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The transcription factor CCAAT/enhancer binding protein a (C/EBPa) regulates a number of myeloid
cell-specific genes. To delineate the role of C/EBPa in human granulopoiesis, we studied its expression and
function in human primary cells and bipotential (granulocytic/monocytic) myeloid cell lines. We show that the
expression of C/EBPa initiates with the commitment of multipotential precursors to the myeloid lineage, is
specifically upregulated during granulocytic differentiation, and is rapidly downregulated during the alterna-
tive monocytic pathway. Conditional expression of C/EBPa alone in stably transfected bipotential cells triggers
neutrophilic differentiation, concomitant with upregulation of the granulocyte-specific granulocyte colony-
stimulating factor receptor and secondary granule protein genes. Moreover, induced expression of C/EBPa in
bipotential precursors blocks their monocytic differentiation program. These results indicate that C/EBPa
serves as a myeloid differentiation switch acting on bipotential precursors and directing them to mature to
granulocytes.

According to the current view of hematopoiesis, all blood
cell types derive from a common pluripotent stem cell (65). In
the adult, the stem cells are found in bone marrow, where they
divide to produce more stem cells (self-renewal) and various
precursor cells committed to a single lineage which terminally
differentiate to morphologically and functionally distinct ery-
throid, myeloid, or lymphoid cells. Within the myeloid com-
partment, the same committed precursor can give rise to
monocytic or granulocytic cells. This raises a question: what
are the molecular mechanisms that dictate the fate of the
common precursor to one or the other of these two diverse
myeloid lineages?

Genetic manipulations such as gene knockout and gene
transfer experiments provide increasing evidence that tran-
scription factors are involved in execution of the differentiation
program of a cell. Determination of the developmental role of
a number of transcription factors in blood development has
been achieved by gene disruption experiments. These studies
indicated that the GATA-1 and GATA-2, SCL, PU.1, Ikaros,
c-myb, and AML1 genes, among others, are key regulators of
hematopoiesis (reviewed in references 63 and 68). Inactivation
of these genes had multilineage effects. Complementary to
these knockout experiments are expression studies which iden-
tified certain transcription factors as master regulators of de-
velopment, defined as genes which once activated would es-
tablish a specific cell type. For example, ectopic expression of
MyoD in diverse cell types converts them to muscle cells (17).
Similarly, expression of the B-cell transcription factor Oct-2 or
the helix-loop-helix protein E47 in non-B cells induces B cell-
like phenotypes (55, 59). In addition, thanks to advances in cell

and molecular biological techniques, isolation and analysis of
single primary cells, including functional stem cells, is feasible,
and their developmental patterns can be studied as well (12).

CCAAT/enhancer binding protein a (C/EBPa) was initially
identified in liver and adipose tissue, where it was found to be
important for terminal differentiation (8, 16, 22, 39, 44, 75).
More recently it was shown to be also expressed in early my-
eloid cells (12, 61, 68). In addition, a number of granulocyte-
specific genes, including granulocyte colony-stimulating factor
(G-CSF) receptor (64), neutrophil elastase (52), and myelo-
peroxidase (23, 52) genes, have been shown to be regulated by
C/EBPa. Gene targeting experiments revealed a specific defect
in the hematopoietic system of C/EBPa knockout mice. The
C/EBPa null phenotype was characterized by lack of mature
granulocytes, with all the other blood cell types present, in-
cluding monocytes and peritoneal macrophages (81). These
results strongly point to a critical role of C/EBPa in granulo-
cytic differentiation (reviewed in reference 68).

In the present study, we have investigated the expression
pattern of C/EBPa in the hematopoietic system during mono-
cytic and granulocytic differentiation. We also examined the
effect of induced overexpression of C/EBPa on the differenti-
ation program of early bipotential myeloid cells. Our results
demonstrate that the C/EBPa gene is activated at the stage of
myeloid commitment and is specifically expressed in granulo-
cytic cells. Increased levels of C/EBPa expressed from an in-
ducible promoter construct directed differentiation along the
granulocytic pathway, as determined by morphological criteria.
Furthermore, ectopic expression of C/EBPa resulted in up-
regulation of mRNA of the granulocyte-restricted genes en-
coding the G-CSF receptor and C/EBPε, as well as secondary
granule protein genes lactoferrin and human neutrophil colla-
genase. Our findings identify C/EBPa as the molecular switch
during early hematopoietic developmental events that directs
cells to the granulocytic pathway.
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MATERIALS AND METHODS

Cell lines. Human myeloid U937 (American Type Culture Collection [ATCC]
no. CRL 1593; ATCC, Rockville, Md.) and Mono Mac 6 (82), promyelocytic
HL-60 (ATCC no. CCL 240) and NB4 (40), erythroleukemic K562 (ATCC no.
CCL 246), immature myeloid KG1a (ATCC no. CCL 246.1), T-cell Jurkat
(ATCC no. TIB 152), and B-cell Raji (ATCC no. CCL 86) and BJA-B (34) cell
lines were grown in RPMI 1604 medium (Gibco, Grand Island, N.Y.) containing
10% fetal bovine serum (FBS; HyClone, Logan, Utah) and 2 mM L-glutamine.
Human cervical carcinoma HeLa cells were maintained in Dulbecco’s modified
Eagle’s medium (DMEM; Gibco) supplemented with 10% FBS and 2 mM
L-glutamine. The murine myeloid progenitor line 416B (19) was cultured in
DMEM with 15% FBS. Interleukin-3 (IL-3)-dependent murine BaF3 cells (54)
were grown in DMEM (Gibco)–10% FBS (HyClone) with 10% WEHI-3 condi-
tioned medium as a source of murine IL-3.

Primary cell purification. Human single bone marrow cells, G0 phase arrested,
CD341 CD332, CD341 CD331, CD11b1, CD31, and CD191, were purified as
described previously (6). Peripheral blood monocytes and neutrophils were iso-
lated from healthy donors by passage through a Ficoll-Hypaque gradient fol-
lowed by erythrocyte lysis according to a procedure described earlier (11).

In vitro differentiation. To induce erythrocytic differentiation, K562 cells were
cultured in medium supplemented with 1.5% dimethyl sulfoxide (DMSO) for up
to 5 days. U937 and HL-60 cells were treated for 2 days with 1.3 3 1027 M
tetradecanoyl phorbol acetate (TPA) (for monocytic differentiation) or with
1026 M all-trans-retinoic acid (Sigma) for 4 days (granulocytic differentiation).
Stock solutions of TPA and retinoic acid were prepared in DMSO; to yield
working concentrations, they were diluted 1:7,700 (TPA) and 1:1,000 (retinoic
acid) in media. Similar dilutions of vehicle (DMSO) alone did not induce mor-
phologic differentiation. At the end of each differentiation experiment, approx-
imately 104 cells were centrifuged at 500 rpm for 5 min onto a glass slide and
stained with Wright-Giemsa stain, and differential cell counts were performed.

Reverse transcription-PCR and Southern blot analysis. cDNA synthesis from
isolated single bone marrow cells, amplification, and Southern blotting proce-
dures were described previously (6, 7, 12). The human C/EBPa 39 untranslated
region was used as a probe (see below). Hybridization conditions were as for
Northern blots (see below) except that the last wash was with 0.23 SSC (13 SSC
is 0.15 M NaCl plus 0.015 M sodium citrate)–0.5% sodium dodecyl sulfate (SDS).

Plasmids and transfections. The expression vector pPC22 containing the rat
C/EBPa cDNA under the control of the human metallothionein promoter, as
well as the empty vector pPC18, was described previously (76). Both plasmids
contained a neomycin phosphotransferase gene as a selectable marker. DNA for
stable transfections was purified on cesium chloride gradients. A total of 2 3 107

cells were electroporated in a Gene Pulser apparatus (Bio-Rad, Melville, N.Y.)
with 10 mg of XmnI-linearized plasmid at 960 mF in 0.4-cm cuvettes (BTX).
Voltages were 250 V for U937 and HL-60 cells and 270 V for 416B cells. Cells
were plated on 96-well plates at 105 cells/well. Selection with G418 (850 mg/ml
[active concentration]) began 48 h posttransfection. The expression of rat
C/EBPa gene was induced by adding 100 mM ZnSO4 to the culture medium.

Apoptosis assay. Programmed cell death (apoptosis) was detected by the
terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end labeling
(TUNEL) assay (27) (In Situ Cell Death Detection kit; Boehringer Mannheim)
according to the manufacturer’s protocol.

NBT assay. Reduction of the nitroblue tetrazolium (NBT) by respiratory burst
products was performed by a slide test as described previously (51).

RNA isolation and Northern blot analysis. Total RNA was isolated by the
guanidinium thiocyanate method (13). In each lane, 20 mg of RNA was dena-
tured in formamide and fractionated on 1% agarose–2.2 M formaldehyde gels
(58). RNA was transferred to Biotrans (ICN, East Hills, N.Y.) or MagnaGraph
(Micron Separations, Inc., Westborough, Mass.) membranes in 203 SSC, and
the blots were hybridized at 40°C in 50% formamide–7.53 Denhardt’s solution
(503 Denhardt’s solution is 5 g of Ficoll, 5 g of polyvinylpyrrolidone, and 5 g of
bovine serum albumin in 500 ml)–53 SSC–50 mM NaPO4 (pH 6.8)–100 mg of
salmon sperm DNA per ml–0.5% SDS. DNA fragments were labeled by the
random primer method (21). The blots were washed once in 13 SSC–0.5% SDS
for 15 min at room temperature, once in 13 SSC–0.5% SDS for 15 min at 42°C,
and once in 0.13 SSC–1% SDS for 30 min at 65°C. The 700-bp EcoRI-HindIII
fragment of pG28B5.0 (4) and a fragment encompassing bp 289 to 1024 of the
human G-CSF receptor cDNA (25, 64) served as probes for human C/EBPa and
G-CSF receptor mRNAs, respectively. The IL-8 receptor B probe was a 1.8-kb
XhoI-EcoRI fragment of pIL8RB (1, 10), and the CD18 probe was a 2.7-kb
BamHI-ClaI insert of clone J9 (41, 57). Rat C/EBPa mRNA was detected with
a HincII-BamHI 300-bp fragment from pPC22 (76). The human lactoferrin
probe was a 2.3-kb EcoRI cDNA insert (plasmid 39) (32), the human neutrophil
collagenase probe was a 2.4-kb BamHI-EcoRI cDNA insert (plasmid 59) (18),
and the human C/EBPε probe was a 0.5-kb PstI fragment of the pJurkat1 clone
(3). To ensure uniform levels and integrity of RNA samples loaded in each lane,
the blot was stripped and rehybridized to probes specific for 18S and 28S RNAs.
The oligonucleotide for the 18S RNA corresponded to bp 938 to 921 of the
human 18S rRNA gene (59-TCGGGCCTGCTTTGAACA-39) (71). 28S RNA
was detected with an oligonucleotide containing bp 4036 to 4020 (59-AGGTAG
CCAAATGCCTC-39) of the human 28S rRNA gene (5). Autoradiography was
performed by using Kodak XAR-5 film at 280°C with Dupont Cronex Lightning

Plus screens except as otherwise noted. Quantitation of relative mRNA levels
was performed with a Molecular Dynamics PhosphorImager and software.

Protein extract preparation and Western blotting. Nuclear extracts were pre-
pared as described (20) with minor modifications. Briefly, 5 3 107 cells were
washed twice with 13 phosphate-buffered saline, resuspended in 1 volume of
packed cells of ice-cold buffer A (10 mM HEPES [pH 7.9], 1.5 mM MgCl2, 10
mM KCl, 0.5 mM dithiothreitol, 0.5 mM phenylmethylsulfonyl fluoride [PMSF]),
and allowed to swell on ice for 15 min. Cells were lysed by vortexing for 10 s and
centrifuged in a microcentrifuge at 14,000 rpm for 10 s at 4°C. After removal of
the supernatant, nuclei were lysed by addition of 80 ml of buffer C (20 mM
HEPES [pH 7.9], 25% glycerol, 0.42 M NaCl, 1.5 mM MgCl2, 0.2 mM EDTA, 0.5
mM dithiothreitol, 0.5 mM PMSF) for 30 min at 4°C. After centrifugation in a
microcentrifuge at 14,000 for 5 min, supernatants were aliquoted and frozen at
280°C. For whole-cell extracts, 5 3 107 cells were harvested by centrifugation,
washed twice in phosphate-buffered saline, and lysed by addition of 300 ml of
radioimmunoprecipitation assay buffer (150 mM NaCl, 1% Nonidet P-40, 0.5%
deoxycholate, 0.1% SDS, 50 mM Tris [pH 7.5], 0.5 mM PMSF, 1% aprotinin),
passaged twice through an 18-gauge needle, and placed on ice. DNA was di-
gested by adding 0.1 volume of DNase I digestion buffer and 30 U of DNase I
(both reagents from Boehringer Mannheim). The digestion was allowed to pro-
ceed for 30 min on ice, and the resulting lysate was vortexed for 10 s, aliquoted,
and stored frozen at 270°C. Alternatively, washed cells (3 3 106) were lysed
directly in 10 ml of 13 Laemmli sample buffer.

For Western blot analysis, protein extracts (20 to 40 mg) were diluted 1:1 with
the Laemmli sample buffer, boiled for 10 min, and electrophoresed on SDS–10
to 12% discontinuous polyacrylamide gels (38). Proteins were transferred by
electroblotting to Immobilon P (Millipore Corp., Bedford, Mass.) or nitrocellu-
lose membranes. Human and rat C/EBPa proteins were detected after 1 h of
incubation with a 1:1,000 dilution of a rabbit polyclonal anti-rat C/EBPa anti-
body (Santa Cruz Biotechnology, Santa Cruz, Calif.) or a 1:2,000 dilution of C103
antibody (kindly provided by Pernille Rorth) and visualized by enhanced chemi-
luminescence (ECL kit; Amersham) according to the manufacturer’s protocol,
using a horseradish peroxidase-conjugated secondary antibody (diluted 1:1,000).
Quantitation of relative protein levels was performed with a Molecular Dynamics
PhosphorImager. Equivalent loading of lanes was determined by Ponceau S
staining and staining of the membranes with anti-b-tubulin antibody (1 mg/ml;
Boehringer Mannheim) followed by sheep anti-mouse immunoglobulin G-horse-
radish peroxidase (1:1,000 dilution; Amersham).

RESULTS

C/EBPa mRNA is present in myeloid but not in lymphoid
cells. C/EBPa mRNA is expressed in a number of different
tissues (4), and within the hematopoietic system it had been
shown by Western blot analysis that C/EBPa is regulated dur-
ing differentiation of myelomonocytic cells (61). We extended
these analyses and examined the mRNA expression of C/EBPa
by using a panel of myeloid and lymphoid cell lines. As shown
in Fig. 1a, Northern blot hybridization to a specific human
C/EBPa 39 untranslated region probe (4) revealed human
C/EBPa transcripts of 2.9 kb in myeloid cell lines Mono Mac
6, U937, and HL-60. Very low levels of C/EBPa were detected
in KG1a cells, which represent a very immature myeloid line
(26, 35) (data not shown), as well as in the nonhematopoietic
cervical carcinoma line, HeLa (Fig. 1a and c). In contrast, no
C/EBPa mRNA was seen in Jurkat T cells, BJA-B and Raji B
cells, or erythroleukemic K562 cells. These results complement
previous studies using Western blot analysis (61) and demon-
strate that C/EBPa mRNA is specifically expressed in myeloid
and not lymphoid lines.

C/EBPa gene expression is initiated at the time of commit-
ment of stem cells to differentiate to the myeloid lineage. We
examined how early during normal hematopoiesis is C/EBPa
expressed. To do this, we examined cDNA synthesized from
RNA of single isolated human bone marrow cells. Individual
quiescent (G0-arrested) multipotent hematopoietic stem cells
were selected by treatment of bone marrow cells with stem cell
factor, IL-3, and the antimetabolite 5-fluorouracil (6, 12). Cells
representing various stages of hematopoietic differentiation
were isolated by fluorescence-activated cell sorting (FACS)
using antibodies against specific antigens. CD34 is a marker of
stem cells and precursors (2, 36). Concurrent expression of
CD34 and early myeloid marker, CD33, distinguishes progen-
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FIG. 1. Human C/EBPa mRNA and protein increase with granulocytic and shut off with monocytic differentiation. (a) Human C/EBPa mRNA is expressed
specifically in cells of the myeloid lineage, as determined by Northern blotting of total RNA isolated from nonhematopoietic HeLa cells (lane 1), Jurkat T cells (lane
2), BJA-B (lane 3) and Raji (lane 4) B cells, promyelocytic Mono Mac 6 (lane 5), U937 (lane 6), and HL-60 (lane 7) cells, and K562 erythroleukemia cells (lane 8).
The same blot was hybridized sequentially with a probe for human C/EBPa (hC/EBPa) and for 18S rRNA, as indicated to the right. Positions of migration of 28S and
18S rRNAs are marked on the left. Exposure was for 5 days with an intensifying screen. (b) The C/EBPa gene is activated at the stage of hematopoietic stem cell
commitment to the myeloid lineage. Single human bone marrow cells were isolated as described in Materials and Methods and analyzed by Southern blotting of
PCR-amplified cDNA. Shown are hybridization of the blot to a human C/EBPa-specific probe (top) and ethidium bromide staining of the gel before blotting (bottom).
Each panel (bracketed on top) contains cDNA from five individual cells representing various stages of differentiation (marked above each bracket). Exposure was for
42 h with an intensifying screen. (c) C/EBPa is preferentially expressed in primary granulocytic cells, as determined by Northern blotting of total RNA purified from
normal human peripheral blood monocytes and neutrophils. HeLa and HL-60 RNAs were included as negative and positive controls, respectively. The top panel shows
results from hybridization to the human C/EBPa probe. Exposure was for 3 days with an intensifying screen. The same blot was stripped and rehybridized to an IL-8
receptor B (IL8RB; neutrophil-specific) probe (middle panel; 2-day exposure) and then to a 28S oligonucleotide as an internal control (bottom panel). (d) Expression
of C/EBPa mRNA increases during granulocytic induction of myeloid cell lines and shuts off with monocytic differentiation. K562, U937, HL-60, and NB4 cells were
stimulated to erythroid differentiation with DMSO, to monocytic differentiation with TPA, or to granulocytic differentiation with retinoic acid (RA); cell aliquots were
withdrawn at the time points indicated above the blot, and RNA was analyzed by Northern blotting. Top, expression of human C/EBPa; middle, expression of the
myeloid maturation marker CD18; bottom, 18S RNA as a control for RNA loading and quantitation of C/EBPa expression. Exposure was for 3 days (left) and 4 days
(right) for C/EBPa and 4 days (left) and 18 h (right) for CD18, using an intensifying screen. (e) C/EBPa protein increases with retinoic acid-induced granulocytic
induction of myeloid cell lines and decreases with TPA-induced monocytic differentiation. Shown is a Western blot of whole-cell extracts from uninduced U937 (lanes
1 and 11) and HL-60 (lanes 6 and 14) cells and retinoic acid (lanes 2 to 5 and 7 to 10)- or TPA (lanes 12, 13, 15, and 16)-induced cells. The cell lines and the inducers,
as well as the times of induction in days, are indicated above the lanes. In the top panel, the blot was stained with anti-C/EBPa antibody; in the bottom panel, the same
blot was stripped and subsequently stained with anti-b-tubulin antibody. Molecular size standards are shown in kilodaltons to the left. Arrows on the right indicate
full-length C/EBPa and b-tubulin, and the asterisk indicates truncated C/EBPa protein (45, 53).
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itors committed to the myeloid lineage (28). CD11b, CD3, and
CD19 are the markers of mature myeloid, T, and committed B
lymphoid cells, respectively (28, 66, 74). Each panel in Fig. 1b
contains cDNA synthesized from five individual FACS-sorted
cells representing each group. Hybridization to a human C/
EBPa-specific probe demonstrates that C/EBPa is not ex-
pressed in G0-arrested stem cells or uncommitted progenitors
(CD341 CD332). However, all five committed myeloid (CD341

CD331) precursor cells had detectable C/EBPa mRNA. CD11b1

mature myeloid cells (which in bone marrow are almost en-
tirely neutrophils with rare monocytes) showed the highest
expression of C/EBPa. Background levels of C/EBPa were
observed in CD31 T cells and CD191 B cells. These results
indicate that C/EBPa is first expressed at the time of commit-
ment of myeloid precursors and persists in mature myeloid but
not lymphoid cells.

C/EBPa mRNA is highly expressed in granulocytes but not
peripheral blood monocytes. Our studies (see above) showed
that C/EBPa was highly expressed in mature myeloid cells
(CD11b1) but did not indicate whether there was preferential
expression in monocytes or granulocytes. To address the ques-
tion of how C/EBPa mRNA is expressed in terminally differ-
entiated primary cells, we purified peripheral blood human
monocytes and neutrophils and analyzed total RNA by North-
ern blotting as shown in Fig. 1c. Very high levels of C/EBPa
were detected in neutrophils. Control hybridization to the neu-
trophil-specific IL-8 receptor B probe confirmed the identity of
neutrophil RNA (1, 10). No C/EBPa transcripts were noted in
purified human peripheral blood monocytes, which express
mRNA of the late-stage monocytic marker, CD14 (data not
shown). We conclude that C/EBPa is expressed at high levels
in mature neutrophils and is undetectable in mature peripheral
blood monocytes.

Granulocyte-specific upregulation of C/EBPa expression is
recapitulated in myeloid cell lines. We were interested in
whether the granulocyte-restricted pattern of C/EBPa expres-
sion observed in primary cells would also be found in myeloid
cell lines, which are good models for studying differentiation
(35). K562 erythroleukemia cells were induced to erythroid
differentiation with DMSO. U937 and HL-60 promyelocytic
cells were treated with TPA to induce monocytic differentia-
tion or with retinoic acid to stimulate granulocytic differenti-
ation. At different time points, cell aliquots were withdrawn for
preparation of cytocentrifuged slides for morphologic analysis
and preparation of total RNA. The effectiveness of each dif-
ferentiation induction was verified by microscopic inspection
of Wright-Giemsa-stained slides, which showed that at the final
time points over 90% of U937 and HL-60 cells were differen-
tiated to monocytic and granulocytic lineages, respectively. To
determine whether the morphological changes observed were
associated with alterations in C/EBPa gene expression, we
measured C/EBPa mRNA (Fig. 1d). A clear decrease in
C/EBPa mRNA was apparent in U937 and HL-60 cells under-
going in vitro monocytic differentiation (compare lane 5 to
lanes 3 and 4 and lane 12 to lanes 10 and 11). Normalization of
the C/EBPa hybridization signals to the 18S RNA internal
control revealed that TPA treatment of HL-60 cells led to a
decrease of C/EBPa mRNA levels by approximately 90%. The
same treatment of U937 cells resulted in a reduction of ex-
pression by 70%. Control hybridization showed a significant
increase in accumulation of mRNA for CD18, a marker of
myeloid maturation, demonstrating induction of differentia-
tion of the cultures.

A different picture emerged when the cells were treated with
retinoic acid, which induces granulocytic differentiation of
U937 and HL-60 cells (35, 50). Both cell lines demonstrated

twofold upregulation of C/EBPa mRNA following 1 day of
culture in the presence of retinoic acid (Fig. 1d). Maximum
levels of C/EBPa mRNA were noted during the first 2 to 8 h of
treatment of HL-60 cells (Fig. 1d, lanes 14 to 16), and they de-
creased to original levels at 48 h of treatment (Fig. 1d; compare
lanes 13 and 18). A similar pattern of C/EBPa mRNA expres-
sion was observed during granulocytic differentiation of an-
other promyelocytic cell line, NB4 (Fig. 1d, lanes 19 to 23). In
the case of U937 cells, C/EBPa mRNA was upregulated on day
1 of granulocytic differentiation, followed by a slight downregu-
lation on day 2 and then by a gradual increase after an addi-
tional 2 days of culture with retinoic acid. This biphasic pattern
of expression was observed repeatedly. As a control for induc-
tion of myeloid differentiation, the amount of CD18 mRNA
was noted to increase (Fig. 1d). As shown earlier (Fig. 1a, lane
8), no C/EBPa transcripts were seen in unstimulated K562
cells, and no upregulation was observed during DMSO-in-
duced erythrocytic differentiation (Fig. 1d). In addition to in-
vestigating C/EBPa mRNA, we also determined the expres-
sion of C/EBPa protein during monocytic and granulocytic
differentiation by Western blot analysis. C/EBPa protein was
downregulated (fivefold at day 1) with TPA-induced monocytic
differentiation. In contrast, C/EBPa protein levels were in-
creased twofold after 1 day of retinoic acid treatment in both
HL-60 and U937 cells. At later time points, protein levels were
maintained at initial levels (Fig. 1e). In addition, C/EBP DNA
binding activity (as assessed by gel shift assays) was upregu-
lated 3-fold with retinoic acid and downregulated 2.5-fold with
TPA treatment (55a). In summary, the granulocyte-specific pat-
tern of C/EBPa expression seen in primary human cells was
observed in bipotential cell lines induced to differentiate along
the two major myeloid pathways. Specifically, C/EBPa was high-
ly expressed during retinoic acid-induced granulocytic differ-
entiation and rapidly downregulated with respect to mRNA
and protein levels and DNA binding activity with TPA-induced
monocytic differentiation.

Conditional expression of C/EBPa is sufficient to induce
granulocytic differentiation of bipotential cells. Recently we
reported that mice homozygous for a C/EBPa null mutation
have an absolute lack of mature neutrophils but not monocytes
(81). This effect together with granulocyte-limited expression
of C/EBPa suggested that this transcription factor is essential
for granulopoiesis. To investigate the possibility that C/EBPa
acts as a molecular switch, directing bipotential cells to gran-
ulocytic differentiation, we generated stable lines of U937 and
HL-60 cells containing a rat C/EBPa cDNA expressed by the
zinc-inducible human metallothionein promoter. For controls,
the same cell lines were also stably transfected with a C/EBPa-
deficient plasmid containing the promoter only. Stable clones
were isolated by resistance to G418. Several individual clones
were cultured in regular growth medium or medium supple-
mented with 100 mM ZnSO4 for up to 20 days. Cell mor-
phology was monitored at various times by observation of
Wright-Giemsa-stained cytocentrifuged cells. Figure 2 shows
representative cytospin preparations. Cells from two indepen-
dent clones of U937 with an empty vector [U937(vect)#1 and
U937(vect)#3] grown in zinc-containing medium for 17 days
showed no gross morphological changes compared to the un-
transfected parental line (Fig. 2A and B and data not shown).
These cells had characteristics of myeloblasts: relatively large,
rather oblong nuclei with finely granular chromatin and sur-
rounded by narrow rims of deeply staining cytoplasm (Fig. 2A
and B). Actively dividing cells representing various stages of
mitosis were encountered frequently. U937 cells transfected
with the inducible C/EBPa expression vector (U937a#2) and
maintained for several weeks in medium without zinc resem-
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bled promyelocytes (Fig. 2C). They were somewhat larger than
U937(vect)#1 and U937(vect)#3 cells and had slightly more
abundant cytoplasm. Overall, however, they still had an ap-
pearance of immature myeloid cells (promyelocytes or myelo-

cytes). Addition of zinc into the medium and culture for 17
days caused a remarkable change in cell morphology of this
clone (Fig. 2D). The great majority of cells represented termi-
nal stages of granulocytic differentiation. Typical mature neu-

FIG. 2. Conditional expression of C/EBPa is sufficient for induction of granulocytic differentiation of bipotential U937 cells. Two individual stable clones of U937
cells with an empty expression vector, U937(vect)#1 (A) and U937(vect)#3 (B), were grown in zinc-containing medium for 17 days. Three individual clones of U937
cells were transfected with an inducible C/EBPa expression vector and grown in the absence of zinc (C [U937a#2]) or the presence of zinc for 17 days (D [U937a#2],
E [U937a#3], and F [U937a#5]). Cell aliquots were centrifuged onto glass slides and stained with Wright-Giemsa stain. N, representative cell with the appearance
of a polymorphonuclear granulocyte.
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trophilic cells with segmented nuclei and faintly stained cyto-
plasm were predominant. In addition, cells were positive for
neutrophil-specific respiratory burst enzyme activity as as-
sessed by the NBT assay (data not shown). Mitotic cells were
decreased over 80% compared to cells cultured in the absence
of zinc. Two additional independent lines of U937 with the
C/EBPa expression vector (U937a#3 and U937a#5 [Fig. 2E
and F, respectively]) also exhibited the morphological charac-
teristics of polymorphonuclear neutrophils upon induction
with zinc. The same phenomenon was seen with HL-60 stable
clones, although the morphological changes were slightly less
dramatic (data not shown). The murine multipotential progen-
itor cell line 416B, stably transfected with the metallothionein-
C/EBPa construct and treated with 100 mM ZnSO4, also un-
derwent granulocytic differentiation as judged by lobular nuclei
and lightly stained cytoplasm (data not shown). Since C/EBPa
has been shown to possess growth-inhibitory activity (29, 70,
76), we also compared the proliferation rates of C/EBPa trans-
fectants cultured in zinc-containing and zinc-deficient media.
The U937(vect)#1 and U937(vect)#3 clones grew indistin-
guishably regardless of the presence or absence of zinc
throughout the entire 20-day culture period. In contrast, the
C/EBPa transfectants U937a#2 and U937a#5 showed a mod-
erate reduction in proliferation beginning at day 17 of the zinc
treatment, consistent with their morphological differentiation
at that time (data not shown). It could be argued that the lower
rate of proliferation together with the increased convolution of
the nucleus might be a result of apoptosis rather than genuine
granulocytic maturation. Accordingly, we performed a TUNEL
assay (27) using one C/EBPa-transfected U937 line (U937a#2)
and one clone with the empty expression vector [U937(vect)
#1]. As shown in Fig. 3, no apoptotic cells were noted in the
culture of U937 cells containing the empty expression vector
for 17 days in the zinc-supplemented medium or in the culture
of U937a#2 cells (containing the rat C/EBPa expression cDNA)
in the absence of zinc. When U937a#2 cells were grown in the
presence of zinc, only a very few cells became apoptotic (indi-
cated by a red arrow in Fig. 3F). The darker shadows of the
nuclei of the nonapoptotic cells clearly show their granulocytic
morphology. Therefore, we conclude that the morphologic
changes we observe are not secondary to increased apoptosis.
In summary, following zinc treatment, bipotential myeloid cells
stably transfected with a zinc-inducible C/EBPa expression
vector underwent morphological changes indicative of termi-
nal stages of granulocytic differentiation.

To confirm that this effect was attributable to zinc induction
of ectopic C/EBPa expression, cells were harvested for RNA
after 13 days of culture in zinc-free and zinc-supplemented
media. After 13 days of zinc treatment, most of the cells re-
sembled metamyelocytes (bands) or polymorphonuclear neu-
trophils, whereas none of the cells in the absence of zinc had
this morphology. Low levels of rat C/EBPa expression were
detectable even in some clones grown in zinc-deficient me-
dium. However, addition of zinc augmented expression of the
transfected C/EBPa considerably. There were in U937a#2
over 100-fold, in U937a#3 almost 3-fold, and in an HL-60
transfectant (HL60a#5) nearly 9-fold more rat C/EBPa tran-
scripts after zinc induction (Fig. 4a and data not shown). Over-
all, the highest induced expression was seen in clone U937a#2,
which reached approximately fourfold-higher expression of rat
C/EBPa mRNA than did clones U937a#3 and HL60a#5. The
latter two lines produced roughly equivalent amounts of rat
C/EBPa mRNA.

Consistent with the Northern blot data, Western blot anal-
yses of C/EBPa protein showed that untransfected U937 and
HL-60 cells expressed low but detectable levels of endogenous

C/EBPa protein (Fig. 4b, lanes 2 and 9). In zinc-deficient
medium, all three stable clones tested (U937a#2, U937a#3,
and HL60a#5) produced threefold more total (endogenous
human and ectopic rat) C/EBPa protein than the correspond-
ing untransfected parental lines (Fig. 4b; compare lanes 3 and
6 with lane 2 and lane 10 with lane 9). This result was expected
since leaky rat C/EBPa mRNA expression was noted by North-
ern blot analysis (Fig. 4a and data not shown). However, after
2 days of culture in the presence of zinc, U937a#2 and
U937a#3 cells produced 10-fold more total C/EBPa protein
than the parental untransfected U937 line (Fig. 4b; compare
lanes 4 and 7 to lane 2). Approximately eightfold more
C/EBPa protein was detected in HL60a#5 cells treated with
zinc for 24 h (compare lane 11 to lane 9; 40 mg of protein ex-
tract was loaded in lane 9, while all other lanes contain 20 mg).

The upregulation of exogenous C/EBPa was paralleled by
an increase of endogenous G-CSF receptor mRNA levels. The
magnitude of G-CSF receptor mRNA correlated with the ex-
tent of rat C/EBPa mRNA induction, suggesting a dosage-
dependent effect (Fig. 4a and data not shown). In contrast,
upregulation of ectopic C/EBPa had no significant effect on
the expression of endogenous C/EBPa mRNA in our stable
lines (the C/EBPa mRNA levels correlated exactly with the
amount of total RNA loaded in each lane as assessed by hy-
bridization to the 18S rRNA probe). In addition, induction of
ectopic C/EBPa expression also paralleled with the upregula-
tion of another C/EBP family member, C/EBPε. C/EBPε was
shown recently to exhibit a granulocyte-restricted pattern of
expression (14, 79) and to be essential for late-stage (metamy-
elocyte-to-segmented granulocyte) differentiation of neutro-
phils (78), and therefore acts downstream of C/EBPa function.
Most interestingly, however, increased expression of C/EBPa
resulted in activation of the neutrophil-specific genes lactofer-
rin and human neutrophil collagenase (Fig. 4a), which were
shown to remain silent in human leukemic cell lines even after
induction of their granulocytic differentiation by retinoic acid
or DMSO (32, 33). In summary, overexpression of C/EBPa
alone had an impact on the genetic program of the U937 and
HL-60 cells by acting as a molecular switch, which triggered
their granulocytic differentiation program through upregula-
tion of myeloid genes such as those encoding G-CSF receptor,
C/EBPε, and secondary granule proteins, and was associated
with marked neutrophilic morphologic changes.

Provisionally expressed C/EBPa prevents TPA-induced mac-
rophage differentiation. The data described above suggest a
fundamental role of C/EBPa as a granulocytic differentiation
determinant. The following experiment was performed to es-
tablish whether the expression of C/EBPa can prevent macro-
phage differentiation. The stable clone U937a#2 was chosen
because the transfected C/EBPa gene was the least active in
zinc-deficient medium and the addition of zinc to this cell line
induced the highest levels of rat C/EBPa among all stable
clones tested (Fig. 4 and data not shown). U937a#2 cells were
grown in zinc-supplemented medium, and at 2- to 3-day inter-
vals TPA was added to individual cell cultures. The cultures
were allowed to grow in the continued presence of zinc for 2
more days. Changes in cell morphology were monitored by
observation of Wright-Giemsa-stained cytospin preparations.
As shown in Fig. 5B, 9 days of culture in the presence of zinc
did not bring any discernible changes in cell morphology com-
pared to untreated immature cells (Fig. 5A). When U937a#2
cells were pretreated with zinc for 7 days and then induced
with TPA (in the continuous presence of zinc) for 2 days, no
mature macrophages were observed and all cells resembled
neutrophils (Fig. 5C and D). Interestingly, although TPA has
been known exclusively as a macrophage differentiation in-
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ducer, in the latter experiment it enhanced neutrophil matu-
ration (compare Fig. 5C and D to Fig. 5B). In contrast, TPA
treatment alone led to terminal macrophage differentiation of
U937a#2 cells grown in zinc-deficient medium (Fig. 5E and
F); the morphological changes observed here were indistin-
guishable from those observed in TPA-stimulated parental
U937 cells (data not shown). Simultaneous addition of zinc and
TPA or 3-day zinc pretreatment prior to TPA stimulation did
not prevent macrophage differentiation (data not shown). Af-

ter zinc treatment for 5 days and thereafter with TPA, a mix-
ture of phenotypically different cells emerged; among the
predominantly macrophage-like cells, occasional polymorpho-
nuclear neutrophils were also apparent (data not shown).
These results indicate that forced C/EBPa expression can
block the monocytic differentiation pathway and that 5 to 7
days of zinc pretreatment was required to obtain this effect.

Transient overexpression of C/EBPa is sufficient for induc-
tion and progress of granulocytic differentiation. Northern and

FIG. 3. Induced expression of C/EBPa does not lead to apoptosis. IL-3-dependent BaF3 cells cultured in medium supplemented with IL-3 (B; negative control),
or in conditions such that IL-3 was withdrawn for 24 h (A; positive control, showing apoptosis of nearly all cells as demonstrated by typical orange-yellow staining of
the cell nuclei), as well as U937 cells stably transfected with the empty expression vector [U937(vect)#1] and cultured for 17 days in the presence of zinc (C), or
transfected with the rat C/EBPa construct (U937a#2) and grown in the absence (D) or presence of zinc (E and F), were tested by TUNEL assay for apoptosis. Panels
E and F show different fields from the same slide. The red arrow in panel F indicates an apoptotic cell.
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Western blot data shown in Fig. 1d and e indicate that retinoic
acid-prompted granulocytic differentiation of myeloid cell
lines (NB4, HL-60, and U937) resulted initially in a twofold
increase in endogenous C/EBPa levels during the first 24 h,
which subsequently decreased to the original levels. We want-
ed to determine whether such transient upregulation of C/EBPa
expression was sufficient to trigger granulocytic differentia-
tion. To test this, we cultured the exogenous C/EBPa-expressing
U937a#2 cells in the presence of zinc for 1, 2, or 3 days,
subsequently washed them twice in zinc-deficient medium, and
then continued culture in the absence of zinc. Granulocytic dif-
ferentiation was assessed by monitoring morphological changes
at various time points. Figure 6 shows Wright-Giemsa-stained
cytospin preparations. Morphological changes in U937a#2
cells were first noted on day 16 of continued culture in the
presence of zinc. When U937a#2 cells were treated with zinc
for 1 to 3 days, granulocytic morphologic changes (appearance
of polymorphonuclear cells) took place at progressively shorter
intervals. As little as 1 day of zinc treatment induced granulo-
cytic differentiation, although it occurred 1 week later (23 to 24
days of culture in total) than in the parallel culture in the
continued presence of zinc. Differentiated cells induced by
transient expression of C/EBPa showed the same decreases in
mitotic activity (fivefold) as was observed for continually in-
duced cells. No changes in the endogenous C/EBPa mRNA
expression levels were noted. Again, no differentiation was
observed in zinc-treated cells transfected with the empty vec-
tor. Therefore, continued induced expression of C/EBPa is not
necessary to induce granulocytic differentiation; only a brief
exposure can set the differentiation program in motion.

DISCUSSION

In this report we have investigated the role of C/EBPa as a
regulatory switch in hematopoietic cells. Earlier studies in a
murine granulocytic cell line, 32Dcl3, had suggested early up-
regulation and subsequent downregulation of C/EBPa with
granulocytic differentiation (61). We have extended these stud-
ies to primary hematopoietic cells and shown that the C/EBPa
gene is activated during commitment of multipotential cells to
the myeloid lineage. In addition, we demonstrated that as
bipotential myeloid progenitors are stimulated toward mono-
cyte/macrophage differentiation, C/EBPa is consistently and
rapidly downregulated to undetectable levels (Fig. 1). This
finding is in agreement with the increase in C/EBPa seen in
developing granulocytic but not monocytic colonies in culture
(12). In contrast, induction to the granulocytic pathway results
in initial upregulation and then subsequent slight downregula-
tion of C/EBPa expression, consistently seen in multiple hu-
man and murine cell lines (Fig. 1) (61). Consistent with this
pattern of C/EBPa expression is the finding that a short pulse
of C/EBPa expression can induce morphologic granulocyte
differentiation weeks later (Fig. 6). Relatively high levels of
C/EBPa mRNA were noted in primary mature neutrophils
(Fig. 1d), suggesting that C/EBPa is further upregulated with
terminal differentiation. This observation is consistent with the
secondary upregulation of C/EBPa mRNA observed during
retinoic acid-mediated granulocytic differentiation of U937
cells (Fig. 1d). This biphasic pattern of C/EBPa mRNA ex-
pression and the effects of induced expression in myeloid lines
suggest that C/EBPa might serve different functions in early

FIG. 4. Induced expression of C/EBPa causes upregulation of granulocytic maturation marker genes. (a) Northern blot with total RNA isolated from the U937 cell
line stably transfected with the inducible rat C/EBPa expression gene (clone a#2). Prior to RNA extraction cells were cultured for 13 days in zinc-deficient (2) or
zinc-supplemented (1) medium, as indicated at the top. The blot was sequentially hybridized to probes indicated below each panel. Hybridization to 18S rRNA served
as an internal control for loading and RNA transfer. The migration of 28S and 18S rRNAs is indicated to the left. Similar results were obtained with other stable clones
of U937 and HL-60 cells. (b) Western blot of protein extracts from parental untransfected lines (U937 [lane 2] and HL-60 [lane 9]) and their C/EBPa transfectants
(U937a#2, U937a#3, and HL60a#5). C/EBPa-negative K562 extract served as a control of antibody specificity (lane 1). Cells were grown in the absence of zinc (2Zn)
or in the presence of zinc (1Zn) for 1 day (d1), 2 days (d2), or 3 days (d3), as indicated. Positions of molecular size markers are shown in kilodaltons on the left, and
the arrow on the right marks the migration of the 42-kDa C/EBPa protein detected by the anti-rat C/EBPa antibody, which also detects the endogenous human C/EBPa
protein. All lanes except lane 9 contained 20 mg of protein extract; in lane 9, 40 mg of total protein was loaded.
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multipotential cells, in which it induces a switch in differenti-
ation to granulocytes versus monocytes, than in terminally dif-
ferentiated granulocytes, in which it might serve as an antipro-
liferation factor (29, 70, 76).

These expression data, combined with studies of C/EBPa
knockout mice (81), in which granulocytic but not monocytic
differentiation is blocked, lead to the question of whether
C/EBPa gene activation is a prerequisite for or a consequence
of granulocytic differentiation. The C/EBPa knockout model
does not completely answer this question, and therefore we
turned our attention to studies in which C/EBPa was overex-
pressed in early bipotential myeloid precursors. We estimated

that a threefold increase in total C/EBPa (endogenous human
plus exogenous rat) protein was sufficient to induce terminal
polymorphonuclear differentiation (Fig. 4b). The time re-
quired for granulocytic maturation (17 days) is similar to the
time estimated for myeloid maturation in normal bone marrow
(9, 49). Moreover, the extent of differentiation among individ-
ual clones correlated with the degree of induction of C/EBPa
mRNA. Since the forced expression of C/EBPa instructed
bipotential myeloid cells to granulocytes rather than mono-
cytes, these results showed that C/EBPa expression is a nec-
essary prerequisite for this process.

Conditional expression of ectopic C/EBPa can induce dif-

FIG. 5. Induced expression of C/EBPa prevents monocytic differentiation. Shown are Wright-Giemsa-stained cytospin preparations of U937a#2 cells. (A) Cells
grown in zinc-deficient medium for 9 days. (B) Cells grown in zinc-containing medium for 9 days. (C and D) Cells cultured in the presence of zinc for 7 days, with TPA
then added for 2 days, in the continued presence of zinc (total of 9 days of zinc treatment). N, representative cell with the appearance of a polymorphonuclear
granulocyte. (E and F) Cells treated with TPA for 2 days in the absence of zinc. M, representative cell with the morphology of a macrophage.
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ferentiation of bipotential myeloid cells and adipogenesis (24,
44, 73, 80). However, one possible difference between the
adipocyte and granulocyte differentiation systems is that it is
thought that in the case of adipocyte differentiation, a critical
early event is induction of C/EBPb expression prior to subse-
quent activation of C/EBPa (60, 77, 80), indicating the impor-
tance of C/EBPb function in adipocyte development. In con-
trast, gene targeting of C/EBPb (62, 67) and conditional
expression of avian C/EBPb (NF-M) in a multipotential he-
matopoietic cell line (47) indicate that it is neither necessary
nor sufficient for development of monocytes and neutrophils.

Another difference between these systems is that the retinoic
acid receptor pathway blocks adipogenesis by blocking C/EBP-
mediated transcription (60) but is a positive regulator of gran-
ulocyte development (15, 72), and it will be of interest to
investigate the effects of liganded retinoic acid receptor on
C/EBPa transcriptional activation of myeloid target genes,
such as those encoding the G-CSF receptor (64) and C/EBPa
itself (69). In bipotential myeloid cell lines, retinoic acid sig-
naling itself leads to upregulation of C/EBPa expression (Fig.
1), and this could be the primary mechanism of retinoic acid-
induced granulocyte differentiation.

FIG. 6. Short-term induction of C/EBPa expression in U937 cells is sufficient for morphological granulocytic maturation. C/EBPa-transfected U937 cells (clone
U937a#2) were cultured in the absence (A) or continued presence (B) of zinc for 16 days. The same cell line was also initially seeded in medium containing zinc,
subsequently washed after 1 day (E and F), 2 days (D), or 3 days (C), and maintained in zinc-deficient medium for an additional 20 days (C), 21 days (D), 22 days (E),
or 23 days (F).
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While we clearly observe upregulation of C/EBPa mRNA
and protein with retinoic acid-induced differentiation of my-
eloid cell lines, other possible mechanisms of granulocytic in-
duction of myeloid cell lines exist. For example, neutrophilic
differentiation of HL-60 cells with DMSO treatment was re-
ported to lead to a decrease in C/EBPa protein (61), and we
observed the same results in Western blots of the HL-60 cells
used in our studies (data not shown). Clearly, DMSO and
retinoic acid evoke granulocytic differentiation by different mo-
lecular pathways and C/EBPa upregulation is not essential for
DMSO-induced differentiation. For example, the lack of up-
regulation of C/EBPa in DMSO-treated HL-60 cells might be
compensated by some other transcription factor(s), such as the
granulocyte-specific C/EBPε (79) or by C/EBPb, which is also
highly upregulated during granulocytic differentiation (55a).
Whether the mechanisms observed in DMSO-induced HL-60
granulocytic differentiation extend to primary cells is not
known, since C/EBPa is clearly critical for granulocyte matu-
ration in vivo (81). We also observed a decrease in C/EBPa
mRNA and protein levels with TPA-induced monocytic differ-
entiation of cell lines. We and others (9a) also observed no
mRNA detectable by Northern blot analysis of peripheral
blood monocytes. However, it is clear that C/EBPa can be
expressed in murine bone marrow-derived macrophages (31),
murine peritoneal macrophages (81a), and human alveolar
macrophages (9b), raising the possibility that C/EBPa is down-
regulated as multipotential myeloid precursors differentiate
into monocytes but upregulated as monocytes further differ-
entiate to macrophages.

Induced expression of exogenous C/EBPa also enhanced
expression of the granulocyte-specific G-CSF receptor (Fig.
4a). This finding is consistent with the findings that the G-CSF
receptor promoter is regulated by C/EBPa (64), and G-CSF
receptor mRNA is selectively absent in C/EBPa knockout
mice (81). Induction of G-CSF receptor expression in imma-
ture granulocytic cells is critical for early proliferation and
viability, as removal of growth factors can lead to apoptosis
(56), which was not observed in our cells (Fig. 3). Another set
of important granulocytic mRNAs which are induced in these
cells (and absent from C/EBPa2/2 murine fetal liver cells) are
those encoding neutrophil-specific secondary granule proteins
(such as lactoferrin and collagenase [Fig. 4a]). These genes
could not previously be induced during granulocytic differen-
tiation of myeloid cells lines by using retinoic acid alone (32,
33), suggesting that induced expression of C/EBPa leads to a
stage of maturation more similar to actual neutrophils.

In the absence of C/EBPa, granulocytes did not develop in
C/EBPa knockout mice (81), and provision of high levels of
C/EBPa to bipotential myeloid precursors directed them to
differentiate along the granulocytic pathway (this report).
Taken together, these studies show that expression of C/EBPa
is sufficient and necessary for granulocytic differentiation and
suggest a model of how bipotential myeloid precursors are
induced to become either monocytes or granulocytes (Fig. 7).
Myeloid precursors can develop into either granulocytes or
monocytes. If they encounter a stimulus which induces upregu-
lation of C/EBPa expression, then the outcome will result in
granulocyte development. One possible stimulus is signaling
through the G-CSF receptor itself, which can induce upregu-
lation of C/EBPa mRNA in multipotential cell lines (64a).
Conversely, a different stimulus might induce expression of a
monocytic factor resulting in monocytic development (Fig. 7).
One candidate for such a monocytic factor is egr-1 (37, 48),
although the finding that egr-1 knockout mice can make mac-
rophages demonstrates that in contrast to C/EBPa-induced
granulocytic development, egr-1 is not absolutely necessary for

monocytic differentiation (42). Another candidate monocyte
regulator is PU.1, since PU.1 knockout mice have an absolute
block in monocyte development but can make neutrophilic
cells, albeit their development is delayed (46).

During TPA stimulation of monocytic development, endog-
enous C/EBPa was downregulated, and it is likely that this
downregulation is required in order for the cells to differenti-
ate along the monocytic pathway. Subsequent to the ectopic
C/EBPa induction for 7 days, treatment with TPA was unable
to downregulate the endogenous C/EBPa expression. As a
result, forced expression of C/EBPa prevented monocytic dif-
ferentiation normally achieved by TPA treatment alone (Fig.
5). This block is likely due to the cells having been committed
to the granulocytic pathway, rather than elevated levels of
C/EBPa protein per se. It might be possible that C/EBPa acts
as a repressor of genes which play a role in monocytic differ-
entiation, such as egr-1. Moreover, if ectopic C/EBPa was
induced and allowed to be expressed for a sufficient time (7
days), TPA treatment accelerated granulocytic maturation.
This observation suggests that C/EBPa is a particularly pow-
erful differentiation factor, as it has been shown that HL-60
cells which had been treated for 5 days with DMSO to induce
granulocytic cells could be still differentiated to macrophages
by subsequent treatment with TPA (43). One possible expla-
nation could be that C/EBPa expression affects the expression
of other factors fundamental for granulocytic maturation which

FIG. 7. Model of bipotential myeloid lineage differentiation. The expression
of increased levels of C/EBPa in a bipotential myeloid precursor induces genetic
changes over the course of a week that lead to irreversible granulocytic differ-
entiation. Prior to this switch point, monocytic differentiation agents such as
TPA can induce macrophage development, but subsequent to this point the
same agents can accelerate granulocytic differentiation. After the switch point,
C/EBPa silencing is required for the monocytic pathway to proceed, as forced
expression of C/EBPa prevents monocytic differentiation. At present, the factors
which direct monocytic maturation of the bipotential myeloid precursor cell are
not clearly defined, but candidate genes include the egr-1 family (48) and/or PU.1
(30).
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act either independently or in cooperation with C/EBPa. A
likely candidate for such cooperative interactions might be the
recently cloned and predominantly granulocytic-specific factor
C/EBPε (3, 14, 79). C/EBPε appears to act downstream of
C/EBPa, in that in C/EBPε2/2 mice, granulocytic differentia-
tion proceeds beyond the immature blast stage observed in
C/EBPa2/2 mice but is blocked at the very terminal stages of
metamyelocyte-to-segmented granulocyte differentiation (78).

Our results suggest that genetic changes toward irreversible
granulocytic differentiation occur during the first week of
C/EBPa expression, and it will be of great importance to iden-
tify which presently unknown C/EBPa target genes are upregu-
lated in these C/EBPa cells during the neutrophilic commit-
ment period, prior to the switch point (Fig. 7). In addition,
complete myeloid maturation takes at least another 10 days
beyond this first 7-day commitment phase; the total time re-
quired (17 days) is similar to the time estimated for myeloid
maturation in normal bone marrow (9, 49). TPA itself, nor-
mally a monocytic inducer, can accelerate granulocytic matu-
ration of cells in which C/EBPa has been expressed at in-
creased levels for 7 days to induce granulocytic commitment
(Fig. 5). Therefore, it will also be of great interest to identify
which genes are differentially induced during TPA-mediated
monocytic differentiation of these lines versus TPA-induced
granulocytic maturation of cells in which C/EBPa has already
been expressed for 7 days to trigger granulocytic commitment
but not maturation. The cell lines used in these studies should
be of great value in dissecting the genetic and signaling path-
ways leading from bipotential myeloid precursors to granulo-
cytes, as well as the mechanisms leading to the differentiation
block observed in leukemic cells.
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