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PU.1 is a transcription factor found in macrophages,
cells, neutrophils, and hemopoietic stem cells. In

acrophages PU.1 regulates a number of genes, in-
luding c-fms, CD11b, CD18, and FcgR1b. Previously,
n primary macrophages PU.1 binding to the sequence
AGGAA was found to be induced by treatment with
acterial lipopolysaccharide (LPS) and interferon-g
IFN-g). Here we investigated the role of protein ki-
ase C (pKC) in the induction of PU.1 binding in mac-
ophages. We report that pharmacological activation
f pKC increases PU.1 binding, while inactivation of
KC inhibits the increases in PU.1 binding by agents
hich activate pKC in macrophages (LPS and tumor
ecrosis factor-a), but not by an agent which does not
ctivate pKC (IFN-g). pKC activation may therefore be
ne pathway by which PU.1 binding may be increased
n primary macrophages. © 1999 Academic Press

PU.1 is a transcription factor found in macrophages,
ast cells, B cells, neutrophils, and hemopoietic stem

ells (1–3). In macrophages PU.1 has been shown to
egulate several genes, including c-fms, CD11b,
cgR1b, and CD18 (4–7). In primary macrophages
U.1 binding to a core consensus sequence of GAG-
AA, is increased by treatment with bacterial lipopoly-

accharide (LPS) and interferon-g (IFN-g), as mea-
ured by electrophoretic mobility shift assay (EMSA).
8). Since LPS both induces PU.1 binding (8) and acti-
ates pKC activity in macrophages (for review, 9), we
ypothesized that pKC activation may play a role in

ncreasing PU.1 binding in macrophages. Here we

1 To whom correspondence should be addressed at P.O. Box 12233,
1-05111, Alexander Drive, National Institute of Environmental
ealth Sciences, Research Triangle Park, NC 27709. Fax: (919)
41-1460. E-mail: shackel1@niehs.nih.gov.
Abbreviations used: pKC, protein kinase C; IFN-g, interferon-g;

NF-a, tumor necrosis factor-a; LPS, bacterial lipopolysaccharide;
MSA, electrophoretic mobility shift assay; CIP, calf intestinal phos-
hatase; TPA, tetradecanoyl-phorbol-13-acetate; EMSA, electro-
horetic mobility shift assay.
211
ifferent agents induces PU.1 binding, while inhibition
f pKC activity lessens PU.1 binding induction by LPS
nd tumor necrosis factor-a (TNF-a), but not by IFN-g
reatment.

XPERIMENTAL PROCEDURES

Materials. Tissue culture media were purchased from MediaTech
Washington, DC) and fetal bovine serum from HyClone Laborato-
ies (Logan, UT). All tissue culture reagents contained less than
.125 ng/ml endotoxin (LPS), as quantified by the Limulus amoebo-
yte assay supplied by Associates of Cape Cod, Inc. (Woods Hole,
A). Dupont NEN Research Products (Boston, MA) was the source of

ll radiolabeled chemicals. rIFN-g was a gift of Schering-Plough
Kenilworth, NJ). LPS from Escherichia coli 026:B6 was purchased
rom Difco (Detroit, MI). TNF-a was purchased from Boehringer

annheim (Mannheim, Germany). Tetradecanoyl-phorbol-13-
cetate (TPA), sn-1-2-octanoyl-gylcerol, staurosporine, and dIdC
ere obtained from Sigma Chemical Co. (St. Louis, MO). Calf intes-

inal phosphatase (CIP), Klenow fragment, and T4 polynucleotide
inase were obtained from New England Biolabs (Beverly, MA).

Cell culture. Specific pathogen-free inbred C57B1/6J mice (6 to 8
eeks old) were purchased from Charles River Breeding Laborato-

ies (Raleigh, NC). Thioglycolate-elicited macrophages were ob-
ained and cultured as previously reported (10). All macrophage
ultures were routinely found to contain greater than 98% macro-
hages, as determined by Giemsa stain or by histochemical assay for
onspecific esterase. After 24 h, the macrophages were treated as

ndicated.

Electrophoretic mobility shift assay (EMSA). Nuclear extracts
ere prepared, protein was quantified, and oligonucleotides pre-
ared as previously described (11). Each experiment used 2.5 3 107

acrophages/treatment. DNA binding proteins present in the nu-
lear extracts were analyzed using 3 mgs of protein to bind the
ynthetic oligonucleotide 59-TCCAATGCTGATTGGTTCCTCACTTG-
GACCAACC-39 (I-Ab Y-box) (8). For experiments involving CIP,
ligonucleotides 59-TCCAATGCTGATTGGTTCCTCACTTGGGACC-
9 and 59- GGTCCCAAGTGAGGAACCAATCAGCATTGGA-39 where
nnealed and Klenow labeled with a32P-CTP according to manufac-
urer’s instructions (New England Biolabs). Macrophage nuclear
xtracts were CIP treated by adding 1 ml CIP to 5 ml nuclear extracts
3 mgs protein) in modified Dignam solution C (8,11), and incubating
n ice for 15 min. Oligonucleotide, dIdC, and H2O were added to a
nal volume of 20 ml as previously described (11). Unless otherwise
entioned, all treatment times were 6 h. Data represent the results

f at least 3 experiments.
0006-291X/99 $30.00
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ESULTS

To examine the role of pKC on PU.1 binding we
reated macrophages with IFN-g, LPS, TNF-a, TPA,
nd sn-1-2-octanoyl-gylcerol. As previously found,
FN-g and LPS induced PU.1 binding to an oligonucle-
tide containing the sequence GAGGAA (I-Ab Y-box)
8) (Fig. 1, lanes 3 and 4). TNF-a, a cytokine known to
nduce pKC activity in macrophages (12), also induced
U.1 binding (Fig. 1, lane 5). Similarly, two pharma-
ological activators of pKC, TPA and sn-1-2-octanoyl-
ylcerol (13, 14), induced PU.1 binding (Fig. 1, lanes 6
nd 7). The identification of the protein as PU.1 was
reviously determined through cold oligonucleotide
ompetition, footprint analysis, and by use of an anti-
U.1 serum (8). TPA treatment over time demon-
trated that PU.1 binding was increased by TPA treat-
ent as early as 0.25 h after treatment, with maximal

nduction occurring at roughly 3 h (Fig. 2).
To investigate the role of pKC activation in increas-

ng PU.1 binding after LPS, TNF-a, and IFN-g treat-
ent, pKC activity was inhibited by two methods: (1)

y chronic TPA treatment for 24 h prior to treatment,
ollowed by treatment in the continued presence of the
ame concentration of TPA and (2) a 10 to 12 h pre-
xposure to the relatively specific pKC inhibitor stau-
osporine prior to treatment, followed by treatment in
he continued presence of the same concentration of
taurosporine. As shown in Figures 3A and 3B, both
PA and staurosporine pretreatment partially inhib-

FIG. 1. EMSA of nuclear proteins from macrophages examining
he induction of PU.1 binding to the I-Ab Y-box oligonucleotide probe
y various stimuli. Lane 1, free DNA; lane 2, untreated; lane 3,
FN-g; lane 4, LPS; lane 5, TNF-a; lane 6, TPA; lane 7, sn-1-2-
ctanoyl-gylcerol. [IFN-g], 20 units/ml; [LPS], 10 ng/ml; [TNF-a],
,000 units/ml; [TPA], 1 mg/ml; [sn-1-2-octanoyl-gylcerol], 10 mM.
212
inding. TPA was usually a more effective inhibitor
han staurosporine. Similarly, pKC inhibition more ef-
ectively inhibited PU.1 binding induction induced by
PS than that induced by TNF-a (compare Fig. 3A and
B). PU.1 binding induction by IFN-g was not signifi-
antly effected by pKC inhibition (Fig. 3C).
Since this data indicates that pKC activity and pos-

ibly PU.1 phosphorylation, plays a role in inducing
U.1 binding, we hypothesized that phosphatase treat-
ent of the macrophage nuclear extracts may suppress
U.1 binding. To test this hypothesis we prepared an

nternally labeled I-Ab Y-box oligonucleotide resistant
o dephosphorylation by CIP (see Methods and Mate-
ials). As shown in Figure 4, CIP lessened the LPS-
ediated increases in PU.1 binding to an internally

abeled I-Ab Y-box oligonucleotide (Fig. 4, compare
anes 6 and 7). Similar results were found for binding
nduced by TNF-a and IFN-g (data not shown). As
xpected T4 polynucleotide kinase end-labeled oligonu-
leotide was dephosphorylated by CIP, while Klenow
nternally labeled oligonucleotide was not (Fig. 4, com-
are lanes 1 and 2, to 3 and 4).
Lastly, we investigated the effect of different combi-

ations LPS, INF-g, and TNF-a upon increased PU.1
inding. As shown in Figure 5, although all 3 signals
nduced PU.1 binding, no combination of the 3 resulted
n significantly increased binding over that of any stim-
lus alone.

ISCUSSION

PU.1 is a transcription factor known to regulate a
umber of genes in macrophages (4–7). Treatment of
acrophages with IFN-g and LPS has been found to

ncrease PU.1 binding to the sequence GAGGAA in the
MSA (8). Previously, treatment of the U937
acrophage-like cell line with TPA for 72 h resulted in

FIG. 2. EMSA of nuclear proteins from macrophages examining
he induction of PU.1 binding to the I-Ab Y-box oligonucleotide over
ime. Lane 1, free DNA; lane 2, untreated; lane 3-7 have TPA at 0.25,
.5, 1, 3, and 6 h respectively. [TPA], 1 mg/ml.
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ncreased in PU.1 mRNA and protein binding to a PU.1
inding site (15). This later observation was attributed
o events linked to TPA-induced cellular changes and
ot due to a direct effect of pKC activity upon PU.1
ranscription or binding to DNA. Here we have dem-
nstrated that (1), treatment with two pharmacological
ctivators of pKC (TPA and sn-1-2-octanoyl-gylcerol)
13, 14) are capable in increasing PU.1 binding in pri-

ary macrophages by themselves, and (2), pharmaco-
ogical inhibition of pKC activity inhibits increases in
U.1 binding initiated by stimuli which activate pKC

LPS and TNF-a), but does not effect increases in PU.1
inding by an agent which does not (IFN-g) (11, 15).
astly, we show that phosphatase treatment of nuclear
xtracts from LPS, TNF-a, and IFNg treated macro-
hages results in a partial suppression of induced PU.1
inding. While CIP treatment does not identify the
inases/phosphatases involved in regulating PU.1
hosphorylation, the data does indicate that the phos-
horylation state of PU.1 effects its binding to DNA.
his finding is not surprising as LPS treatment was
reviously found to induce both PU.1 binding to DNA
n primary macrophages, and serine phosphorylation
y casein kinase II, in the RAW264.7 murine
acrophage-like cell line (16). When macrophages
ere treated with different combinations of LPS,

NF-g, and TNF-a, no combination of agents induced
U.1 more than each stimulus alone, indicating that at

east for PU.1 binding to the GAGGAA sequence, no
ynergism of the agents was found.

KC on IFN-g induced PU.1 binding to the I-Ab Y-box oligonucleo-
ide. Lane 1, free DNA; lane 2, untreated; lane 3, IFN-g; lane 4, TPA;
ane 5, IFN-g 1 TPA; lane 6, staurosporine; lane 7, IFN-g 1 stauro-
porine. [IFN-g], 20 units/ml. [TPA], 1 mg/ml; [staurosporine], 20 nM.

FIG. 4. EMSA demonstrating the effect of CIP treatment of LPS
reated macrophage nuclear extracts on PU.1 binding to the I-Ab
-box oligonucleotide. Lane 1, T4 labeled I-Ab Y-box oligonucleotide;

ane 2, CIP 1 T4 labeled I-Ab Y-box oligonucleotide; (lanes 3-7 used
lenow labeled I-Ab Y-box oligonucleotide) lane 3, oligonucleotide
nly; lane 4, CIP 1 oligonucleotide; lane 5, untreated; lane 6, LPS;
ane 7, LPS 1 CIP. [LPS], 10 ng/ml.
FIG. 3. (A) EMSA demonstrating the effect of pKC on LPS in-
uced PU.1 binding to the I-Ab Y-box oligonucleotide. Lane 1, free
NA; lane 2, untreated; lane 3, LPS; lane 4, TPA; lane 5, LPS 1 TPA;

ane 6, staurosporine; lane 7, LPS 1 staurosporine. [LPS], 10 ng/ml.
TPA], 1 mg/ml; [staurosporine], 20 nM. (B) EMSA demonstrating the
ffect of pKC inhibition on TNF-a induced PU.1 binding to the I-Ab
-box oligonucleotide. Lane 1, free DNA; lane 2, untreated; lane 3,
NF-a; lane 4, TPA; lane 5, TNF-a 1 TPA; lane 6, staurosporine;

ane 7, TNF-a 1 staurosporine. [TNF-a], 3,000 units/ml. [TPA], 1
g/ml; [staurosporine], 20 nM. (C) EMSA demonstrating the effect of
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Here we have shown pKC activation may play a role
n increasing PU.1 binding in primary macrophages.
aken with previous data (16), PU.1 is the target of at

FIG. 5. EMSA of nuclear proteins from macrophages examining
he induction of PU.1 binding to the I-Ab Y-box oligonucleotide by
arious stimuli. Lane 1, free DNA; lane 2, untreated; lane 3, IFN-g;
ane 4, LPS; lane 5, TNF-a; lane 6, IFN-g 1 LPS; lane 7, LPS 1
NF-a; lane 8, IFN-g 1 TNF-a; lane 9, LPS 1 TNF-a 1 IFN-g.

IFN-g], 20 units/ml; [LPS], 10 ng/ml; [TNF-a], 3,000 units/ml.
214
inase II, that act in response to external signals to
lter PU.1 binding.
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