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Abstract PO-B was originally characterized as a transcriptional regulatory factor of the pro-opiomelanocortin
(POMC) gene; however, it has become increasingly clear that this protein may be active in tissues outside the pituitary,
since it is present in diverse cell types, including differentiated HL-60 promyelocytic leukemia cells. We previously
showed that PO-B DNA-binding is progressively induced during differentiation of promyelomonocytic leukemic HL-60
cells to the macrophage-like lineage (with phorbol esters). We now report that PO-B DNA-binding in HL-60 cells is
similarly induced during differentiation to the granulocytic lineage (with either retinoic acid or dimethylsulfoxide). Either
a genetic or pharmacologic blockade of HL-60 differentiation prohibited these inductive effects. These studies have
prompted our interest in the dynamics of other transcription factor changes during HL-60 differentiation. Of these, we
observed that another transcription factor (AP-1) is also robustly induced at the DNA-binding level during macrophage-
like HL-60 differentiation, but not during granulocytic differentiation. Conversely, the DNA-binding of the transcription
factor AP-2 was slightly reduced by TPA-induced HL-60 differentiation but unchanged during granulocyte differentia-
tion. From these data, we conclude that the induction of PO-B DNA binding is a general marker of HL-60 myelo-
monocytic differentiation, but that qualitative aspects of the induction of additional distinct transcription factors, such as
AP-1, may contribute to lineage-specific determinants of cell fate. J. Cell. Biochem. 65:308–324. r 1997 Wiley-Liss, Inc.
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Complex differentiation processes which con-
tribute to the diversification of cell types within
the organism ultimately involve the regulation
of expression of a wide variety of genes. Our
laboratory has been particularly interested in a
transcription factor, PO-B, a protein which was
originally identified as a major regulator of
basal expression of the pro-opiomelanocortin
(POMC) gene [Riegel et al., 1990]. The POMC
gene is expressed tissue-specifically, but its re-
stricted expression in the pituitary gland ap-
pears not to be mediated through PO-B, but
instead through synergistic interactions be-
tween a number of regulatory elements present

within the POMC promoter [Therrien and
Drouin, 1991; Liu et al., 1992].
In contrast, our previous studies have demon-

strated that PO-B is more likely a general tran-
scription factor, present in many different cell
types [Dobrenski et al., 1993]. Thus, it is likely
that PO-B regulates a variety of genes outside
the pituitary. Since PO-B activity, or at least
DNA-binding ability, is dependent on phosphor-
ylation state of the protein [Wellstein et al.,
1991], then it is likely that signalling pathways
in different tissues and cell types dictate the
avidity of this protein for its DNA-binding ele-
ment in various genes.
One extra-pituitary cell type in which the

regulation of PO-B DNA-binding to its cognate
element is apparent is the myelomonocytic pre-
cursor cell line HL-60. PO-B DNA binding is
undetectable in undifferentiated HL-60 cells,
but is induced during terminal differentiation
of HL-60 cells to the macrophage-like lineage
[Dobrenski et al., 1993]. We postulated that one
component of the appearance of PO-B in aDNA-
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binding form was due to the progressive inacti-
vation of MAP kinase (ERK) signalling during
HL-60 differentiation [Dobrenski et al., 1993].
Thus, it appears likely that the activity of cellu-
lar kinases like ERKs and their cognate phos-
phatases control aspects of HL-60 differentiation
through regulating the activity of transcription
factors like PO-B.
HL-60 cells have proved to be a particularly

useful model system for investigation of cell
growth and differentiation processes since they
may be induced to several differentmyelomono-
cytic lineages with different agents. In the pres-
ence of phorbol esters (TPA), retinoic acid (RA),
or dimethylsulfoxide (DMSO), or 1,25-dihy-
droxyvitaminD3 (1,25[OH]2D3), HL-60 cells ter-
minally differentiate in culture to the macro-
phage, granulocyte, or monocyte lineage,
respectively [Rovera et al., 1979; Breitman et
al., 1980; Miyaura et al., 1981]. Each lineage is
readily identifiable by either enzymatic or mor-
phological criteria, but in addition, a plethora
of other cellular events have been linked to
either the onset or the culmination of theHL-60
terminally differentiated state.
In the case of granulocytic differentiation, it

is generally believed that RA-induced differen-
tiation to this lineage is mediated through reti-
noic acid receptor (RAR) signalling, specifically
through RAR-a [Collins et al., 1990; Tsai et al.,
1992]. The other HL-60 granulocytic inducer,
DMSO, appears to act through a different path-
way which ultimately converges with the RA
signalling pathway [Van Roozendaal et al.,
1990]. However, downstream effects on tran-
scription factors during the granulocytic differ-
entiation program remain less clear.
Biochemical studies have conclusively shown

that the HL-60 macrophagic inducer TPA is a
potent stimulator of protein kinase C (PKC).
Another compound which has gained some at-
tention with regard to the study of HL-60 mac-
rophagic differentiation is bryostatin 1, one of a
series of macrocyclic lactones isolated from the
marine organism bugula neretina [Pettit et al.,
1982]. Bryostatin 1 also potently stimulates
PKC in these cells but fails to induce their
differentiation to this myeloid lineage. In addi-
tion, bryostatin 1 possesses the ability to block
HL-60 macrophage development. Hence,
bryostatin 1 is useful to assess the role of PKC
in HL-60 differentiative processes as well as to
dissect the potential roles of candidate proteins
during HL-60 differentiation.

Molecular sequelae following TPA stimula-
tion have been well studied. In general, TPA
stimulates the expression of the early response
genes of the c-jun and c-fos families whose
protein products combine to form the transcrip-
tion factor AP-1 [Lee et al., 1987; Angel et al.,
1987]. This finding has been substantiated in
HL-60 cells; both c-jun and c-fos expression are
rapidly induced following TPA treatment
[Sherman et al., 1990; Müller et al., 1985]. As a
consequence, AP-1 DNA binding is also stimu-
lated as a result of TPA exposure [Szabo et al.,
1991; Mollinedo et al., 1993]. Another recent
report demonstrated that AP-1 DNA binding
is induced concurrent with the onset of
(1,25[OH]2D3)-induced monocytic differentia-
tion of HL-60 cells [Kolla and Studzinski, 1993],
which qualitatively resembles TPA-induced
macrophagic HL-60 differentiation.
In this report, we present an analysis compar-

ing the DNA-binding properties of three tran-
scription factors, PO-B, AP-1, and AP-2,
throughoutHL-60 differentiation. Induction and
commitment to either the granulocytic or mac-
rophagic differentiation programs in these cells
was accompanied by an increase in DNA-
binding activity for PO-B and AP-1, although
the extent of induction for each lineage differed
markedly between the two. Furthermore, ei-
ther a genetic (differentiation-resistant cells) or
pharmacologic (with bryostatin 1) blockade of
HL-60 differentiation prohibited the DNA-
binding inductions of both PO-B andAP-1. From
these data, we conclude that the induction of
both transcription factors is positively corre-
lated with the differentiated state in HL-60
cells, presumably heralding the activation of as
yet unidentified differentiation-related genes.

MATERIALS AND METHODS
Cell Culture and Extract Preparation

Low passage (,30) HL-60 (human prom-
yelocytic leukemia) cells (from ATCC) were
maintained in RPMI 1640 medium (Biofluids,
Rockville, MD) supplemented with 10% heat-
inactivated fetal bovine serum (GIBCO-BRL,
Gaithersburg, MD), 20 mM glutamine, and 50
U/ml penicillin/streptomycin in a 37°C humidi-
fied 7% CO2 atmosphere. RA/DMSO-resistant
HL-60 cells [Gallagher et al., 1985] were main-
tained under identical conditions. TPA-resis-
tant HL-60 cells [Tonetti et al., 1992] were
grown in RPMI 1640 medium as above but
supplemented with 15% fetal bovine serum.
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HeLa cells (human cervical) were maintained
at 37°C, 7% CO2 in DMEM medium (Biofluids,
Rockville, MD) supplemented with 10% heat-
inactivated fetal bovine serum, 20 mM gluta-
mine, and 50 U/ml penicillin/streptomycin.
HL-60 cells (either low passage wild-type or

resistant) (107) were treated with 100 nM all-
trans retinoic acid (Sigma, St. Louis,MO), 1.25%
DMSO, or 160 nM phorbol-12-myristate 13-
acetate (TPA) (Sigma) in culture medium. For
experiments with bryostatin 1, low passage
wild-type HL-60 cells were treated with either
10 nM or 100 nM bryostatin 1 in culture me-
dium. Cells were harvested at 24 or 48 h or
re-fed with treatment medium after 48 h and
then harvested at 96 h following treatment.
Small scale preparation of whole cell extracts

from HL-60 cells was performed as described
previously [Ausubel et al., 1989]. Briefly,
10,000,000 control or treated cells were centri-
fuged and washed with PBS. Cells were then
washed twice in HEPES (10 mM, pH 7.9), 1.5
mM MgCl2, 10 mM KCl, and 0.5 mM DTT,
pelleted, and resuspended in 20 µl of 20 mM
HEPES, pH 7.9, 25% glycerol, 0.42 M NaCl, 1.5
mM EDTA, 0.5 mM phenylmethylsulfonylflou-
ride (PMSF), 0.5 mM DTT, and 0.1% NP-40.
The suspension was incubated on ice for 10
min, mixed briefly and pelleted at 14,000 3 g.
The lysed cell supernatant was diluted with 50
µl of buffer D, containing 20 mM HEPES, pH
7.9, 20% glycerol, 0.05 M KCl, 0.2 mM EDTA,
0.5 mM PMSF, and 0.5 mM DTT. Nuclear ex-
tracts were prepared by the method of Dignam
and Roeder [Dignam et al., 1983]. Protein con-
centrations were determined by the method of
Bradford [1976], and extracts were frozen
(270°C).

Western Blot Analysis

Extracts (5 µg) were resolved by SDS-PAGE,
using 10% linear polyacrylamide gels. Prior to
electrophoresis, proteins were denatured by
boiling for 5 min in Tris-SDS-b-mercaptoetha-
nol Seprasol (#SA100052, Integrated Separa-
tion Systems, Natick, MA) (0.5% SDS). Follow-
ing electrophoresis, proteins were transferred
to a nitrocellulose membrane by electroblotting
for 1 h at 150 V in 25 mM Tris-Cl, pH 8.5, 192
mM glycine, and 20% methanol. The mem-
brane was blocked at room temperature for 60
min in TBS-T (20 mM Tris-Cl, pH 7.5, 138 mM
NaCl, 0.1% Tween-20), supplemented with 5%
nonfat dried milk and 1% bovine serum albu-

min (BSA) (#NA934, Amersham, Buckingham-
shire, UK). After washing briefly with TBS-T,
the membrane was incubated at room tempera-
ture for 60min with primary antibody in TBS-T
supplemented with 1% BSA. Primary antibod-
ies used included anti-c-Jun (1:1000), a poly-
clonal antiserum raised against amino acids
73-87 of v-Jun (Oncogene Science, Uniondale,
NY); anti-Fos/Fra (1:2000), a polyclonal antise-
rum raised against amino acids 127–152 of rat
Fos (kindly provided by Dr. M.J. Iadarola); and
anti-JunB (1:2500), a polyclonal antiserum
raised against amino acids 45–61 ofmouse JunB
(Santa Cruz Biotechnology, Santa Cruz, CA)).
After repeated washes with TBS-T, the mem-
brane was incubated at room temperature for
60min with the secondary antibody, anti-rabbit
Ig-HRP (1:2000) in TBS-T with 1% BSA. The
membrane was then washed repeatedly with
TBS-T, and immunoreactive species were de-
tected by autoradiography with chemilumines-
cence, according to the manufacturer’s instruc-
tions (Amersham, Buckinghamshire, UK).

Electrophoretic Mobility Shift Analysis

Specific protein/DNA complexes were resolved
under low-salt, non-denaturing conditions, as de-
scribed previously [Fried and Crothers, 1981].
Briefly, whole cell extracts (1–25 µg) were in-
cubated with 1–10 fmol of double-stranded oli-
gonucleotide probe ([32P] end-labeled with T4
polynucleotide kinase) representing the cognate
PO-Belement (58-GAGAGAAGAGTGACAGGGA-
38), the AP-2 consensus element [Luscher et al.,
1989] (58-GATCGAACTGACCGCCCCGCGGC-
CCGT-38), or the consensus AP-1 element [Lee
et al., 1987] (58-CTAGTGATGAGTCAGCCG-
GATC-38). Poly (dI/dC) (Sigma) (1 µg) was added
as non-specific competitor DNA for experi-
ments with PO-B and AP-1, and poly (dA/dT)
(1 µg/ml) was used in experiments with AP-2.
For experiments with the PO-B and AP-2 ele-
ments, samples were incubated for 20 min at
room temperature in 10 mM Tris, pH 7.4, 100
mM KCl, 5 mM MgCl2, 5% glycerol, and 1 mM
DTT. For gel shift experiments with the AP-1
consensus element, samples were incubated for
20 min at room temperature in 20 mMHEPES,
pH 7.9, 6 mM MgCl2, 5% glycerol, 100 mM
EDTA, 1 mM DTT, and 0.5 mM spermidine.
Where indicated, unlabeled specific oligonucleo-
tide was included in the incubation reaction in
a 103-fold or 1003-fold molar excess. Binding
reactions were subjected to electrophoresis for
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3 hours at 100 V in 12.5 mM Tris borate-3 mM
EDTA running buffer. Following electrophore-
sis, gels were dried onto Whatman 3MM paper,
and retarded complexes were detected by auto-
radiography.

RESULTS
PO-B and AP-1 DNA Binding During HL-60

Differentiation

We have previously described the DNA bind-
ing induction of transcription factor PO-B dur-
ing TPA-induced differentiation of HL-60 cells
to the macrophage-like lineage [Dobrenski et
al., 1993]. We sought to compare and contrast
the DNA-binding profiles of other transcription
factors known to be involved in cellular prolif-
eration and differentiation processes, such as
AP-1. A previous study reported the induction
of AP-1 DNA binding (within a few hours) as a
result of TPA treatment [Szabo et al., 1991].
Our comparative analyses of PO-B and AP-1
DNA binding also revealed that certain species
of AP-1 were induced relatively early in the
differentiation ofHL-60 cells to themacrophage-
like lineage, but in addition, we observed a
clear induction of distinct AP-1 DNA binding
species after prolonged exposure (96 h) to TPA
(Fig. 1A). In contrast to PO-B, a small amount
of AP-1 binding species were present in un-
treated control cells (Fig. 1A, lane 1), but with
TPA-induced differentiation, there was a no-
table change in both the extent of binding as
well as the mobility of the shifted complexes
(Fig. 1A, lanes 3–11).
Progressive continual exposure to 160 nM

TPA induced at least three species which bound
specifically to the AP-1 DNA element. Specific-
ity of binding was confirmed by competition
analysis with increasing amounts of added un-
labelled AP-1 oligo (indicated by triangles). Re-
peated analyses of extracts from TPA-treated
HL-60 cells have confirmed that AP-1 species 3
(lowest mobility) is clearly induced at 48 h and
persists through 96 h TPA exposure, at which
point the cells have maximally differentiated
(Fig. 1A, lanes 6–10). We observed that follow-
ing TPA treatment, in addition to complex 3, at
least two other shifted protein complexes with
less distinct electrophoretic mobilities could be
resolved (complexes 1 and 2). Both complexes 1
and 2 were barely detectable, but constitutively
present, in undifferentiated HL-60 cell extracts
(Fig. 1A, lanes 1 and 2).

RA and DMSO treatment of HL-60 cells in-
duce terminal differentiation to the granulo-
cytic lineage. In contrast to the results with
TPA, both RA and DMSO exhibited very little
induction of AP-1 DNA binding. Only a slight
induction of complexes 1 and 2were observed in
comparison to untreated cells (Fig. 1B, lanes
3–8 and lanes 11–16). For comparison, an
equivalent amount of protein from 96 h TPA-
treated HL-60 cell extracts is shown (Fig. 1B,
lanes 17, 18). Western blot analysis revealed
that levels of Fos, FosB, and several Fra protein
constituents of the AP-1 complex are elevated
in 96 hTPA-treatedHL-60 cell extracts, whereas
only a small amount of Jun, JunB, and only one
to two Fra protein species were detected in 96 h
RA- or DMSO-treated extracts (Fig. 1C). Time
course analyses with TPA-treated HL-60 cells
in fact revealed that while Jun and several Fra
proteins were induced at relatively early time
points (1–6 h, data not shown), only c-Fos and
Fra-1 proteins were apparent with comparable
kinetics to complex 3, suggesting that c-Fos/
Fra-1 might be constituents of the AP-1 com-
plex 3 that we have observed.
We also observed that PO-B DNA binding

was induced during differentiation of HL-60
cells to the granulocytic lineage, with either RA
or DMSO (Fig. 1D). In contrast to the lineage-
specific extent of induction of AP-1 binding,
however, PO-B was induced to approximately
equivalent levels upon differentiation to either
lineage, and we observed no change in the mo-
bility of the shifted complex (Fig. 1D, lanes
4–12, top panel vs. middle panel vs. lower
panel). Thus, while both PO-B and AP-1 bind-
ing to each of their cognate elements are in-
duced during HL-60 differentiation, there ap-
pear to be major qualitative and quantitative
differences in the lineage specificity of the ex-
tent of the inductions between these two tran-
scription factors.
The induction of both PO-B and AP-1 DNA

binding during HL-60 differentiation does not
appear to represent a generalized induction of
all transcription factors. Analysis of the DNA-
binding properties of another transcription fac-
tor, AP-2, during HL-60 terminal differentia-
tion, demonstrated that this transcription factor
is down-regulated during HL-60 differentia-
tion. Two specific AP-2 DNA binding species
were detectable in untreated HL-60 cells, and
both species are down-regulated with the mac-
rophagic inducer TPA (Fig. 2A lane 2 vs. 5, 8,
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Fig. 1. AP-1 and PO-B DNA binding during differentiation of
HL-60 cells with TPA, RA, and DMSO. AP-1 and PO-B DNA
binding during HL-60 differentiation was assessed with the
electrophoretic mobility shift assay (for details see Materials and
Methods). Undifferentiated (control) HL-60 extracts were treated
with TPA (A, C, D), RA (B–D), or DMSO (B–D) for 24, 48, or 96
h. Whole cell extracts were incubated with an end-labeled
double-stranded PO-B or AP-1 oligonucleotide in the absence
or presence of unlabeled competitor DNA, as indicated (2/1,
denoting no competitor or 103-fold molar excess, or triangles,
denoting no competitor, 103-fold, or 1003-fold molar excess
unlabeled competitor DNA). A: AP-1 DNA binding during
TPA-induced HL-60 macrophage-like differentiation (lanes
3–11). Specific complexes AP-1 1, 2, and 3 are indicated. AP-1

DNA binding in control (undifferentiated) HL-60 extracts is
shown (lanes 1, 2). B: AP-1 DNA binding during RA- (lanes 3–8)
or DMSO-induced (lanes 11–16) HL-60 granulocytic differentia-
tion. AP-1 DNA binding in control (undifferentiated) HL-60
extracts is shown (lanes 1, 2) as is AP-1 DNA binding in 96 h
TPA-differentiated HL-60 extracts (lanes 17, 18). C: Western
analysis of AP-1 protein components during HL-60 differentia-
tion. HL-60 cells were treated for 96 h with TPA, RA, or DMSO
(lanes 2–4, respectively), resolved by SDS-PAGE, and subjected
to Western blotting analysis, as described in Materials and
Methods. D: PO-B DNA binding during TPA-, RA-, and DMSO-
induced HL-60 differentiation (top, middle, and lower panels,
respectively). AP-1 heterodimer constituents c-Fos, FosB, Fra-1,
c-Jun, and JunB are indicated.
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Figure 1. (Continued.)
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and 11). However, the granulocytic inducers RA
(Fig. 2B) or DMSO (not shown) do not appear to
effect AP-2 DNA binding. In addition, the ob-
served changes in both PO-B and AP-1 DNA
binding are likely differentiation-related, since
treatment of other cell lines (CV-1 and ATt-20)
with RA, DMSO, or TPA revealed no changes in
the DNA-binding properties of these transcrip-

tion factors to their cognate elements (not
shown).

PO-B and AP-1 DNA Binding is Altered
in Differentiation-Resistant HL-60 Cells

Since we observed that both transcription
factors PO-B and AP-1 were induced during
either granulocytic ormacrophagicHL-60 differ-

Fig. 2. AP-2 DNA binding during HL-60 differentiation. Electrophoretic mobility shift analysis with HL-60 extracts
was performed with an end-labeled double-stranded AP-2 oligonucleotide, essentially as described in the legend to
Figure 1. A: AP-2 DNA binding during TPA-induced HL-60 macrophage-like differentiation. B: AP-2 DNA binding
during RA-induced HL-60 granulocytic differentiation. Two specific AP-2 protein-DNA complexes are indicated
(arrows).
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entiation, we decided to further analyze the
correlation between transcription factor induc-
tion and differentiation processes per se. As a
first step, we obtained differentiation-resistant
HL-60 cell lines representative of either lin-
eage, and tested both PO-B and AP-1 DNA
binding in these cells before and after treat-
ment with differentiating agents.
HL-60 cells that were resistant to granulo-

cytic differentiation with either RA or DMSO
(RA/DMSO-resistant) [Gallagher et al., 1985]
were treated with either of these compounds for
96 h and analyzed for both PO-B andAP-1 DNA
binding. Treatment with either inducer was
incapable of eliciting an induction of either
transcription factor binding to its cognate recog-
nition element (Fig. 3A,B). A non-specific spe-
cies (Fig. 3A, ‘‘NS’’) present in these extracts
bound to the PO-B element but was not com-
peted with an unlabelled PO-B oligonucleotide.
Low levels of AP-1 DNA binding persisted fol-
lowing treatment of these cells with either RA
or DMSO but were indistinguishable from con-
trol levels (Fig. 3B, lanes 3,5 vs. lane 1). The
robust AP-1 complex induced with 96 h TPA
treatment is shown as a positive control for
comparison (Fig. 3B, lane 7). Analysis of these
mutant cells demonstrates that when granulo-
cytic differentiation is genetically blocked, so is
the induction of the transcription factors PO-B
and AP-1, and that the defect must occur rela-
tively early, prior to the appearance of the PO-B
andAP-1 proteins in a DNA-binding form.
We also obtained TPA-resistant HL-60 cells

[Tonetti et al., 1992], which do not fully differen-
tiate to the macrophage-like lineage in re-
sponse to TPA treatment in culture. Interest-
ingly, we found that these cells exhibited
constitutive levels of both PO-B and AP-1 DNA
binding (Fig. 3C,D). We observed high levels of
PO-B DNA binding in untreated TPA-resistant
HL-60 cells which did not significantly change
during exposure of the cells to TPA (Fig. 3C),
although there was a small decrease in PO-B
DNA binding at 48 h TPA treatment which was
reversed after 96 h (Fig. 3C, lane 7 vs. lane 10).
Levels of AP-1 protein were elevated in un-

treated TPA-resistant HL-60 cells [unpublished
observation], and as with PO-B, were not al-
tered during TPA treatment of these cells (Fig.
3D, lanes 4,6,8 vs. lane 1). Interestingly, how-
ever, the appearance of theAP-1 complex in the
mobility shift gel was considerably different in
shape, and more uniform, than the AP-1 com-

plexes induced during either granulocytic or
macrophagic HL-60 differentiation of wild-type
cells (Fig. 1A). This might be explained by the
differential induction of members of the Jun
family of proteins in these two cell types. In-
deed, it has been reported that the induction of
both c-jun and junB mRNA is both temporally
and quantitatively distinct inwild-type vs. TPA-
resistant HL-60 cells [Tonetti et al., 1992].

Pharmacologic Blockade of HL-60 Differentiation
Prevents the Induction of PO-B and AP-1

DNA Binding

Since the mutation in TPA-resistant HL-60
cells appeared to occur after the inductions of
both PO-B and AP-1 DNA binding, we next
decided to block TPA-induced macrophagic dif-
ferentiation pharmacologically with bryostatin
1. Bryostatin 1 and phorbol esters such as TPA
share several properties but have opposite ef-
fects on HL-60 differentiation. Like TPA,
bryostatin 1 potently stimulates PKC in these
cells but fails to induce their differentiation to
themacrophage-like lineage. In fact, bryostatin
1 is capable of preventing TPA-induced macro-
phage development in HL-60 cells [Kraft et al.,
1986], consistent with its general behavior as a
TPA antagonist in other cell systems
[Dell’Aquila et al., 1987; Mackanos et al., 1991;
Dale et al., 1989]. Alone, at high concentrations
(100 nM), bryostatin 1 does not promote HL-60
differentiation, but at low doses (10 nM) exerts
a mild differentiative response in these cells
[Stone et al., 1988].
It has been previously reported that TPA and

bryostatin 1 exert similar effects on protein
kinase C (PKC), in that they both promote the
translocation of this enzyme from the cytosolic
to the particulate fraction [Kraft et al., 1986].
Indeed, it has been reported that bryostatin 1
induces this rapid translocation even faster than
TPA.
The effects of bryostatin 1 on HL-60 differen-

tiation, as assessed morphologically, were also
consistent with previous reports. Treatment of
HL-60 cells with 100 nM bryostatin 1 was inca-
pable of inducing macrophage development as
assessed by cell adherence and the morphologi-
cal changes concomitant with differentiation.
(Fig. 4, panel d). In contrast, TPA treatment
resulted in marked growth inhibition and cell
adherence (Fig. 4, panel b). Low doses of
bryostatin 1 (10 nM) have been reported to
induce a mild differentiative response in HL-60
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Fig. 3. AP-1 and PO-B DNAbinding in differentiation-resistant
HL-60 cells. AP-1 or PO-B DNA binding in HL-60 RA/DMSO-
resistant (A, B) or TPA-resistant (C, D) was visualized by electro-
phoretic mobility shift analysis, as described in the legend to
Figure 1. A: PO-B DNA binding in HL-60 RA/DMSO-resistant
cells. Cells were treated with RA (lanes 1–3) or DMSO (lanes
4–6) for 96 h, as described in Materials and Methods. B: AP-1
DNA binding in HL-60 RA/DMSO-resistant cells. Cells were
treated with RA (lanes 3, 4) or DMSO (lanes 5, 6) for 96 h, as
described in Materials in Methods. AP-1 DNA binding in con-

trol cell extracts as well as in 96 h TPA-differentiated cell
extracts are shown for comparison (lanes 1, 2 and lanes 7, 8,
respectively). C: PO-B DNA binding in TPA-resistant HL-60
cells. Cells were treated for 0–96 h (lanes 1–12) with TPA, as
described in Materials and Methods. Specific PO-B binding is
indicated (arrow) as is a non-specific species (NS). For compari-
son, PO-B protein in HeLa extracts is shown (lane 13). D: AP-1
DNAbinding in TPA-resistant HL-60 cells. Cells were treated for
0–96 h (lanes 1–9) with TPA, as described in Materials and
Methods. Specific AP-1 binding is indicated (bracket).



cells which is characterized by an increase in
the number of adhered cells as well as the
appearance of some cytochemical markers of
macrophagic differentiation [Stone et al., 1988].
Treatment of HL-60 cells with 10 nM bryostatin
1 for 96 h did result in approximately 10% cell
adherence compared with about 80% adher-
ence with TPA (Fig. 4, panel c vs. panel b).
Co-culture experiments in which HL-60 cells
were treated simultaneously with both

bryostatin 1 (100 nM) and TPA confirmed that
high dose bryostatin 1 was capable of blocking
TPA-induced differentiation (Fig. 4, panel e vs.
panel b).
Consistent with its ability to block HL-60

macrophagic differentiation, bryostatin 1
blunted the DNA-binding inductions of both
PO-B and AP-1. While 100 nM bryostatin 1 did
not completely abolish either PO-B or AP-1
DNA binding, the extent of specific binding of

Figure 3. (Continued.)
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either factor to its cognate element was mark-
edly diminished as a result of exposure to both
compounds simultaneously (Fig. 5A, lanes 7, 8
vs. Fig. 1D and Fig. 5B, lanes 13–18 vs. lanes
4–12). Interestingly, AP-1 complex 3 appeared
to be the most sensitive to bryostatin 1 inhibi-
tion.

The Effects of Bryostatin 1 on PO-B and AP-1
DNA Binding in HL-60 Cells

Consistent with its inability to elicit HL-60
macrophage-like development, 100 nM bryostatin
1 alone was unable to induce either PO-B or
AP-1 DNA binding (Fig. 6). A non-specific spe-
cies which bound to the PO-B element was
detectable after 24–48 h bryostatin 1 exposure
but consistently disappeared after 96 h treat-
ment (Fig. 6A, lanes 1–6 vs. lanes 7–9). Similar
to PO-B, AP-1 DNA binding was unaffected
with 100 nM bryostatin 1 treatment (Fig. 6B).
Lower doses of bryostatin 1 (10 nM), which

promote a mild differentiative response in
HL-60 cells, had variable effects upon PO-B

and AP-1 DNA binding (Fig. 6C,D). Similar to
the effects we observed with 100 nM bryostatin
1, 10 nM bryostatin 1 was incapable of inducing
PO-BDNAbinding (Fig. 6C), although the same
non-specific species induced by 100 nM
bryostatin 1 was apparent. In contrast, AP-1
DNA binding was mildly induced with 10 nM
bryostatin 1 exposure (Fig. 6D). Interestingly,
however, this dose of bryostatin 1 was only
capable of inducing AP-1 complexes 1 and 2,
which were apparent 24–48 h following
bryostatin 1 exposure (Fig. 6D, lanes 1–6), and
the extent of induction was significantly re-
duced compared to what we observed with TPA
treatment (Figs. 1A, 5B). In addition,AP-1 com-
plex 3, which we observed only after 48–96 h
exposure to either RA or TPA was clearly not
apparent following 10 nM bryostatin 1 treat-
ment. This result raises questions about the
significance of AP-1 complex 3, especially its
precise relationship to terminal differentiation
in HL-60 cells. Furthermore, these experi-
ments demonstrate that there are differences

Fig. 4. Morphological effects of TPA and bryostatin 1 on HL-60 cell macrophagic differentiation. Low passage
(approx. p30) undifferentiated HL-60 cells were treated in vivo for 96 h with 160 nM TPA (b), 10 nM bryostatin 1 (c),
100 nM bryostatin 1 (d), or 160 nM TPA and 100 nM bryostatin 1 together (e), then photographed. Control
(undifferentiated) cells are shown for comparison (a).
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Fig. 5. PO-B and AP-1 DNA binding in HL-60 cells co-
cultured with both TPA and bryostatin 1. HL-60 cells were
treated for 24–96 h with both TPA (160 nM) and bryostatin 1
(100 nM). Whole cell extracts were prepared from each time
point and analyzed with the electrophoretic mobility shift assay

(see legend to Fig. 1). A: PO-B DNA binding in TPA 1 100 nM
bryostatin 1-treated cells. PO-B and non-specific (NS) binding
species are each indicated. B: AP-1 DNA binding in TPA alone
(lanes 1–12) or TPA 1 100 nM bryostatin 1-treated (lanes
13–18) cell extracts. AP-1 complexes are indicated (bracket).
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in the DNA-binding behaviors of the two tran-
scription factors PO-B and AP-1 during HL-60
differentiation, highlighted by the lineage-
specificity of the extent of their inductions.

DISCUSSION

Our previouswork has ascertained that PO-B,
a transcription factor which regulates the basal

expression of the POMC gene [Riegel et al.,
1990], is in fact present in many different cell
types outside the pituitary, suggesting that this
protein may play a role in regulating a diverse
set of genes. In particular, we previously deter-
mined that PO-B DNA binding to its cognate
element is regulated during myelomonocytic
differentiation. PO-B DNAbinding is gradually

Fig. 6. PO-B and AP-1 DNA binding in bryostatin 1-treated
HL-60 cell extracts. HL-60 cells were treated with either 100 nM
(A, B) or 10 nM (C, D) bryostatin 1, and PO-B and AP-1 DNA
binding was assessed as described in the legend to Figure 1. A:
PO-B DNA binding in 100 nM bryostatin 1-treated HL-60 cell
extracts. Only a non-specific species (NS) was detectable in
24–48 h-treated extracts (lanes 1–6). For comparison, PO-B in
HeLa cell extracts is shown (PO-B, lane 10). B: AP-1 DNA
binding in 100 nM bryostatin 1-treated HL-60 cell extracts. No
AP-1 binding was detectable in treated cell extracts (lanes 1–9).

AP-1 in 96 h TPA-treated HL-60 extracts is shown for compari-
son (lane 10). C: PO-B DNA binding in 10 nM bryostatin
1-treated HL-60 cell extracts. As in (A), only a non-specific
species (NS) was detectable in 24–48 h-treated extracts (lanes
1–9).D:AP-1 DNAbinding in 10 nM bryostatin 1-treated HL-60
cell extracts. Note that a small amount of higher mobility AP-1
complexes (1 and 2) was detectable in 24–48 h 10 nM bryostatin
1-treated HL-60 cell extracts (lanes 1–6). AP-1 (complex 3) in 96 h
TPA-treated HL-60 extracts is shown for comparison (lane 10).
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induced during macrophage-like development
of the promyelomonocytic cell line HL-60, possi-
bly due to the progressive inactivation of ERK
signalling [Dobrenski et al., 1993].
We now report that PO-BDNAbinding is also

induced as a consequence of initiating theHL-60
granulocytic differentiation program. Our data
indicate that PO-B DNA binding is induced to
approximately equivalent levels concomitant

with the induction and execution of differentia-
tion to either lineage. In parallel, we monitored
the DNA-binding profile of two other transcrip-
tion factors, the multimeric transcription factor
AP-1, which shares a similar recognition ele-
ment to PO-B, and AP-2, which has been previ-
ously associated with the RA-induced differen-
tiation of F9 cells [Luscher et al., 1989].
Analogous to PO-B, AP-1 DNA binding was

Figure 6. (Continued.)
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induced during HL-60 differentiation; however,
we noted a significant difference in the extent of
induction with regard to lineage. Interestingly,
AP-2 DNA-binding was down-regulated during
TPA-induced differentiation of HL-60 cells but
unchanged during granulocyte differentiation.
Changes in the extent of DNA binding may
reflect changes in absolute amounts of the tran-
scription factor or in changes which alter the
DNAbinding affinity of the protein.
Commitment to the macrophage-like lineage

in HL-60 cells occurs within hours after expo-
sure to TPA. The effects of TPA stimulation
have been characterized in many cell types; one
of the most well documented cellular events
following phorbol ester treatment is the stimu-
lation of PKC, the phorbol ester receptor [Ash-
endel et al., 1983; Kikkawa et al., 1983; Niedel
et al., 1983]. In contrast, bryostatin 1 was inca-
pable of eliciting a differentiative response,
based both on morphological criteria as well as
the lack of induction of either PO-B or AP-1
DNAbinding. It is possible, that the differential
effects of TPA and bryostatin 1 are due in part
to stimulation of distinct isoforms of PKC,which
has been demonstrated to result in distinct
cellular consequences in some instances [Ho-
cevar and Fields, 1991; Szallasi et al., 1994a,b].
At the molecular level, PKC signalling leads

to the induction of the immediate early genes of
the jun (c-jun, jun-B, jun-D) and fos (c-fos, fosB,
and fra’s) families, whose gene products dimer-
ize to form the transcription factor AP-1. Mes-
sage levels of c-jun, junB, and fos are induced
rapidly (within a few hours) following treat-
ment of HL-60 cells with TPA [Sherman et al.,
1990; Datta et al., 1991; Szabo et al., 1991;
Müller et al., 1985] and AP-1 protein levels
become elevated within several hours [Szabo et
al., 1991].
Our data are generally consistent with previ-

ous data reporting the induction of AP-1 DNA
binding duringmacrophagic ormonocytic differ-
entiation [Szabo et al., 1991; Kolla and Stud-
zinski, 1993]. The pattern of AP-1 complexes
which we observed after TPA treatment re-
semble those following exposure of HL-60 cells
to (1,25[OH]2D3). The heterogeneous composi-
tion of the AP-1 complexes at different times
duringHL-60 differentiationwas examined pre-
viously with antibodies against c-Jun and c-Fos
[Kolla and Studzinski, 1993]. In these studies
c-Jun appeared to be component of the AP-1
complex in untreated and differentiated HL-60

cells. Whereas c-Fos was a component of the
complex in undifferentiated cells but was not
present in all AP-1 complexes observed in ex-
tracts from differentiated cells. Similar experi-
ments that we have performed have been incon-
clusive since abolition or supershift of the AP-1
complex has required relatively large amounts
of antibody which have non-specific effects on
other protein-DNA complexes [unpublished ob-
servation]. Studies from other laboratories have
monitored changes in AP-1 DNA binding dur-
ing HL-60 differentiation with either TPA, RA
or DMSO, sodium butyrate, or (1,25[OH]2D3);
however, in those studies, themaximum time of
exposure to any agent was 24–48 h [Mollinedo
et al., 1993; Szabo et al., 1991].
In contrast to the situation with PO-B, which

was induced to almost identical levels with any
differentiation inducer, we observed that some
DNA-binding species of AP-1 (complexes 1 and
2) were slightly induced with the granulocytic
differentiation inducers RA and DMSO, but
clearly the extent of induction of AP-1 was
markedly reduced in comparison to TPA stimu-
lation. Most likely, these differences are attrib-
utable to a differential heterodimeric composi-
tion of AP-1 as a consequence of either
differentiation program. Indeed, our Western
blot analysis revealed that in particular, the
Fos family members c-Fos and Fra-1 were
greatly induced after 96 h TPA exposure,
whereas Jun family members (c-Jun and JunB)
were only slightly elevated after 96 h TPA.
From our data, it is clear that induction of

HL-60 differentiation is positively correlated
with the progressive stimulation of PO-B DNA
binding to its cognate element. Since either a
genetic or pharmacologic blockade of HL-60
differentiation prohibited the induction of PO-B,
we consider it unlikely that PO-B is stimulated
by TPA, RA, or DMSO alone, independent of
differentiation-related processes. In contrast,
AP-1 DNA binding appears to be preferentially
stimulated with initiation and execution of the
terminally differentiatedmacrophagic ormono-
cytic program. Our data support the notion that
the induction of PO-B DNAbinding is a general
marker of HL-60 myelomonocytic differentia-
tion.
It appears that while the transcription fac-

tors AP-1 and PO-B are induced during HL-60
differentiation, this does not appear to repre-
sent a generalized induction of all transcription
factors, since levels of AP-2 was down-regu-
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lated during HL-60 monocyte differentiation. It
is also worthy of mention that PO-B DNAbind-
ing is constitutive in undifferentiated F9 cells,
a murine embryonal carcinoma cell line which
can be stimulated to differentiate in culture to
primitive endoderm (with RA) or to parietal
endoderm (with both RA and cAMP) [Strick-
land and Mahdavi, 1978]. Furthermore, PO-B
DNA binding is not induced any further with
RA-induced differentiation of these cells (data
not shown). Thus, it does not appear that the
induction of PO-B characterizes all differentia-
tion processes.
The precise mechanistic events which lead to

transcription factor activation during HL-60
differentiation remain unclear. Our previous
work has implicated the modulation of ERK
signalling as one potential regulatory cascade
affecting proteins like PO-B during HL-60 mac-
rophage development [Dobrenski, et al., 1993].
Interestingly, the inability to detect certain spe-
cies of AP-1 binding to DNA in undifferentiated
HL-60 extracts has been attributed to an inhibi-
tory activity present in unstimulated cells [Kolla
and Studzinski, 1993]. Further experiments are
required to determine what role protein ki-
nases and phosphatases play in regulating the
expression of HL-60 differentiation-related
genes through controlling transcription factor
binding to DNA. In addition, a number of gene
promoters harbor AP-1 or AP-2 sites [Angel et
al., 1987; Luscher et al., 1989]. However, the
only current defined downstream target of PO-B
is the POMC gene [Wellstein et al., 1991].
Clearly it will be important in future work to
define the downstream targets of the transcrip-
tion factors activated during differentiation.
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