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Abstract: Expression of transcription factors required for lineage commitment of differentiating cells (C/EBPβ and
c-Myb) and for survival of differentiated cells (STATs and NFκB) was examined in the HL-60 cell line. Differentiation
was induced by treating the cells with retinoic acid. c-Myb expression in the nucleus restored at the precommitment
stage (18 h) what concurred with the highest nuclear level of C/EBPβ, which suggests a combinatorial interaction of
these transcription factors in the granulocytic signalling pathway. Expression of STAT5a and STAT5b varied during dif-
ferentiation, whereas no significant changes were seen in STAT3 levels. Increased cytosolic level of NFκB p65 during
precommitment and commitment stages of granulocytic differentiation coincided with augmentation of the STAT5a pro-
tein level, which could be evidence of their possible cooperation during granulocytic-lineage commitment of HL-60
cells. Our results suggest that the studied transcription factors cooperatively promote signalling in the differentiating
promyelocytic HL-60 cell line in response to retinoic acid.
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Résumé : L’expression des facteurs de transcription requis pour l’engagement de cellules en différenciation dans une
lignée (C/EBPβ et c-Myb) et pour la survie des cellules différenciées (NFκB et les STAT) a été étudiée dans la lignée
de cellules HL-60. La différenciation a été induite en incubant les cellules en présence d’acide rétinoïque. Le rétablis-
sement de l’expression de c-Myb dans le noyau à l’étape du préengagement (18 h) coïncide avec le taux le plus élevé
de C/EBPβ dans le noyau, ce qui suggère une interaction combinée de ces facteurs de transcription dans la voie de si-
gnalisation granulocytaire. L’expression de STAT5a et de STAT5b varie durant la différenciation, alors qu’il n’y a au-
cun changement significatif du taux de STAT3. Lors de la différenciation granulocytaire, l’augmentation du taux de la
sous-unité p65 de NFκB dans le cytosol durant les étapes du préengagement et de l’engagement coïncide avec une aug-
mentation du taux de la protéine STAT5a, ce qui appuie l’hypothèse de leur coopération durant l’engagement des cellu-
les HL-60 dans la lignée granulocytaire. Nos résultats suggèrent que les facteurs de transcription étudiés coopèrent
dans la voie de signalisation intervenant dans la différenciation de la lignée promyélocytaire des cellules HL-60 sous
l’effet de l’acide rétinoïque.

Mots clés : C/EBP, Myb, STAT, NFκB, phosphorylation.

[Traduit par la Rédaction] Navakauskiene et al. 295

Introduction

Human promyelocytic leukaemia HL-60 cells (Collins and
Gallo 1977) can be induced to differentiate to granulocytes
by exposure to retinoic acid (RA) or its analogues (Breitman
et al. 1980). RA binds to nuclear receptors, which then bind
cis-acting regulatory sequences called RA response ele-
ments. In turn, the RA response elements regulate certain

target genes, often within 24 h of treatment, causing the
cells to enter the G0 to G1 phase and become committed to
lineage differentiation (Collins et al. 1990; De Jonge et al.
1994). RA-effected activation of genes encoding cytoplas-
mic and nuclear proteins occurs later (48–72 h) in mature,
differentiated cells (Gudes et al. 1994; Langston and Gudas
1994). RA response element regulated gene expression coin-
cides with the three stages of differentiation, referred to as

Biochem. Cell Biol. 81: 285–295 (2003) doi: 10.1139/O03-055 © 2003 NRC Canada

285

Received 25 March 2003. Revision received 30 May 2003. Accepted 3 June 2003. Published on the NRC Research Press Web site
at http://bcb.nrc.ca on 5 August 2003.

R. Navakauskiene1 and G. Treigyte. Department of Developmental Biology, Institute of Biochemistry, LT-2600 Vilnius,
Lithuania,2 and Division of Medical Microbiology, Linköping Universitet, SE-581 85 Linköping, Sweden.
A. Kulyte and K.-E. Magnusson. Division of Medical Microbiology, Linköping Universitet, SE-581 85 Linköping, Sweden.
A. Gineitis. Department of Developmental Biology, Institute of Biochemistry, LT-2600 Vilnius, Lithuania, and Department of
Biological Chemistry, School of Medicine, University of California at Davis, Davis, CA 95616, U.S.A.

1Corresponding author (e-mail: ruta.navakauskiene@bchi.lt).
2Present address.

I:\bcb\bcb8104\O03-055.vp
July 30, 2003 3:50:43 PM

Color profile: Disabled
Composite  Default screen



precommitment (the first 24 h), commitment (24–48 h), and
maturation (72–96 h). In the precommitment stage, cells be-
come competent for nonlineage differentiation during the
first cell cycle after onset of differentiation, in the second
stage, they are destined to undergo granulocytic differentia-
tion, and in the third stage, nondividing cells begin to syn-
thesize a set of proteins specific to the newly adopted
phenotype (Yen 1990). The signalling pathways and molec-
ular mechanisms of commitment and granulocytic matura-
tion are largely unknown.

Signal transduction from the cell surface to the nucleus in
response to extracellular stimuli is regulated by an ensemble
of integrated signalling events, including initiation of protein
kinase cascades. Protein phosphorylation signals can be con-
veyed to the nuclear genome in two ways: activated protein
kinases can be translocated from the cytoplasm to the nu-
cleus where they phosphorylate target transcription factors
and (or) transcription factors can be kept in a latent state in
the cytoplasm and, after phosphorylation by cytoplasmic
protein kinases, enter into the nucleus (Karin 1994). The
first type of signalling predominates because the majority of
transcription factors are nuclear proteins that reside in the
cytoplasm only once while being synthesized. For instance,
upon binding to the regulatory subunit of protein kinase A,
cAMP liberates its catalytic subunit, which is translocated to
the nucleus, where it phosphorylates CREB (Nigg et al.
1985). Furthermore, upon activation, the MAP kinases
ERK1 and ERK2 are translocated from the cytoplasm to the
nucleus (Chen et al. 1992; Lenormand et al. 1993) where
they phosphorylate several substrates, including TCF, the
transcription factor that mediates c-fos induction. Also,
treatment of haematopoietic cells with agents that induce
differentiation or apoptosis causes certain isoforms of pro-
tein kinase C to move into the nucleus (Leach et al. 1989;
Zauli et al. 1996; Shao et al. 1997; Bertolaso et al. 1998;
Khwaja and Tatton 1999).

Transmission of extracellular signals into the nucleus is
well illustrated by NFκB, which, in unstimulated cells, is re-
tained in the cytoplasm by interaction with the IκB inhibitor,
and only after phosphorylation can it be translocated to the
nucleus (Baeuerle and Baltimore 1988; Henkel et al. 1993).
Similarly, a large number of cytokines and growth factors
elicit signalling cascades that induce rapid relocalization of
STATs to the nucleus (Darnell et al. 1994; Zhong et al.
1994).

Specific phosphorylations of transcription factors seem to
be involved in all systems that regulate cell differentiation
and proliferation (Hunter and Karin 1992); thus, it is impor-
tant to identify tyrosine-phosphorylated proteins that partici-
pate in the signalling pathways of differentiation and
determine how they are related to proteins expressed by RA-
activated genes. Accordingly, in the present study, we
searched for additional tyrosine-phosphorylated, RA-induced
transcription regulators that are translocated into the nucleus
during commitment of HL-60 cells to granulocytic differen-
tiation.

We found that, in HL-60 cells undergoing granulocytic
differentiation, proteins translocated into the nucleus were
distributed in the nucleoplasm, were bound weakly to
chromatin, or were detected as residual nuclear proteins. In a
recent report, we described a new method to monitor the

spatial and temporal aspects of tyrosine phosphorylation and
dephosphorylation (Kulyte et al. 2001). Using that approach,
we were able to demonstrate that the proteins translocated to
the nucleus had been phosphorylated either in the cytoplasm
(prior to translocation) or in the nucleus itself (mainly in the
nucleoplasm or when weakly bound to chromatin). Our pres-
ent goal was to identify primarily regulated transcription
factors that might be involved in the RA signalling events
that mediate granulocytic differentiation of promyelocytic
HL-60 cells. To this end, we examined a number of tran-
scription regulators (c-Myb, C/EBPβ, STAT3, STAT5a,
STAT5b, NFκB p50, and NFκB p65) and found that levels
of these proteins changes significantly during RA-induced
HL-60 cell differentiation. We also investigated trans-
location of the transcription regulators into the nucleus and
the state of tyrosine phosphorylation of these proteins and
discovered that STAT3, STAT5b, C/EBPβ, and NFκB p65
were tyrosine phosphorylated in cells exposed to RA. To-
gether, these results suggest that the examined transcription
factors cooperatively promote differentiation signalling in
promyelocytic HL-60 cells treated with RA.

Materials and methods

Cell culture
Human promyelocytic leukaemia HL-60 cells were grown

in RPMI 1640 medium (Gibco BRL, Invitrogen Europe,
Sweden) supplemented with 10% fetal bovine serum, 100
units penicillin/mL, and 100 µg streptomycin/mL (Gibco
BRL) at 37 °C in 5% CO2. Cultures were seeded at a density
of 4 × 105 cells/mL (maximum 1.5 × 106 cells/mL) and were
subsequently transferred to fresh medium. Cells were not
used after passage 60. Granulocytic differentiation was in-
duced by treating 4 × 105 cells/mL with 700 nM RA (Sigma,
St. Louis, Mo.) prepared from stock solutions of 10 µM RA
in 96% ethanol (stored at –20 °C). The degree of differentia-
tion was measured as the cellular reduction of nitroblue
tetrazolium to insoluble blue–black formazan after exposure
to phorbol myristate acetate (Collins and Gallo 1977). Dif-
ferentiating populations comprising at least 70–75%
nitroblue tetrazolium positive cells were used in experi-
ments. When proteins were to be isolated, cells were usually
grown for 96 h and then checked for the percentage of dif-
ferentiated cells. Cell viability was determined by exclusion
of 0.2% trypan blue.

Isolation and biotinylation of cytosolic proteins
Cytosolic fractions of proliferating cells and cells induced

to differentiate for 30 min were prepared essentially as de-
scribed by Adam et al. (1990) and modified by Kulyte et al.
(2001). In short, pelleted cells were lysed by resuspending in
1.5 volumes of lysis buffer (5 mM HEPES, 10 mM potas-
sium acetate, 2 mM magnesium acetate, 2 mM dithiothreitol
(DTT), 20 µM cytochalasin B, 1 mM phenylmethanesulfonyl
fluoride (PMSF), and 1 µg/mL each of aprotinin, leupeptin,
and pepstatin) and then allowed to swell for 10 min at 0 °C.
Thereafter, the cells were gently homogenized and centri-
fuged at 1500 × g for 15 min. The supernatants were centri-
fuged at 15 000 × g for 30 min and then at 100 000 × g for
30 min. Proteins in the fraction were biotinylated (Kahne and
Ansorge 1994) by exposure to 5 mM N-hydroxysuccinimide
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biotin (Sigma) for 30 min at 4 °C. Thereafter, unbound bio-
tin was removed by subjecting the cytosolic fraction to exten-
sive dialysis (Spectra/Por membrane tubing, molecular mass
cutoff 20 kDa; Spectrum Medical Industries, Laguna Hills,
Calif.) against nuclear import buffer (20 mM HEPES
(pH 7.3), 110 mM potassium acetate, 5 mM sodium acetate,
2 mM magnesium acetate, 1 mM EGTA, 2 mM dithiothreitol,
1 mM orthovanadate, 5 mM sodium fluoride, and 1 µg/mL
each of aprotinin, leupeptin, and pepstatin). Aliquots of the
cytosolic fraction were frozen and stored at –76°C.

Digitonin permeabilization of HL-60 cells and assaying
nuclear import

The protocol described by Kulyte et al. (2001) was used
as follows. Untreated controls or cells incubated with
700 nM RA were harvested by low-speed centrifugation and
then washed twice with ice-cold phosphate-buffered saline
(PBS) (pH 7.3) and once with import buffer. The pellet was
gently resuspended to 5 × 105 cells/mL in ice-cold nuclear
import buffer containing digitonin (Sigma) at a concentra-
tion of 30 µg/mL (20 mg/mL stock solution diluted in
dimethyl sulfoxide). The cells were subsequently placed on
ice for 5 min, and the reaction mixture was gently inverted
once a minute. After incubation, the cells were centrifuged
at 1500 × g for 7 min at 4 °C and then washed at least three
times with ice-cold import buffer to remove digitonin and
prevent permeabilization of the nuclear membranes. Freshly
digitonin-permeabilized HL-60 cells were used in the nu-
clear import experiments.

The permeabilized cells were mixed with cytosolic frac-
tion and complete nuclear import buffer containing an en-
ergy-regenerating system (1 mM ATP, 5 mM creatine
phosphate, and 20 units creatine phosphokinase/mL). Nu-
clear import was allowed to proceed for 30 min at 30 °C
while gently mixing by hand. At the end of the assay, the
cells were harvested by centrifuging at 1500 × g for 10 min
at 4 °C and then used to isolate nuclear proteins.

Preparation of nuclei and fractionation of nuclear
proteins

Nuclei were isolated according to Antalis and Godbolt
(1991), with some modifications. Briefly, cells were har-
vested and washed twice in PBS (pH 7.5), resuspended to
3 × 107 cells/mL in solution A (10 mM NaCl, 10 mM Tris–
HCl (pH 7.5), 3 mM MgCl2, 0.05% Nonidet P-40, 1 mM
PMSF, 1 µg/mL each of aprotinin, leupeptin and pepstatin,
5 mM sodium fluoride, and 1 mM sodium orthovanadate),
and then allowed to swell for 15 min at 0 °C. Thereafter, the
cell suspension was shaken vigorously by hand and immedi-
ately mixed 1:1 (v/v) with solution B (i.e., solution A sup-
plemented with 0.6 M sucrose B). The cell homogenates
were then centrifuged at 1500 × g for 5 min. Supernatant,
corresponding to the cytosolic fraction, was clarified by cen-
trifuging at 15 000 × g for 15 min and then frozen at –76 °C.
Pelleted nuclei were washed twice by centrifuging at 1500 ×
g for 5 min, first with a 1:1 mixture of solutions A and B
and then three times with solution C (i.e., a 1:1 (v/v) mixture
of solutions A and B without Nonidet P-40). The nuclei
were subsequently examined under a light microscope for
purity and integrity and then frozen at –76 °C.

Fractionation of nuclear proteins was done as follows.
Nucleoplasm was extracted from isolated nuclei, suspending
them in three volumes of solution D (10 mM NaCl, 10 mM
Tris–HCl buffer, 2 mM EDTA (pH 7.5), 1 mM PMSF, 3 mM
DTT, 1 mM sodium orthovanadate, 5 mM sodium fluoride,
and 1 µg/mL each of aprotinin, leupeptin, and pepstatin) 2 ×
30 min at 0 °C. Afterwards, the nuclear pellets were washed
by centrifuging 4 × 15 min at 1500 × g in large volumes of
solution D. Nonhistone chromatin proteins were extracted by
homogenization with solution D1 (i.e., solution D with
0.35 M NaCl) for 1 h at 0 °C. The residual nuclear pellets
were washed by centrifuging at 15 000 × g in solution D1.
Residual proteins were solubilized in five volumes of buffer
containing 0.1 M DTT, 5 mM MgCl2, 10 mM Tris–HCl, and
0.5 volume of buffer containing 0.1 M DTT, 0.5% sodium
dodecyl sulfate (SDS), and benzonase. All of the extracted
proteins were immediately subjected to electrophoresis or
frozen at –76 °C. To confirm the purity of the isolated nu-
clear protein fraction, these proteins were analysed by
immunoblotting with antitubulin antibodies as a negative
control for nuclear protein.

For sodium dodecyl sulfate – polyacrylamide gel electro-
phoresis (SDS–PAGE) analysis of total nuclear proteins, we
resuspended nuclei (approximately 5 × 107/mL) in two vol-
umes (v/v) of 2× lysis solution (100 mM Tris (pH 7.4),
5 mM magnesium chloride, 200 mM DTT, and 4% SDS),
and thereafter, we added three volumes of 1× lysis solution
and benzonase (Benzonase Pure Grade, Merck, Germany) to
give a final concentration of 2.5 units/mL. The lysates were
incubated for 1 h at 0 °C and then centrifuged at 15 000 × g
for 30 min. The supernatants were immediately subjected to
electrophoresis or frozen at –76 °C.

For two-dimensional electrophoresis (2-DE), nuclei were
resuspended in 8 M urea, 4% CHAPS, 1% DTT, 0.8% 2-D
pharmalytes (pH 3–10), 1 mM PMSF, and benzonase to give
a final concentration of 2.5 units/mL. The lysates were incu-
bated and centrifuged as described above.

The concentrations of the analysed proteins were estab-
lished by the RC DC Protein Assay (BioRad) and in-parallel
SDS–PAGEs were stained with Coomassie Brilliant Blue R-
250 (Sigma) to evaluate the concentration of loaded proteins.

Gel electrophoresis and silver staining
Cytosolic and nuclear proteins were resolved by SDS–

PAGE and 2-DE (IEF–SDS). For the former technique, we
used a 7–15% polyacrylamide gradient gel in Tris–glycine
electrophoresis buffer. For 2-DE, we employed an Immobiline
DryStrip Kit at a pH range of 3–10 and using an 8–18% gra-
dient of Exel SDS gel (both from Amersham Pharmacia,
Uppsala, Sweden) according to the instructions of the manu-
facturer. Total nuclear proteins in the 2-DE gels were ana-
lysed using a Silver Staining Kit (Amersham Pharmacia)
according to the protocol provided by the manufacturer.

Immunoblot analysis
After either SDS–PAGE or 2-DE, proteins were transferred

to ImmobilonTM PVDF transfer membranes (Millipore),
which were blocked by incubating overnight at 4 °C with
3% bovine serum albumin dissolved in PBS containing
0.18% Tween-20. The membranes were incubated for 1 h
with antibodies to phosphotyrosine (IgG2bk) (Upstate Bio-
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technology, Lake Placid, N.Y.), c-Myb, C/EBPβ, STAT3,
STAT5a, STAT5b, NFκB p50, or NFκB p65 (Santa Cruz,
Biotechnology, Inc., Santa Cruz, Calif.) at a concentration of
1 µg/mL in PBS containing 0.18% Tween-20, 0.35 M NaCl,
and 1% bovine serum albumin. The membranes were subse-
quently washed with PBS–Tween-20 and then incubated for
1 h at room temperature with horseradish peroxidase conju-
gated secondary antibody (DAKO, A/S, Denmark). Thereaf-
ter, the filters were washed as described, and immunoreactive
bands were detected by enhanced chemiluminescence
(ECLTM Western blotting detection reagents, Amersham
Pharmacia) according to the instructions of the manufac-
turer. Reprobing of the membranes was done according to
standard ECL Western blotting protocols (Amersham
Pharmacia). The relative level of protein expression during
cell differentiation was evaluated by densitometry using the
ImageJ gel-scanning program.

Results

Tyrosine phosphorylation and cytoplasm to nucleus
translocation of proteins in proliferating and
differentiating HL-60 cells

To perform the nuclear import assay, permeabilized prolif-
erating HL-60 cells were incubated with biotinylated cyto-
plasmic proteins that had been isolated from HL-60 cells
that were proliferating or had differentiated for 0.5, 1, 6, 18,
24, 48, 72 (data not shown), and 96 h (Fig. 1). Biotinylated
cytoplasmic proteins (“total cytoplasm” in Fig. 1) of prolif-
erating and differentiating HL-60 cells (respectively desig-
nated a and b in Fig. 1), before using them for the nuclear
import assay, were fractionated by SDS–PAGE and analysed
for biotinylation and tyrosine phosphorylation. The qualitative
electrophoretic patterns of these proteins were quite similar
regardless of differentiation stage; thus, the patterns created
by nuclear-translocated proteins in the lanes designated a and
b in Fig. 1 are considered to represent proliferating control
cells and cells differentiated for 96 h. The fractions of
nucleoplasmic, nonhistone chromosomal, and residual nuclear
proteins (respectively designated “nucleoplasm”, “chromatin”,
and “residual nucleus” in Fig. 1) were isolated from the nu-
clei of permeabilized proliferating HL-60 cells after the nu-
clear import assay and were subsequently subjected to SDS–
PAGE. Thereafter, the proteins were analysed for their
translocation into the nucleus (biotinylated proteins) and ty-
rosine phosphorylation. We found some qualitative and
quantitative differences in electrophoretic patterns and tyro-
sine phosphorylation of proteins translocated into distinct
nuclear protein fractions. More specifically, these differences
can be clearly seen between proteins from proliferating and
differentiated cells (lanes a and b in Fig. 1) targeted to the
same nuclear protein fraction and between the presence of
the same type of proteins in the different nuclear fractions
(“nucleoplasm”, “chromatin”, and “residual proteins” in
Fig. 1). Both the active transport of proteins into the nucleus
and tyrosine phosphorylation of those proteins began within
30 min of inducing differentiation in HL-60 cells and re-
mained at a constant level even during further maturation
(72–96 h) (data not shown). Some long-term tyrosine-
phosphorylated proteins were associated with the nuclear
matrix, suggesting that these proteins are responsible for for-

mation and maintenance of the neutrophil phenotype. The
results of SDS–PAGE prompted us to examine proteins that
are increasingly translocated into the nucleus during pro-
gressing differentiation to determine whether some of them
are normally responsible for terminating the cell cycle and
for ensuring cell survival.

RA modulates accumulation of C/EBPβ and inhibits
expression of c-Myb in HL-60 cells

Cytoplasmic and nuclear proteins were isolated from pro-
liferating (control) and differentiating HL-60 cells 30 min to
96 h after induction of differentiation. The total cytoplasmic
and nuclear levels of C/EBPβ and c-Myb were estimated us-
ing monoclonal antibodies to these proteins (Fig. 2A). We
found that the total cytosolic level of C/EBPβ was tran-
siently higher 30 min after induction of differentiation but
was comparable with the level in control cells after 8 h and
again increased markedly at the end of the precommitment
period to a level that was essentially maintained throughout
the commitment and maturation stages. The nuclear level of
C/EBPβ also rose substantially during the precommitment
period and reached and remained at the highest level during
commitment and maturation. The decreased cytosolic level
of C/EBPβ during the period 8–18 h may have been due to
significant translocation of the protein into the nucleus.

We noted some distinct changes in both the cytosolic and
the nuclear levels of c-Myb in proliferating and differentiat-
ing HL-60 cells. After treatment with RA for 96 h, about
65% of the cells in a culture population undergo differentia-
tion; thus, the drop in cytosolic c-Myb that we observed was
proportional to the number of differentiated cells. The
cytosolic level of c-Myb decreased markedly in differentiat-
ing cells during the maturation stage (72–96 h) as compared
with the level in proliferating cells. In the nucleus of cells
induced to differentiate by treatment with RA, c-Myb disap-
peared immediately after exposure to RA. However, the
level of c-Myb temporarily declined after 12–18 h of differ-
entiation (end of precommitment stage). It should be noted
that the decrease in nuclear c-Myb occurred in parallel with
the highest expression and translocation of C/EBPβ into the
nucleus.

Nuclear import of STATs is closely related to the
commitment stage of HL-60 cell differentiation

STAT3, STAT5a, and STAT5b were analysed in the
cytosol and nucleus of both proliferating and differentiating
HL-60 cells. The cytosolic concentration of STAT3 did not
change markedly (Fig. 2B): from 12 to 72 h of differentia-
tion, it was maintained at the same level as seen in control
cells and decreased only slightly after 8 h of differentiation
and during the maturation period. However, in the nuclei, the
level of STAT3 after 18 and 96 h of differentiation slightly
modulates around the level of proliferating control cells,
suggesting that this protein is required for both granulocyte
lineage commitment and phenotype expression.

Immunoblot analysis and quantitative evaluation of
STAT5a and STAT5b in the cytosol and nuclei of HL-60
cells (Fig. 2B) showed that both of these transcription acti-
vators were expressed and translocated into the nucleus in
nearly the same way, and they were maintained at high lev-
els during both granulocyte lineage commitment and the
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maturation stage. The cytosolic levels of STAT5a and
STAT5b decreased to different degrees during the first few
hours of differentiation (Fig. 2B) but increased after 8–12 h
and varied during the maturation stage. The expression of
STAT5a decreased markedly after 72 h of RA treatment, at
which time the expression of STAT5b was even greater than
during the precommitment or commitment stage of differen-
tiation. This suggests that both of these proteins play a sig-
nificant role in granulocyte lineage commitment and are
necessary for HL-60 cells to become mature granulocytes.

Varying expression of NFκB p50 and NFκB p65 during
granulocytic differentiation

NFκB p50 was detected in the cytoplasm of proliferating
and differentiating (all stages) HL-60 cells (Fig. 2C).
Starting at 18 h of RA exposure, the nuclear level of NFκB
p50 increased slightly and then remained unchanged up to
96 h of differentiation. This suggests that NFκB p50 is in-
volved in lineage commitment and maturation of RA-treated
HL-60 cells. During each stage of cell differentiation, we
observed a distinct, complex pattern of NFκB p65 in the cy-
toplasm and nuclei: soon after induction of differentiation
(30 min to 8 h), the nuclear level of this protein increased
slightly, while the cytoplasmic level drastically decreased, as
compared with the levels in proliferating (control) HL-60
cells. These changes are reflected by the pattern of NFκB
p65 expression in differentiating cells that was revealed by
densitometry (Fig. 2C): with slight variations, large amounts
of this protein were detected in both the cytoplasm and nu-

clei at the end of the precommitment and at the beginning of
the commitment stage, whereas during maturation, NFκB
p65 had almost completely disappeared from the cytoplasm
but remained at a high level in the nuclei. Comparing NFκB
p50 and NFκB p65, densitometric analysis clearly showed
that the nuclear levels of both of these proteins were high
throughout all stages of differentiation, which suggests that
NFκB p50 and NFκB p65 are important for differentiation
of HL-60 cells.

Identification of nuclear translocated and tyrosine-
phosphorylated proteins in proliferating and
differentiating HL-60 cells

Nuclear proteins of the experimental cells were isolated
and separated by 2-DE, stained with silver, or transferred to
PVDF Immobilon-P membranes and detected either with
antiphosphotyrosine antibodies or antibodies against tran-
scription factors analysed by us. The nuclear proteins that
are characteristic of proliferating cells are shown in Fig. 3A,
and proteins that accumulated in the nuclei after 18 h of dif-
ferentiation are shown in Fig. 3B. The 2-DE patterns of nu-
clear proteins (Fig. 3) suggest that most of the proteins in
the nucleus of control and differentiating cells differ in re-
gard to their amount to a lesser extent than in regard to tyro-
sine phosphorylation.

Tyrosine phosphorylation of nuclear proteins in the cells
changed within 18 h of inducing differentiation as compared
with what we observed in proliferating HL-60 cells (Fig. 3,
PY). Moreover, after the onset of differentiation, the number
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Fig. 1. Electrophoretic patterns and tyrosine phosphorylation of proteins originally isolated from the cytoplasm of (a) proliferating and
(b) differentiating HL-60 cells and then allowed to translocate into the nucleus of other proliferating HL-60 cells. The isolated proteins
originated from proliferating and differentiating HL-60 cells. In the experiments, we analysed HL-60 cells for biotinylated cytoplasmic
proteins (total cytoplasm) and for nuclear proteins that were extracted (after the nuclear import assay) from isolated nuclei with
0.15 M NaCl (nucleoplasm), 0.35 M NaCl (chromatin), or 2% SDS, 0.05 mM Tris (pH 6.8), and 50 mM DTT (residual nucleus).
Migration of the molecular size marker proteins is indicated to the left (kDa values). Cytosolic proteins were isolated from proliferat-
ing and differentiating HL-60 cells and subsequently biotinylated as described in the Materials and methods. The nuclear import assay
was performed by incubating permeabilized control (proliferating) HL-60 cells with the biotinylated cytosolic proteins for 30 min at
30 °C. Thereafter, the nuclei were isolated, and proteins were extracted with 0.15 M NaCl, 0.35 M NaCl, or 2% SDS, 0.05 mM Tris
(pH 6.8), and 50 mM DTT and then fractionated by SDS–PAGE on a 7–15% acrylamide gel gradient and transferred to an
ImmobilonTM PVDF membrane. The membrane was analysed for protein biotinylation with Streptavidin-HRP (Biotin), reprobed with
an antiphosphotyrosine antibody (IgG2bk), and thereafter developed with an enhanced chemiluminescence detection system.
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of tyrosine-phosphorylated nuclear proteins with an acidic or
neutral pI increased, whereas the number of such proteins
with a basic pI diminished.

To further scrutinise altered nuclear translocation and
tyrosine phosphorylation of individual proteins, we used
monoclonal antibodies against C/EBPβ, c-Myb, STAT3,
STAT5a, STAT5b, NFκB p50, and NFκB p65 to reveal the
positions of these proteins in the 2-DE membranes (Fig. 3,
silver). By subsequent comparison of the 2-DE membranes
with the antibodies mentioned above as well as antiphos-
photyrosine antibodies, we were able to determine which of
the studied transcription factors were tyrosine phosphory-
lated. We found that none of the investigated transcription
factors were tyrosine phosphorylated in proliferating (con-
trol) HL-60 cells (Fig. 3A, PY). However, after differentia-
tion was induced, STAT3, STAT5b, C/EBPβ, and NFκB p65
were tyrosine phosphorylated. The tyrosine phosphorylation
and nuclear translocation of STATs, C/EBPβ, and NFκB af-
ter the onset of differentiation suggest that these proteins
participate in the mechanisms of granulocytic lineage com-
mitment, even though they act through different intracellular
signalling pathways.

Discussion

Our results demonstrate that proteins are translocated into
the nuclei of HL-60 cells that are undergoing differentiation
induced by treatment with RA and that this nuclear import
may be involved in the signal transduction that is necessary
for differentiation. We identified over 20 proteins that were
moved into the nuclei of differentiating HL-60 cells, and
those proteins were targeted to different nuclear fractions
even after 30 min (data not shown) of exposure to RA.
Moreover, when we extracted such nuclear fractions from
both proliferating and differentiating (96 h) cells with either
0.15 or 0.35 M NaCl, we discovered that the proteins were
in the nucleoplasm or loosely bound to chromatin proteins
or DNA. We also found tyrosine-phosphorylated proteins
that were specific to the nucleus of differentiated HL-60
cells; some of these proteins were tyrosine phosphorylated
in the cytoplasm before being moved into the nucleus and
others were tyrosine phosphorylated after nuclear trans-
location. We have previously shown (Treigyte et al. 2000)
that tyrosine phosphorylation of cytosolic proteins increased
significantly in HL-60 cells undergoing differentiation. The
patterns of nuclear proteins revealed by 2-DE showed that
soon after differentiation was induced, the tyrosine phos-
phorylation level of some proteins increased markedly, espe-
cially with acidic and neutral pI, whereas some tyrosine-

phosphorylated proteins had undergone dephosphorylation
either markedly or completely. Furthermore, the total nu-
clear protein levels increase markedly during the pre-
commitment stage of HL-60 cell differentiation.

Research results have indicated that CCAAT/enhancer
binding proteins (C/EBPs) are involved in differentiation of
a variety of mammalian cells, including myeloid cells (Scott
et al. 1992), and C/EBPα, C/EBPβ, C/EBPδ, and C/EBP� are
known to activate transcription and also to transactivate a va-
riety of target genes (Verbeek et al. 1999; Williams et al.
1998; Pope et al. 1994). Scott et al. (1992) found that some
myeloid progenitors contained high levels of C/EBPα that
decreased during granulocytic differentiation, whereas early
myeloid stem cells contained low levels of C/EBPβ and
C/EBPδ that increased during myelomonocytic differentia-
tion. Morosetti et al. (1997) observed that levels of C/EBP�
mRNA in HL-60 and KG-1 cells decreased as the cells dif-
ferentiated into macrophages, and they also detected the
highest levels of C/EBP� in myeloid-committed stem cells
that were developing along the granulocytic pathway of dif-
ferentiation. Gombart and Koeffler (2002) and Gombart et
al. (2003) demonstrated that C/EBP� is essential for the ex-
pression of a particular subset of neutrophil secondary gran-
ule genes. Tang et al. (2003) demonstrated that the
expression of C/EBPβ is required for mitotic clonal expan-
sion in mouse embryo fibroblasts induced to differentiate
into adipocytes. No data on C/EBPβ phosphorylation or
eventual activity of this protein within the nucleus have been
reported. Our results highlight the importance of C/EBPβ in
granulocytic lineage commitment of HL-60 cells. The cyto-
plasmic level of C/EBPβ in these cells increased soon after
differentiation was induced (within 30 min) and, interest-
ingly, subsequently decreased in parallel with nuclear accu-
mulation of this protein. Furthermore, we found that both
tyrosine phosphorylation and nuclear translocation of this
transcription factor occurred in HL-60 cells induced to dif-
ferentiate by treatment with RA (Fig. 3B).

Expression of c-Myb declines in RA-treated myelomono-
cytic leukaemia cells, suggesting that the RA receptor acts in
part by down-regulating c-Myb expression. Lutz et al.
(2001) showed that Myb association with myeloblastin,
which is a granulocyte colony-stimulating factor (G-CSF)
target gene, might play a role in mediating all-trans RA-
induced growth arrest in myeloid leukemia cells. It has been
also reported that C/EBPβ and c-Myb cooperate in
transcriptional activation of myeloid genes. For example, in
the chicken, C/EBPβ and Myb have been found to act to-
gether to induce expression of myelomonocytic-related
genes in nonmyeloid cells (Ness et al. 1989; Ness et al.

© 2003 NRC Canada

290 Biochem. Cell Biol. Vol. 81, 2003

Fig. 2. Treatment with retinoic acid (RA) alters the cytosolic and nuclear levels of C/EBPβ, c-Myb, STAT3, STAT5a, STAT5b, NFκB
p50, and NFκB p65 in cells of the promyelocytic line HL-60. Immunoblots obtained using antibodies to C/EBPβ, c-Myb, STAT3,
STAT5a, STAT5b, NFκB p50, and NFκB p65 confirmed the expression of these proteins. Cytosolic and nuclear proteins were isolated
from HL-60 cells that were proliferating or had differentiated for various amounts of time (0.5, 1, 8, 12, 24, 48, 72, and 96 h) and
were subsequently fractionated by SDS–PAGE and immunoblotted as described in the Materials and methods. Protein concentration
was estimated in SDS electrophoretic samples and equal amounts of protein were loaded onto the gel. The lower panels show a non-
specific band detected in the Western analysis and used as a loading control. Typical curves represent the mean of protein (C/EBPβ,
c-Myb, STAT3, STAT5a, STAT5b, NFκB p50, and NFκB p65) level in various HL-60 cell state stages: control, precommitment (first
24 h), commitment (24–48 h), and maturation (72–96 h). The relative protein expression level during HL-60 cell differentiation was
evaluated by densitometry of immunoblotting signals using the ImageJ gel-scanning program. Results are presented as the mean ± SE
of three independent experiments.
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1993), which underlines the importance of these proteins in
triggering myeloid differentiation. Moreover, Mink et al.
(1996, 1997) demonstrated that cooperation between the two
mammalian transcription factors C/EBPβ and v-Myb is
linked with their interactions with the coactivator protein
p300. Verbeek et al. (1999) reported that C/EBP� directly in-

teracts with the DNA binding domain of c-Myb protein and
cooperatively activates transcription of myeloid promoters.
It has been also reported (Mink et al. 1999) that C/EBPβ
promoter contains several Myb binding motifs, suggesting
that the C/EBPβ gene is also Myb inducible, and the C/EBPβ
gene was identified as a novel v-Myb target gene. Other au-
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thors (White and Weston 2000) indicated the importance of
Myb proteins in regulating the normal haematopoiesis and
that their subsequent expression during differentiation has an
important antiapoptotic effect. By comparison, we found
that restored c-Myb expression in the nucleus after 18 h of
RA treatment concurred with the highest nuclear level of
C/EBPβ, which suggests that combinatorial interaction of
these transcription factors is involved in signalling leading
to granulocytic lineage commitment.

We also studied the distribution of STAT3, STAT5a, and
STAT5b in the cytoplasm and nucleus of differentiating HL-
60 cells. Previous investigations have shown that STAT3 and
STAT5 regulate a number of genes that may be involved in
oncogenesis (by promoting progression of the cell cycle and
preventing apoptosis) as well as in various differentiation
mechanisms (Hauser et al. 1998; Nosaka et al. 1999; Bow-
man et al. 2000; Smithgall et al. 2000; Coffer et al. 2000;
Levy and Darnell 2002). Moreover, constitutive activation of
STAT1, STAT3, and STAT5 has been demonstrated in both
acute and chronic leukaemias (Lin et al. 2000; Turkson and
Jove 2000; Xia et al. 2001). It was also shown that the con-
stitutively active mutant of STAT3 can act as an oncogene
and induce tumorogenesis (Bromberg et al. 1999). On the
other hand, Woldman et al. (1997) have found that several
inducers of monocytic and granulocytic differentiation stim-
ulated STAT5 in the promonocytic U937 cell line and the
promyelocytic HL-60 cells. Also, two other research groups
(Chakraborty et al. 2000; Ward et al. 1999a, 1999b) have re-
ported findings indicating that G-CSF induces activation of
STAT3 in neutrophils undergoing differentiation. Hauser et
al. (1998) observed that culturing proliferating keratinocytes
in suspension, which induced differentiation, also led to acti-
vation of STAT3. Zhang et al. (2001) confirmed that STAT3
activation is absolutely necessary for IL-6-mediated growth

arrest and macrophage differentiation of M1 leukaemia cells.
Notwithstanding, it is still a matter of controversy whether
STATs are essential for the proliferation and differentiation
of haematopoietic cells.

As mentioned, we found that the nuclear levels of STAT5a
and STAT5b were slightly elevated during the pre-
commitment and commitment stages of differentiation and,
for STAT3, the level in nuclei was increased during pre-
commitment, commitment, and maturation as well (with
some reduction between each of the three stages). Moreover,
STAT3 and STAT5b were tyrosine phosphorylated in the nu-
clei of HL-60 cells exhibiting RA-induced differentiation.
Accordingly, we conclude that STAT3 and STAT5b play a
significant role in granulocyte lineage commitment of HL-60
cells and that STAT3 is also important in mature granulo-
cytes even though they need other components to regulate
these biological effects.

The protein known as nuclear factor kappa B (NFκB) has
been shown to act as an important transcription regulator in
many types of cells in response to a number of physiological
signals. Zhang et al. (1998) explored the expression and
function of NFκB in erythroid differentiation and found that,
in the erythroleukaemia cell line TF-1, GM-CSF markedly
stimulated accumulation of p52, and it also induced nuclear
translocation of both p52 and p65. Several mitogens and
growth factors either stimulate or are themselves induced by
NFκB (Pahl 1999). Some of these mitogens, such as M-CSF
and PDGF, activate NFκB, which in turn stimulates tran-
scription of the growth factor gene. It is now clear that
NFκB can exert both pro- and antiapoptotic effects in differ-
ent types of cells (Barkett and Gilmore 1999; Karin et al.
2002).

We performed experiments to determine the kinetics of
the NFκB transcription factors p50 and p65 during granulo-
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Fig. 2 (concluded).
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cytic differentiation of HL-60 cells, and we observed distinct
changes in the levels of both of these proteins. In the nuclei,
the level of NFκB p50 was elevated after 18 h of differentia-
tion, and the level of NFκB p65 slightly increased immedi-
ately after differentiation was induced by exposure to RA.
As described in several reports (Liou and Baltimore 1993;
Mercurio and Manning 1999; Karin 1999), the most com-
mon Rel/NFκB dimer in mammals contains p50-RelA (p65),
and many stimuli can rapidly activate these transcription
complexes by disrupting inhibitor IκB and enabling NFκB to
translocate into the nucleus. Hypothetically, the differences
that we observed in p50 and p65 expression in the nucleus
may have arisen due to the following: one of these transcrip-
tion regulators is responsible for DNA binding site recogni-
tion and the other one causes transcriptional coactivation
with enhanced translocation into the nucleus, which occurs
after 12 h of differentiation, to induce a number of genes
that are specific for lineage commitment. Moreover, we ob-

served that RA-induced differentiation of HL-60 cells led to
tyrosine phosphorylation of nuclear NFκB p65. Our results
strongly suggest that both NFκB p50 and NFκB p65 are
modulated by RA, and these factors regulate specific κB-
containing genes involved in granulocyte lineage commit-
ment.

Kawashima et al. (2001) showed that activation of
STAT5a leads to enhancement of the DNA binding activity
of NFκB p65, suggesting a potential role of STAT5a in regu-
lating macrophage differentiation of M1 leukaemia cells.
Our results show that both STAT5a and NFκB p65 protein
levels in the nucleus are elevated during granulocytic differ-
entiation. Thus, the increases in the cytosolic levels of these
proteins precisely coincide, which could be explained by
their capability of cooperating during granulocytic-lineage
commitment.

We discovered that STAT3, STAT5b, C/EBPβ, and NFκB
p65 were tyrosine phosphorylated in the nuclei of differenti-
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Fig. 3. Identification of proteins translocated into the nuclei of proliferating and differentiating HL-60 cells. Nuclear proteins were iso-
lated followed by two-dimensional gel electrophoresis (2-DE) protein fractionation and transfer onto an ImmobilonTM PVDF membrane
and were subsequently analysed with an antiphosphotyrosine antibody (IgG2bk, PY) and antibodies to C/EBPβ, c-Myb, STAT3,
STAT5a, STAT5b, NFκB p50, and NFκB p65. An enhanced chemiluminescence detection system was used to visualize the protein
spots. Migration of molecular size standards is indicated by the kilodalton values to the left.

I:\bcb\bcb8104\O03-055.vp
July 30, 2003 3:50:49 PM

Color profile: Disabled
Composite  Default screen



ating HL-60 cells (18 h after RA treatment). These proteins
were found in the nuclei, even 30 min after the onset of RA-
induced differentiation and during terminal granulocytic dif-
ferentiation for up to 96 h (data not shown). However, we
did not detect any tyrosine phosphorylation of c-Myb and
NFκB p50 in the nuclei of either proliferating or differentiat-
ing cells. Either these proteins become phosphorylated on
the threonine or serine residues or they contain too small
amounts of phosphorylated tyrosine residues.

In summary, we have identified several newly tyrosine-
phosphorylated transcription factors in the nuclei of HL-60
cells undergoing RA-induced differentiation. These tran-
scription regulators are suggested to play an essential role in
the signal transduction controlling differentiation.
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