even 100 nM 1,25D (Fig. 3A). Although C/
EBPβ isoforms β-1 and β-3 can be detected in these cells, they are not upregulated by exposure
to 1,25D (Figs. 3B and C). The isoform β-2 is difficult to detect in these differentiation-resistant
cells, further showing its link to monocytic differentiation. In rapidly differentiating HL60-G
cells, upregulation of C/EBPβ-2 and C/EBPβ-3 expression correlates with the degree of
differentiation and with the cell cycle block in G1 phase induced by 1,25D (Figs. 3A, B and
C). Although upregulation of CEBPβ-1 by 1,25D also takes place in these cells, it is less marked
and a significant increase was noted only at the highest concentration of 1,25D and was
accompanied by a band with reduced mobility, suggesting a post-translational modification of
the β-1 protein. While the nature of this band is at present unknown, Eaton and Sealy [62] have
reported that β-1, but not β-2, is conjugated to SUMO-2 and SUMO-3 [62] (Fig. 3C). A marked
increase in C/EBPβ-3 was also noted, but this isoform was also present in HL60-40AF cells
which did not differentiate in the presence of 1,25D. Thus, these experiments show that the
expression of markers of differentiation of HL60 cells correlates best with C/EBPβ-2
expression and indicate the importance of translational control in 1,25D-induced
differentiation.

Intracellular localization of C/EBPβ-2 and C/EBPβ-3 is robustly regulated by 1,25D in HL60
cells

C/EBPβ activity is also regulated by its intracellular localization since as a transcription factor
it must enter the cell nucleus in order to be transcriptionally active [5]. Therefore, we
determined the subcellular distribution of the various C/EBPβ isoforms in HL60 cells before
and after an exposure to 1,25D. As shown in Fig. 4, in 1,25D-treated HL60 cells, the majority
of C/EBPβ isoforms of lower molecular mass are present in the cell nucleus, while the
redistribution of C/EBPβ-1 is less marked. This further suggests that an increase in nuclear
presence of C/EBPβ-2 and C/EBPβ-3 is closely linked to monocytic differentiation of HL60
cells.

In 1,25D-induced differentiation of HL60 cells the expression of C/EBPβ isoforms depends
on ERK and p38 MAP kinase pathways

It has been shown previously that monocytic differentiation of HL60 cells can be influenced
by the activity of MAPK signal transduction pathways [34,63]. It is also known from the
literature that C/EBPβ can be regulated by several kinases including Ras-dependent MAP
kinases such as ERK (e.g. [50,51,54]) and p90RSK, which may be a downstream target of
ERK-1/2 kinases [53]. We now demonstrate that the expression of the C/EBPβ isoforms is
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influenced by the MAPK inhibitors that modulate 1,25D-induced HL60 cell differentiation
(Fig. 5). In this system, the MEK1-ERK inhibitor PD98059 [64] markedly reduces the effect
of 1,25D on the expression of all three isoforms of C/EBPβ, while the p38 MAPK inhibitor
SB203580 [65] slightly increases the 1,25D-induced expression of C/EBPβ-2 (Figs. 5A and
B). These effects on C/EBPβ-2 are similar to the effects of inhibitors on the CD11b marker of
monocytic differentiation (Fig. 5C). The effect on CD14 is not apparent in this experiment as
1,25D alone produced maximal expression of this marker.

In these experiments, we monitored the effects of the inhibitors by determining the
phosphorylation status of the principal downstream protein targets of the kinases inhibited by
the pharmacological agents, ERK 1/2 as a target of the MEK inhibitor PD98059 and
MAPKAPK2, a target of p38 MAPK inhibitor SB203580. As expected, the 1,25D-induced
phosphorylation was reduced by the appropriate inhibitor. The previously reported [66]
increase in ERK 1/2 phosphorylation was also noted in SB203580-treated cells (Fig. 5A).

Nuclear localization of C/EBPβ isoforms is MEK-ERK- and p38-MAPK-pathway-dependent
When we examined how PD98059 and SB203580 influence nuclear localization of C/EBPβ
isoforms, we found that PD98059 strongly inhibited the apparent nuclear translocation of all
isoforms of C/EBPβ in 1,25D-treated cells, while SB203580 increased the nuclear presence of
C/EBPβ-3 (Fig. 6A).

This figure also displays an approximately 35 kDa band which is frequently seen on Western
blots from different cells types, e.g. mammary epithelial cells [44] and Wilms' tumor [67].
Since this band disappears following transfection of C/EBPβ siRNA into Wilms' tumor cells
[67], and there are no AUG start sites in this region of the C/EBPβ mRNA, this band is likely
to represent a cleavage product of a larger isoform of C/EBPβ. Indeed, Welm et al. reported
in a murine system the generation of additional isoforms of C/EBPβ by specific cleavage of
the full-length C/EBPβ [68]. Our data therefore suggest that in 1,25D-treated HL60 cells
nuclear localization of C/EBPβ isoforms and of their putative cleavage product is facilitated
by the activity of the ERK MAPK pathway, while the p38 MAPK pathway may inhibit the
entry of C/EBPβ-3 into the nucleus.

Phosphorylation of C/EBPβ isoforms is regulated by the MAPK pathways in 1,25D-treated
HL60 cells

Transcriptional activity of C/EBPβ may be regulated not only by its expression and cellular
localization but also by multiple phosphorylations. Antibodies recognizing all potential
phospho-C/EBPβ sites are not available at this time, but we were able to use the antibody to
phospho-Thr235 in C/EBPβ, the site reported to activate transcriptional of C/EBPβ proteins
[69–71]. Surprisingly, the Thr235 phosphorylation of the full-length C/EBPβ-1 isoform was
found to be constitutive, and although it was slightly increased by the exposure to 1,25D, this
was not accompanied by its translocation to the nucleus (Fig. 6B). In contrast, Thr235-
phosphorylated isoforms β-2 and β-3 were found only in the nuclear fractions, and their levels
were reduced by the inhibition of the MEK-ERK pathway by PD98059 and, rather
unexpectedly, also by SB203580, though to a lesser extent (Fig. 6B). Since isoform β-3 has no
transactivating activity, these results point to C/EBPβ-2 as the functional transcription factor
in this system.

In these experiments, we also pretreated the samples with λ phage protein phosphatase as a
control for the specificity of the antibody for phosphate groups and found no signal for Thr235
phosphorylated proteins, confirming the specificity of the antibody (data not shown).
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Discussion
This study presents several novel facets of the involvement of C/EBPβ in 1,25D-induced
monocytic differentiation of myeloid leukemia cells. We found that the presence of isoforms
of C/EBPβ, but not of C/EBPα or C/EBPε, correlates with the appearance of monocytic
phenotype and that the low molecular mass isoforms (C/EBPβ-2 and C/EBPβ-3) increase more
in rapidly differentiating HL60-G cells than in the generic HL60 cells. In contrast, there was
no increase in any C/EBPβ isoform in the differentiation-resistant HL60-40AF cells. The
observation that there is only modest regulation of C/EBPβ-1 by 1,25D and the predominantly
cytoplasmic localization of its phosphorylated form suggest that isoforms β-2 and β-3 play a
more significant role in 1,25D-induced monocytic differentiation than the full-length β-1
protein. Interestingly, the increase in the transactivation enhancing C/EBPβ-2 is accompanied
by an increase in the dominant-negative C/EBPβ-3, which represses transcription because it
does not possess a transactivation domain, although it can bind to proteins that activate
transcription [10,41]. This implies that C/EBPβ-3 may play a part in the repression of genes
the expression of which is unnecessary in differentiating cells, such as those that participate in
cell proliferation. Thus, the expression of different isoforms of C/EBPβ can provide one of the
mechanisms for the coupling of differentiation to cell cycle arrest. In agreement with this
notion, we noted a close correlation between the onset of the G1 to S phase block and the
upregulation of CEBPβ isoforms, including isoform β-3 (Fig. 3).

As is well known, transcription factors function primarily in the nucleus, and C/EBPβ isoforms
are no exception [46–48]. We show here that the 1,25D-induced increases in the abundance of
the C/EBPβ isoforms β-2 and β-3 are detected almost entirely in the cell nuclei. Furthermore,
this localization is associated with phosphorylation of these isoforms on the transcription-
activating site Thr235, present in all isoforms of C/EBPβ (see Fig. 1), but quite unexpectedly,
phosphorylated C/EBPβ-1 is not found in the nuclear fraction. Nevertheless, there is clear
evidence that, in 1,25D-treated cells all isoforms are, at least in part, phosphorylated by the
ERK MAPK.

The lower levels of 1,25D-induced increase in C/EBPβ-3 phosphorylation on Thr235, an ERK
site [50,51], as compared to phosphorylation of β-1 and β-2 C/EBP proteins, may be explained
by the absence of one of the two possible ERK docking sites on this truncated protein. As
illustrated in Fig. 1C, only the C-terminal potential ERK docking site is present in C/EBPβ-3,
which may allow Thr235 phosphorylation by ERK2 (Fig. 6C). In this scenario, the additional
docking site would increase the efficiency of Thr235 phosphorylation. From a functional
aspect, the low level of transcription activating Thr235 phosphorylation is consistent with the
absence of the N-terminal transactivating domain in the C/EBPβ-3 protein (Fig. 1) since such
a phosphorylation would be unnecessary.

As noted above, not only the phosphorylation of C/EBPβ-2 and C/EBPβ-3 but also their protein
levels are under the control of the MAPK pathways in 1,25D-treated cells, as shown by the
effect of the MEK-ERK inhibitor PD98059 and the p38 MAPK inhibitor SB203580 (Figs. 5
and 6). Although PD98059 has a greater effect on the 1,25D-induced increases on the protein
levels and phosphorylation of C/EBPβ isoforms than SB203580, the latter effect is significant
and may be explained by the report that phosphorylation of C/EBPβ can occur by the p38
MAPK in human monocytes [72]. The mechanisms responsible for the regulation of protein
levels are not clear at present, though previous studies suggest that regulation of the initiation
of translation at the in-frame AUGs is a possibility (Fig. 1). For instance, it is known that a
protein that binds to the GC-rich sequences (CUGBP-1) within the 5′ region of C/EBPβ mRNA
induces downstream translation of LIP [42], the rodent equivalent of C/EBPβ-3 [10]. The effect
of 1,25D on the C/EBPβ protein levels may therefore be explained by a requirement for the
activity of the MEK-ERK pathway for the 1,25D-induced expression of CUGBP-1 or its
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inhibition by the p38 MAPK pathway. Alternatively, these pathways may regulate the binding
of CUGBP-1 to C/EBPβ mRNA. The binding of another regulator of C/EBPβ isoform
translation, such as calreticulin [43], could also provide a mechanism for 1,25D control of the
expression of C/EBPβ isoform proteins.

These and our previous studies [13,14] indicate positive interactions between VDR and C/EBP
transcriptional activity in myeloid leukemia cells. Such interactions are being increasingly
recognized in other systems as well (e.g. [73,74,75]) and can occur by a variety of mechanisms
that are likely to be cell-context-specific. In the case of myeloid cells, we have recently outlined
a pathway that leads from VDR activation by 1,25D to monocytic differentiation [14]. The key
elements of this pathway are transcriptional upregulation by VDR of KSR-1 expression [76],
which then amplifies the signal for differentiation by increasing the efficiency of the MAPK
cascade, which includes MEK and ERK. Data provided here and elsewhere (e.g. [77]) link
MAPKs to C/EBPβ expression, and C/EBPs are known to contribute to the expression of
several markers of myelomonocytic differentiation including CD14 [78]. In addition, the
human VDR promoter has C/EBP-binding elements, and Dhawan et al. [73] have recently
shown that C/EBPβ increases protein-kinase-A-mediated transcription of VDR, thus
potentially closing a “feed forward” loop. However, the relative contributions of the different
isoforms of C/EBPβ were not previously considered in this context, and the identification of
its isoform β-2 as the principal functional transcription factor in human myeloid leukemia cells
is the major novel finding of this report.

While the possibilities outlined above remain to be explored further, the elucidation of
mechanisms responsible for the upregulation of C/EBPβ isoforms and their interactions with
VDR during monocytic differentiation will be of great importance as it may increase the
opportunities for differentiation therapy of myeloid leukemias, currently being developed at
both preclinical and clinical levels (e.g. [79,80]).
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Fig. 1.
Schematic representation of the transcript of the intronless human C/EBPβ gene, protein
isoforms, phosphorylation sites and hypothetical ERK/MAPK docking sites. (A) Drawing of
C/EBPβ mRNA demonstrating three distinct in-frame translation initiation start sites. (B)
Schematic of the full-length human C/EBPβ protein illustrating the conserved protein domains
and the experimentally identified phosphorylation sites, Thr235 (ERK/MAPK), Thr266
(p90RSK), Ser288 (PKA) and Ser325 (CaM-dependent kinase IV), found in all protein
isoforms. (C) Primary amino acid sequence of a human C/EBPβ fragment demonstrating
hypothetical ERK/MAPK docking sites determined by in silico analysis. Bold lettering
represents spatial arrangement of amino acid motifs common in known ERK/MAPK docking
sites (outlined by the gray box); hyphens were inserted for alignment purposes. Region +183
to +196 is unique to the human sequence and can only be found in β-1 and β-2, while region
+275 to +287 is conserved among mammalian species and can be found in all three isoforms.
φ = hydrophobic amino acid, and x = any amino acid. (D) The MAPK phosphoacceptor
consensus sequence (dark underline) is found in all three isoforms. The representations
depicted in this figure and conclusions derived from in silico analysis were based on the review
of published literature [44,81,82].
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Fig. 2.
Kinetics of 1,25D-induced expression of C/EBP transcription factors in HL60 cells. (A)
Western blots. HL60 cells were treated with 10 nM 1,25D for the times shown. The cell lysates
were then prepared, and 25 μg of proteins for C/EBPβ, and 75 μg for C/EBPα and C/EBPε,
was separated in SDS-PAGE and blotted onto the membranes. The membranes were then
probed with antibodies against C/EBPα, β and ε. β-actin was used as a loading and transfer
control. (B) Quantitation of these experiments. OD ratio of each band versus actin was
determined. Mean values ± SD, n = 3. (C) An outline of the kinetics of the expression of
monocytic cell differentiation surface markers in 1,25D-treated HL60 cells. HL60 cells were
treated with 10 nM 1,25D for the indicated times, and the CD11b and CD14 cell surface markers
were determined by flow cytometry. Mean values ± SE are indicated, n = 3.
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Fig. 3.
Upregulation of C/EBPβ isoform expression by 1,25D is concentration-dependent and
associated with monocytic differentiation and G1 cell cycle arrest. (A) Summary of 1,25D-
induced cellular differentiation and cell cycle arrest in HL60-G cells and their absence in
1,25D-resistant subclone HL60-40AF cells following 48 h of treatment with 1,25D. G1/S is
the ratio of the percentage of cells in the G1 phase divided by the percentage of cells in the S
phase. Note that the ratio increases in HL60-G cells as the cells differentiate, shown by the
expression of monocytic surface markers CD11b and CD14. In the 1,25D-resistant HL60-40AF
cells, neither the differentiation markers nor the G1 block is apparent. (B) Western blot protein
analysis of C/EBPβ isoforms 1–3 in HL60-G and 40AF cells. (C) In cells sensitive to 1,25D,
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quantitation of the ratio of C/EBPβ signal to loading control (Crk-L) indicates a significant
increase in isoforms 2 and 3 expression induced by 10 nM 1,25D (P < 0.05). Elevation of C/
EBPβ-1 level requires a higher concentration of 1,25D (100 nM) (P< 0.05). In 1,25D-sensitive
cells treated with the higher concentrations of 1,25D, a band appears which migrates more
slowly than isoform β-1 (lanes 4 and 5) and may be a SUMO-ylated protein [62]. In HL60-40AF
cells, which do not differentiate, the C/EBPβ isoform 2 is not detectable and isoform 1 and 3
levels are not upregulated by 1,25D. Means ± SE are shown, n= 3.
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Fig. 4.
Subcellular localization of C/EBPβ isoforms in HL60 cells treated with 10 nM 1,25D. (A)
Western blot. HL60 cells were treated for 3 days with 10 nM 1,25D. The cells were then
fractionated into membrane/cytosol (M/C) and nuclei (N). After separation by electrophoresis
and transfer, the immunoblots were probed with antibodies against C/EBPβ, histone H3 and
β-actin as fractionation/loading controls. In addition to the three C/EBPβ isoforms, unidentified
bands, possibly cleavage products of C/EBPβ, are present, particularly evident in the nuclear
fractions. (B) Quantitation of the experiment. Mean values of normalized OD ± SE are
indicated, n= 3.
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Fig. 5.
Expression of C/EBPβ isoforms and HL60 cells differentiation are regulated by MAPK
pathways. (A) Western blots. HL60 cells were treated for 4 days with 10 nM 1,25D ± 20 μM
PD98059 or 10 μM SB203580. The cell lysates were prepared, and equal amounts of proteins
were separated in SDS-PAGE and blotted onto the membrane which was probed with the
indicated antibodies. β-actin was used as a loading and transfer control. (B) Quantitation of
these experiments. The OD ratio of each band was determined. (C) The CD11b and CD14 cell
surface markers were determined by flow cytometry. Mean values ± SE are indicated, n= 3.
PD98059 significantly decreased 1,25D-induced expression of CD11b (P = 0.006) and CD14
(P = 0.04), while SB203580 significantly increased 1,25D-induced expression of CD11b (P =
0.001), but not CD14 (P > 0.05). *P < 0.05; **P < 0.01.
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Fig. 6.
Subcellular localization of C/EBPβ isoforms in HL60 cells treated with 10 nM 1,25D is
PD98059- and SB203580-dependent. (A) Western blot for total proteins. HL60 cells were
treated for 3 days with 10 nM 1,25D ± 20 μM PD98059 or 10 μM SB203580. After incubation,
the cells were separated into membrane/cytosol (M/C) and nuclear (N) fractions. The
immunoblots were probed against C/EBPβ then stripped and reprobed against β-actin as a
loading and transfer control of the cytoplasmic fractions. The band migrating at approximately
35 kDa may be a cleavage product of one of the larger isoforms. (B) Western blot probed with
antibody against phospho-C/EBPβ (Thr235). Phosphorylated forms of C/EBPβ-2 and β-3 and
the putative cleavage product, but not of the β-1 isoform, are localized in the nuclei of 1,25D-
treated HL60 cells. (C) Quantitation of the experiments shown in panel A, mean values of OD
of each band ± SE are indicated, n = 3. (D) Quantitation of the experiments shown in panel B,
mean values of OD of each band ± SE are indicated, n = 3.
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