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The type I and II scavenger receptors (SRs) are highly restricted to cells of monocyte origin and become
maximally expressed during the process of monocyte-to-macrophage differentiation. In this report, we present
evidence that SR genomic sequences from —245 to +46 bp relative to the major transcriptional start site were
sufficient to confer preferential expression of a reporter gene to cells of monocyte and macrophage origin. This
profile of expression resulted from the combinatorial actions of multiple positive and negative regulatory
elements. Positive transcriptional control was primarily determined by two elements, located 181 and 46 bp
upstream of the major transcriptional start site. Transcriptional control via the —181 element was mediated
by PU.1/Spi-1, a macrophage and B-cell-specific transcription factor that is a member of the ets domain gene
family. Intriguingly, the —181 element represented a relatively low-affinity binding site for Spi-B, a closely
related member of the ets domain family that has been shown to bind with relatively high affinity to other
PU.1/Spi-1 binding sites. These observations support the idea that PU.1/Spi-1 and Spi-B regulate overlapping
but nonidentical sets of genes. The —46 element represented a composite binding site for a distinct set of ets
domain proteins that were preferentially expressed in monocyte and macrophage cell lines and that formed
ternary complexes with members of the AP-1 gene family. In concert, these observations suggest a model for
how interactions between cell-specific and more generally expressed transcription factors function to dictate
the appropriate temporal and cell-specific patterns of SR expression during the process of macrophage

differentiation.

The development of macrophages from bone marrow pre-
cursor cells is regulated by the combinatorial actions of
colony-stimulating factors, cytokines, and other hormone-like
molecules. Significant progress has been made in the identifi-
cation and characterization of receptors for these substances
and the proximal components of the signal transduction path-
ways to which they are coupled. The mechanisms by which
these signals are integrated at the level of transcription to
coordinate proliferation and lineage-specific programs of de-
velopment remain poorly understood, however.

The type I and II macrophage scavenger receptors (SRs) are
representative of proteins that are highly restricted in their
patterns of expression to macrophages and related cell types
(18, 20, 21, 23). The two forms of the SR are derived from a
single primary transcript that is alternatively spliced (15, 30).
Although the physiologic roles of SRs remain uncertain, they
have been proposed to function in the uptake and degradation
of chemically modified proteins at sites of inflammation (9, 16).
From their ability to take up and degrade oxidized low-density
lipoproteins (7, 15), SRs appear to represent an important
endocytic pathway that promotes the development of choles-
terol-engorged macrophages that give rise to early atheroscle-
rotic lesions (35).

SRs are expressed at low levels in circulating monocytes and
become markedly upregulated during the process of monocyte-
to-macrophage differentiation (6, 9). Previous studies have
suggested that SR expression is regulated by macrophage
colony-stimulating factor (M-CSF), which enhances the prolif-
eration of monocyte precursor cells and is required for the
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survival and functional competence of mature macrophages
(13, 32). SR expression is also markedly upregulated in the
THP-1 monocytic leukemia cell line following induction of
macrophage differentiation by the phorbol ester tetradecanoyl
phorbol acetate (TPA) (1, 11, 19). Using nuclear run-on assays,
we previously demonstrated that the basal transcription of the
SR gene in THP-1 cells is increased approximately eightfold
following TPA treatment (19).

To identify molecular mechanisms that function to regulate
SR transcription, we previously isolated genomic clones con-
taining the promoter and upstream regulatory elements of the
bovine and human SR genes (19). The SR gene lacks a
conventional TATA box and initiates transcription from a
cluster of closely spaced start sites. Comparison of the human
and bovine SR genes revealed a high degree of sequence
conservation within 245 bp of the major transcriptional start
site, consistent with the possibility that this region plays an
important and conserved role in regulating SR transcription.
In this report, we demonstrate that these sequences were
sufficient to confer preferential expression of a reporter gene
to cells of the monocyte/macrophage lineage. DNase I foot-
printing and mutational analysis of the human SR promoter
region demonstrated the presence of several DNA binding
activities that correlated with either positive or negative tran-
scriptional control. Positive transcriptional control was primar-
ily determined by two elements, located at —181 to —198
(region I) and —46 to —70 (region IV) bp from the major
transcriptional start site. Positive transcriptional control of the
SR promoter via the region 1 element was mediated by
PU.1/Spi-1, a macrophage- and B-cell-specific transcription
factor that belongs to the ets domain gene family (14). Positive
transcriptional control through the region IV element was
mediated by AP-1 family members and a distinct set of ets
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domain proteins. We have recently demonstrated that these
proteins include c-Jun, JunB, and ets2 (40). In concert, these
results imply that the combined actions of two subclasses of ets
domain proteins are essential for the preferential expression of
the SR gene in cells of the monocytic lineage and further
suggest a model to account for the progressive increase in SR
expression that occurs during the process of monocyte-to-
macrophage differentiation.

MATERIALS AND METHODS

Plasmid constructions and site-directed mutagenesis. The
human SR promoter sequences from —696 to +46 and bovine
SR promoter sequences from —814 to +49 were cloned
upstream from the firefly luciferase cDNA in the expres-
sion vector A5’ PSV2 Luciferase (4). Deletions of 5’ sequences
in the human SR promoter were created by PCR to amplify
specific internal sequences that were then ligated into AS’
PSV2 Luciferase. Site-directed mutagenesis of the human SR
promoter sequences was performed with a sense single-
stranded template and the following oligonucleotides: I (5'-
TTTCTTTTCCTTTTCAAGATCTGGTTTTTTTTAAAGC
GG-3'), II (5'-TGACAAATTTAGATTGGATCCCACTGT
GCATTGATG-3'), Illa (5'-GTGCATTGATGAGCTGGAT
CCGTAAACACATTAAGAAA-3'), IIIb (5'-CACATTAAG
AAAGAGGGGATCCGCAGGAATGTGT-3'), IV(AP-1)
(5'-TTCAACGCAGGACGGATCCCTTTCCTTTCTTCAT
-3"), IV(ets) (5'-GGAATGTGTCATTTAAAGATCTCATG
TACCAGATG3'), V (5'-TTCATGTACCAGAGGGATCCA
TACTATGAGATAAA-3"), and VI (5'-GTAAAGAGAG
AGAAAGATCTCCATCAGTGCTGCT-3'). The underlined
sequences indicate the nucleotides mutated from wild-type
sequences. Two independent plasmid clones containing each
mutation were confirmed by dideoxy-DNA sequencing and
were subcloned into A5’ PSV2 Luciferase.

Transfection analysis of isolated region I sequences were
performed by ligating one and three copies of wild-type or
mutant elements upstream from the TATA box of the rat
prolactin promoter (—36 to +33) in the luciferase reporter
plasmid p36B-Luciferase. The sense-strand sequences of the
oligonucleotides that were subcloned in the direct repeat
orientation were 5'-GATCCTTTTCACTTCTCTTTTTTTTIT
TAAAGCGGCCTA-3' (wild-type region I), 5'-GATCCT
CACGGAGCTTTTTTTTTTAAAGCGGCCTA-3' (mutant
2), and 5'-GATCCTTTTCACTTCTCTTTTTGGGGTAAA
GCGGCCTA-3’ (mutant 5).

Cell culture and transient expression analysis. THP-1,
Jurkat, P388D1, and HL-60 cells were transfected as previously
described (40). In all transient transfections, cells were har-
vested 48 h after the time of transfection, and luciferase
activity was measured in a Monolight 2010 luminometer as
described previously (39). Luciferase activity was normalized
to B-galactosidase activity expressed by an internal standard
plasmid containing the B-actin promoter linked to the B-galac-
tosidase gene. Transient transfection assays using HeLa, CV-1,
B82, and F9 cells were performed by calcium phosphate
methods (3). Transfections were performed with duplicate
points at least twice. Cotransfection experiments of HeLa, F9,
and CV-1 cells used 4 pg of the luciferase reporter plasmid
combined with either 4 pg of a Spi-1 expression vector driven
by the Rous sarcoma virus (RSV) promoter or 4 pg of an
antisense Spi-1 expression vector.

Nuclear extract preparation and DNase I footprinting anal-
ysis. Nuclear extracts were prepared from THP-1, HL-60,
mouse primary peritoneal macrophage, U-937, HeLa, CV-1,
B82, and GC-3 cell types as previously described (40). Protein
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concentrations were determined by the Bradford assay. Single-
end-labeled radioactive DNA probes representing either the
sense or antisense strand of the SR promoter from —158 to
+46 were prepared by using PCR and a pair of radioactive and
nonradioactive oligonucleotides. Sense and antisense labeled
probes representing the upstream human SR promoter region
were similarly prepared by using a pair of oligonucleotides with
their endpoints at —245 and —75 bp.

DNase I footprinting studies were performed with 10 to 20
fmol of DNA probe containing 100,000 cpm of radioactivity
and 10 pl of 10% polyvinyl alcohol diluted to a final volume of
25 pl per reaction sample. The probe mixture was combined
with 0 to 15 pg of nuclear extract protein diluted in 25 pl of
binding buffer (100 mM KCl, 25 mM N-2-hydroxyethylpipera-
zine-N'-2-ethanesulfonic acid [HEPES; pH 7.5], 125 mM
MgCl,, 1 mM dithiothreitol, 10 pM MgSO,, 20% glycerol,
0.1% Nonidet P-40) and incubated at 4°C for 15 min. Limited
DNase I digestions were performed at room temperature after
adding 50 pl of a solution containing 10 mM MgCl, and 5 mM
CaCl, and then 2 to 20 ng of DNase I (Worthington DRFF
grade). After 1 min, the digestion was stopped by adding 90 .l
of a solution containing 20 mM EDTA (pH 8.0), 1% sodium
dodecyl sulfate, 0.2 M NaCl, and 125 png of tRNA per ml
Samples were digested with proteinase K, extracted twice with
phenol-chloroform, precipitated, and resolved on a denaturing
6% polyacrylamide gel. The patterns of DNase 1 footprints
were visualized with Fuji Rx film.

Electrophoretic mobility shift assays. Protein-DNA com-
plexes were detected on the basis of alterations in electro-
phoretic mobility (8). In all reactions, the final salt concentra-
tion was adjusted to 150 mM KCl. The DNA probes
representing wild-type and mutated sequences of region I used
for the sequence specificity data shown in Fig. 6 were prepared
by annealing the wild-type sense-strand template, 5’-gatcggatc
cTCACTTCTCTTTTTTTTTTAAAGCGGCctagatctcgaggge
cg-3', with a short primer oligonucleotide, 5’-cggccctcgagatcta
3'. The uppercase letters indicate the native sequences found
in the human SR promoter region. The complementary anti-
sense strand was synthesized by adding deoxynucleotides
(dATP, dGTP, dTTP, dCTP, and [a->*?P]dCTP) and the Kle-
now fragment of DNA polymerase. The sequences of the
mutated sense-strand templates are listed in Fig. 5. The
electrophoretic mobility shift experiments demonstrating
PU.1/Spi-1 binding to region I in the SR promoter (Fig. 7) used
the following oligonucleotides annealed to their respective
complementary oligonucleotides: SR region I (5'-gatcTGTT
TCTTTTCCTTTTCACTTCTCTTTTTg-3'), idealized PU.1
site  (5'-gatccTTTCCACTTCCGCTTCCTTTTTAAAGCGG
CCTagatc-3'), and immunoglobulin kappa 3’ enhancer PU.1
(5'-gatct AGGTTCTGTTTTCAGTTCCTCAAAGGgatc-3'
(24).

A rabbit polyclonal antibody recognizing the amino termi-
nus of PU.1 and the PU.1 cDNA plasmid was provided by
Richard Maki. PU.1 protein was prepared by in vitro transcrip-
tion and translations procedures previously described (14). A
guinea pig antiserum specific for the DNA binding domain of
PU.1/Spi-1 was prepared against a purified, recombinant pro-
tein corresponding to amino acids 157 to 272.

Expression screening. A human bone marrow lambda gt11
library (Clontech) was screened for fusion proteins that recog-
nized the minimal sequence motif of the region I element
according to methods previously described (34, 36). Probes
were prepared from sense and antisense oligonucleotides,
containing the respective wild-type sequences 5'-CGGCT
CACTTCTCTTTTT-3' and 5'-GCCGAAAAAGAGAAG
TGA-3', that were phosphorylated with [**P]ATP, annealed,
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FIG. 1. The human and bovine SR promoters are preferentially
expressed in cells of the monocyte/macrophage lineage. The bovine SR
genomic sequence corresponding to —814 to +49 bp from the major
transcriptional start site or the human SR genomic sequence from
—696 to +46 were fused to a firefly luciferase cDNA, which served as
a reporter gene. The resulting plasmids were transfected into the
indicated cell types and harvested 48 h later for determination of
luciferase activity. For each cell type, an RSV-luciferase plasmid was
transfected as an external standard. The activities of the bovine (black)
and human (stippled) promoter activities are expressed as a percent-
age of the activities determined for RSV-luciferase. The results
represent the averages of at least two independent experiments for
each cell type. The cell types used were THP-1 (monocytic leukemia),
P388D (macrophages), U-937, (histocytic leukemia), S194 (B cells),
Jurkat (T cells), BAEC (bovine aortic endothelial cells), HeLa (cervi-
cal carcinoma), GC-3 (anterior pituitary cells), R. ENDO (rabbit
endothelial cells), B82 (fibroblasts), HOS (human osteosarcoma), JEG
(placental cells), and CV-1 (kidney epithelium).

and ligated to high molecular weight. Positive clones were
plaque purified and then tested for the absence of binding to a
similarly prepared probe containing mutated region I se-
quences (Fig. 7A).

RESULTS

To identify regulatory factors necessary for cell-type-specific
expression of the SR, human and bovine promoter sequences
extending from —696 to +46 and —814 to +49 relative to the
major transcriptional start sites were tested for the ability to
direct the expression of luciferase activity in transient trans-
fection assays (Fig. 1). Transfection experiments were per-
formed in multiple monocytic, macrophage, and nonmyeloid
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cell types. The activities of the SR promoters were normalized
to the luciferase activities of the RSV (Fig. 1) or the B-actin
(data not shown) promoter to correct for different transfection
efficiencies observed among the various cell types. As shown in
Fig. 1, the human and bovine SR promoters functioned
preferentially in THP-1, P388D1, and U-937 cells, which
represent monocyte/macrophage-like cells. Significant levels of
expression were also observed in HeLa cells but not in the
other nonmyeloid cell lines tested. These results indicated that
the SR sequences corresponding to —696 to +46 of the human
gene and —814 to +49 of the bovine gene contained sufficient
information to direct preferential expression of a reporter gene
to monocyte/and macrophage-like cells.

A 5' deletion analysis of the human SR promoter indicated
that truncation to —245 bp from the transcriptional start site
had relatively little effect on reporter gene expression (data not
shown). Further deletion to —158 bp resulted in a loss of
nearly two-thirds of the activity observed for the —696 con-
struct. Subsequent deletions of the promoter from —73 to —57
bp nearly abolished the remaining promoter activity. These
results suggested that sequences important for positive regu-
lation of SR promoter activity were contained in the regions
between —245 to —158 and —73 to —57. To identify DNA
binding activities capable of recognizing SR promoter se-
quences, DNase I footprinting studies were performed. Be-
cause of the difficulty of examining this entire region with
probes prepared from a single DNA fragment, separate probes
corresponding to the proximal and distal regions of this
sequence were used. Figure 2 illustrates the results of foot-
printing experiments examining the proximal region of the SR
promoter from —158 to +46 bp. Nuclear extracts were pre-
pared from unstimulated THP-1 cells, THP-1 cells treated with
TPA for 16 h to induce macrophage differentiation, and
P388D1 macrophages. Each of these nuclear extracts produced
five footprints, labeled II through VI. The DNA binding
activity recognizing region IV correlated with macrophage
differentiation in that higher levels were present in P388D1
macrophages and TPA-treated THP-1 cells than untreated
THP-1 cells. In contrast, the relative pattern of binding activity
recognizing footprint VI was inversely correlated with macro-
phage differentiation, with the highest levels observed in
untreated THP-1 cells. Figure 3A illustrates the results of a
DNase I footprinting experiment examining DNA binding
activities for the region between —245 and —122 bp. Nuclear
extracts prepared from THP-1 cells, P388D1 cells, and primary
mouse peritoneal macrophages produced a footprint, termed
region I, extending from —181 to —198 bp, as well as a
hypersensitive site at approximately —189.

Two of the footprints identified by these experiments (re-
gions I and IV) correlated with sequences demonstrated to be
important for SR promoter function in the 5’ deletion analysis.
These regions were examined in further detail to determine
the relative abundance of the corresponding DNA binding
activities in monocyte/macrophage-like cells compared with
nonmyeloid cells. As illustrated in Fig. 3A, the majority of
nonmyeloid cells examined produced either no detectable
footprint over region I (HeLa, GC-3, and CV-1 cells) or a
partial footprint with different margins that lacked the hyper-
sensitive site (Jurkat and B82 cells). As illustrated in Fig. 3B,
DNA binding activities for region IV were most abundant in
monocyte/macrophage-like cells, but incomplete footprints
were also present in several other cell types that primarily
involved the 5’ end of region IV. Inspection of the region IV
sequence revealed it to represent a composite binding site for
members of the AP-1 and ets domain families of transcription
factors (see Fig. 9C). The upstream half of this binding site,
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FIG. 2. DNase I footprinting analysis of the proximal region of the
human SR promoter demonstrates the presence of multiple DNA
binding activities. The proximal region of the human SR promoter
extending from —158 to +46 was selectively labeled at either the sense
(A) or antisense (B) strand. Nuclear extracts obtained from control
THP-1 cells, THP-1 cells treated with TPA for 16 h, or nuclear extracts
derived from the mouse P388D1 macrophage cell line were incubated
at increasing concentrations (5, 10, and 15 pg/50 pl) with the radiola-
beled DNA probes (L). The protein-DNA complexes were subse-
quently subjected to DNase I digestion and analyzed by electrophore-
sis through denaturing polyacrylamide gels. Footprints are indicated to
the left of each footprinting ladder and are labeled II through VI. The
numbers indicate the borders of the footprints as determined by
comparison with a sequencing ladder. The arrowhead indicates a
hypersensitive site that occurs within region IV.

which was recognized by DNA binding activities present in
both monocyte/macrophage-like cells and nonmyeloid cells
(Fig. 3B), corresponds to a nonconsensus AP-1 recognition
motif. The 3’ end of region IV, which was primarily footprinted
by DNA binding activities present in cells of monocytic origin
and Jurkat cells, corresponds to the ets domain recognition
motif.

To determine the relative importance of each footprinted
region in SR promoter activity, site-directed mutagenesis was
used to introduce clustered point mutations into each binding
site. As illustrated in Fig. 4A, selected mutations of region I
and the ets recognition motif of region IV each resulted in an
approximate 50% reduction in promoter activity. In contrast,
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FIG. 3. Nuclear proteins that bind to regions I and IV of the SR
promoter are preferentially expressed in monocyte/macrophage-like
cells. (A) DNase I footprinting of the sense strand of the region from
—245 to —75 of the human SR gene. Only the relevant region of the
footprinting ladder is shown. A footprint spanning the region from
—181 to —198 is observed with nuclear extracts obtained from
monocyte/macrophage-like cells but not with extracts from non-
macrophage-like cells. A slightly larger footprint, extending from —176
to —198, is observed for THP-1 extracts. A hypersensitive site,
indicated by an arrowhead, is observed selectively in monocyte/
macrophage-like cells. This hypersensitive site is distinct from a
cleavage site (indicated by an arrow) that is abolished by monocyte/
macrophage extracts but not by extracts prepared from non-macro-
phage-like cells. (B) Nuclear proteins that bind to the 3’ end of region
IV are preferentially expressed in monocyte/macrophage-like cells.
The 5' end of the region IV footprint corresponds to an AP-1 motif,
while the 3’ end represents a core binding motif for ets domain
proteins. DNase I footprinting experiments were carried out with a
probe corresponding to the sense strand of the human SR promoter.
The arrowhead indicates a hypersensitive site within the ets recogni-
tion motif. Only the region of the gel surrounding footprint IV is
illustrated.

introduction of point mutations into the footprints correspond-
ing to regions II, III, and VI resulted in 1.5- to 2.5-fold
increases in promoter activity compared with the wild-type SR
promoter. These observations suggested that the sequences
corresponding to regions II, III, and VI were recognized by
factors that functioned to inhibit SR transcription. Although a
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FIG. 4. Mutational analysis of the SR promoter defines positive and negative regulatory elements. Site-directed mutagenesis was used to
introduce 7- to 10-bp point mutations within regions of the human SR promoter demonstrated to be recognized by nuclear proteins present in
monocyte/macrophage-derived cell lines. The resulting mutant promoters were subcloned into a luciferase expression plasmid as illustrated in Fig.
1. (A) Effects of mutations on basal promoter activity. Wild-type and mutant promoter were transfected into THP-1 cells, and cells were harvested
for analysis of luciferase activity 48 h later. The results are expressed as a percentage of the activity observed for the wild-type (WT) human SR
promoter. (B) Effects of mutations on TPA-dependent promoter activity. Wild-type and mutant promoters were transfected into THP-1 cells. The
transfected pool of cells was split for treatment with either TPA or solvent. Cells were harvested for luciferase activity 16 h following treatment.
Results are expressed as the ratio of luciferase activities for TPA-treated versus untreated cells and are representative of three independent

experiments.

mutation of the near-consensus AP-1 site in region IV had a
minor effect alone in THP-1 cells, a double mutation targeting
both region I and the AP-1 site of region IV resulted in the loss
of approximately 85% of wild-type promoter activity. In con-
trast, selective mutation of the AP-1 site nearly abolished SR
promoter function in HeLa cells, providing an explanation for
the activity of the wild-type promoter in these cells (data not
shown).

We next examined the effects of these mutations on the
ability of the SR promoter to respond to TPA (Fig. 4B). The
wild-type SR promoter conferred a threefold transcriptional
response to TPA. This response was significantly less than that
observed for the endogenous SR gene (19), suggesting that the
sequence from —245 to +43 was insufficient to mediate the full
transcriptional response to TPA. Indeed, we recently identified
a TPA-dependent enhancer located 4.1 kb upstream that
cooperates with the SR promoter to direct a 15- to 20-fold
transcriptional response (40). In agreement with our previous
studies, mutation of either the AP-1 or ets motif abolished the
promoter’s threefold response to TPA. In addition, mutation

of the inhibitory element corresponding to region VI also
resulted in a reduced fold of induction to TPA.

From the mutational analysis of the SR promoter and the
results obtained from DNase I footprinting experiments, the
DNA binding activity recognizing the region I sequence ap-
peared to represent a monocyte/macrophage-specific tran-
scription factor that played a quantitatively important role in
SR promoter function. Computer-assisted comparison of the
region I sequence to consensus or near-consensus binding sites
for known transcription factors failed to identify a specific
candidate that was likely to account for this activity. An
electrophoretic mobility shift assay was therefore established
to characterize the sequence requirements for high-affinity
DNA binding and transcriptional activity. As illustrated in Fig.
5B and C, incubation of a radiolabeled oligonucleotide probe
containing the region I footprint with nuclear extracts pre-
pared from THP-1 cells or P388D1 macrophages resulted in
the formation of several protein-DNA complexes, labeled Ia,
Ib, Ic, and Id. When compared directly, the Ia and Ic com-
plexes obtained by using THP-1 nuclear extracts ran at posi-
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FIG. 5. Sequence specificities of DNA binding proteins that recog-
nize the region I footprint. (A) Wild-type and mutant oligonucleotides
corresponding to the region I footprint used in electrophoretic mobil-
ity shift assays. Region I indicates the sequence of the wild-type SR
promoter from —198 to —171. MUT 1 through MUT 7 indicate the
base pair substitutions introduced into the sequence. (B) The wild-type
and mutant double-stranded oligonucleotides were radiolabeled with
[v-32P]JATP and incubated with nuclear extracts derived from THP-1
cells. Four discrete complexes, labeled Ia, Ib, Ic, and Id, were observed
to form on the wild-type oligonucleotide. The sequence-specific DNA
binding properties of complexes Ia, Ib, and Ic could not be discrimi-
nated from each other but were distinct from the DNA binding
properties of complex Id. (C) DNA binding properties of nuclear
proteins obtained from P388D1 macrophages on wild-type and mutant
region I oligonucleotides.

tions nearly identical to those of the Ia and Ic complexes
obtained by using P388D1 nuclear extracts, suggesting that
they represented corresponding proteins (data not shown). In
contrast, P388D1 complex Id migrated more slowly than
THP-1 complex Id.

The sequence requirements for the binding of each complex
were determined by synthesizing a series of double-stranded
oligonucleotides containing mutations in the region I se-
quence, as illustrated in Fig. SA. Each oligonucleotide was
radiolabeled and tested for the ability to be recognized by the
proteins corresponding to Ia through Id. As judged from these
experiments, complexes Ia, Ib, and Ic had indistinguishable
DNA binding activities that overlapped but could be distin-
guished from the recognition sequence for complex Id (Fig.
5B). In addition, the binding of complex Id and complex Ia, Ib,
or Ic appeared to be mutually exclusive in that no more-slowly
migrating complex, potentially representing the binding of
both classes of proteins to a single oligonucleotide, was ob-
served. Extracts prepared from THP-1 cells were noted to
primarily contain complex Ia, while extracts prepared from
P388D1 cells primarily contained complex Ic.
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FIG. 6. Region I of the SR promoter functions as a cell-specific
enhancer element. (A) A single copy of the double-stranded oligonu-
cleotide corresponding to the wild-type region I (WT RI) element was
introduced upstream of a minimal promoter derived from the rat
prolactin gene (shown as TATA). This composite transcription unit
was used to drive the expression of a luciferase reporter gene.
Sequence requirements for region I activity were examined by intro-
ducing single copies of the oligonucleotides corresponding to mutants
(MUT) 2 or 5 (illustrated in Fig. 6) upstream of the same minimal
prolactin promoter. Each construct was transfected into THP-1 cells
along with a B-actin/B-galactosidase plasmid, which served as an
internal standard. The results are expressed as the ratio of luciferase to
B-galactosidase activities. (B) Three copies of the region I sequence
were introduced upstream of the minimal rat prolactin promoter and
transfected into .the indicated cell types. Relative transcriptional
activities were determined as described for Fig. 1.

o correlate the DNA binding activities identified by elec-
trophoretic mobility gel shift experiments with the sequence
requirements for transcriptional activity, oligonucleotides cor-
responding to the wild-type, mutant 2, and mutant 5 versions of
region I were introduced proximal to a minimal promoter
derived from the rat prolactin gene (Fig. 6A). The wild-type
region I sequence functioned as an effective enhancer element
in this context, directing a level of reporter expression that was
approximately one-fourth of that observed for RSV-luciferase.
This enhancer function was abolished by mutant 2 but not by
mutant 5. These results suggested that the DNA binding
activities corresponding to complexes Ia, Ib, and Ic accounted
for the transcriptional activity of the region I element and that
the DNA binding activity corresponding to complex Id was not
required for this effect. To further examine whether the region
I sequence preferentially functioned to enhance transcription
in monocyte/macrophage-like cells, transfection experiments
were performed in several monocyte/macrophage and nonmy-
eloid cell types. In addition to its activity in THP-1 cells, the
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region I element was observed to enthance promoter function
in P388D1 and HL-60 cells. No activity was observed in HeLa,
CV-1, Jurkat, or F9 cells. These results are consistent with the
observation that the region I DNA binding activity observed in
DNase I footprinting assays was restricted to monocyte/mac-
rophage-like cells.

On the basis of these observations, an expression cloning
strategy was used to isolate cDNA clones encoding proteins
that specifically bound to the region I sequence. Double-
stranded oligonucleotides containing the minimal sequence
information required for binding of complexes Ia, Ib, and Ic
were phosphorylated with [y->P]ATP, ligated to high molec-
ular weight, and used to probe lambda gt11 expression librar-
ies. Three independent clones were identified from screening
10° plaques derived from a human bone marrow cDNA library.
Following plaque purification, each clone was tested for its
ability to direct the expression of fusion proteins capable of
binding to the region I screening oligonucleotide but not to an
oligonucleotide containing a 4-bp mutation. All three clones
satisfied this criteria, one of which is shown in Fig. 7A.
Sequence analysis revealed that all three clones encoded Spi-1,
the human homolog of PU.1, originally identified as a murine
macrophage- and B-cell-specific transcription factor (14, 27).
The clones contained slightly different 5’ ends, indicating that
they had been independently derived.

The isolation of clones encoding Spi-1 was somewhat unex-
pected because the majority of previously characterized Spi-1/
PU.1 binding sites contain the consensus recognition sequence
GGAA, which was not present in either strand of the region I
sequence. We therefore examined whether the Ia, Ib, and Ic
binding activities present in THP-1 and P388D1 cells corre-
sponded to Spi-1 and PU.1, respectively. Competition experi-
ments were performed with the wild-type region I element, a
PU.1 binding site present in the immunoglobulin kappa 3’
enhancer (24), and an idealized PU.1 element based on a
consensus sequence derived from alignment of previously
characterized PU.1 binding sites (37). Each of these binding
sites served as an effective competitor for the formation of
complexes Ia, Ib, and Ic on a wild-type region I probe (Fig.
7B). The SR region I sequence and the PU.1 site from the
immunoglobulin kappa 3’ enhancer exhibited nearly equiva-
lent competition profiles, while the consensus PU.1 binding
site was somewhat more effective. In vitro-translated PU.1
bound to the SR region I element with high affinity and
migrated at the same position as complex Ic. An antibody
directed against the amino terminus of PU.1 specifically super-
shifted complex Ic but not complex Ia or Ib. These results
indicate that complex Ic in P388D1 cells represented full-
length PU.1.

To determine whether complexes Ia and Ib represented
distinct proteins or were truncated forms of PU.1 or Spi-1, a
polyclonal antiserum was raised against the PU.1/Spi-1 DNA
binding domain. This antiserum blocked the binding of in
vitro-translated PU.1 to the region I element and quantita-
tively inhibited the binding of complexes Ia, Ib, and Ic in both
THP-1 (Fig. 8) and P388D1 (data not shown) cells. These
results suggested that complexes Ia and Ib represented trun-
cated forms of PU.1/Spi-1, probably due to proteolysis. The
possibility was also considered that complexes Ia and Ib
correspond to related members of the ets domain family that
cross-reacted with the anti PU.1/Spi-1 antiserum. In particular,
the ets domain protein Spi-B, which is highly related to
PU.1/Spi-1 in its DNA binding domain, has generally been
found to be coexpressed with PU.1/Spi-1 and to bind with high
affinity to PU.1 recognition sequences (26). The DNA binding
properties of in vitro-translated Spi-B were therefore com-
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FIG. 7. The major region I DNA-binding protein corresponds to
PU.1/Spi-1. (A) Cloning of cDNAs encoding proteins that bind
specifically to the region I sequence. A double-stranded oligonucleo-
tide probe corresponding to region I (WTSO) was radiolabeled with
[v-32P]ATP, ligated to high molecular weight, and used to screen a
human bone marrow ¢cDNA library for fusion proteins capable of
recognizing this sequence. Three positive clones were identified and
plaque purified. Each clone was then tested for its ability to bind to the
wild-type region I sequence (WTSO) or the indicated region I mutant
(MUTSO) under stringent conditions. All three clones exhibited
similar DNA binding properties, one of which is illustrated. The upper
semicircle represents the hybridization pattern for the wild type, while
the lower semicircle represents the hybridization pattern for the
mutant. (B) Competition analysis, binding of in vitro translated PU.1,
and the effects of an antibody to PU.1 indicate that complex Ic derived
from P388D1 macrophages contains PU.1. Lanes 1 to 11 illustrate
competition analysis of Spi-1/PU.1 binding sites for the binding of
P388D1 nuclear proteins to the SR promoter region I binding site.
P388D1 nuclear proteins were incubated with the region I probe in the
absence or presence of 10, 200, and 2000 fmol of competing unlabeled
oligonucleotide, as indicated. Lanes 12 and 13 represent the binding
activities of in vitro-translated PU.1 (IVT PU.1) and control reticulo-
cyte lysate (Lysate), respectively. Lane 15 illustrates the effects of an
antibody directed against the PU.1 amino terminus. Lane 16 repre-
sents an equivalent amount of preimmune serum. (C) Comparison of
the region I sequence to previously characterized binding sites for
Spi-1/PU.1. The antisense (AS) strand of the region I sequence is
shown. The core consensus sequence recognized by Spi-1/PU.1 is
closed by a box. NE, nuclear extract; IgK, immunoglobulin kappa;
CON, consensus; SV40, simian virus 40.
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FIG. 8. The region I element distinguishes the DNA binding
activities of PU.1 and Spi-B. Electrophoretic mobility shift assays were
performed with in vitro-translated (IVT) PU.1, Spi-B, or THP-1
nuclear extracts (N.E.), as indicated. The amounts of PU.1 and Spi-B
used in each binding reaction were quantitated by trichloroacetic acid
precipitation of **S-labeled proteins as previously described (14). DNA
binding reactions were performed with either a radiolabeled consensus
PU.1 recognition element (lanes 1 to 4) or a minimal version of the
region I element from the SR promoter that does not bind complex Id
(lanes 5 to 15). Proteins were preincubated with either 1 ul of
preimmune serum or 1 pl of an antiserum raised against the DNA
binding domain of PU.1/Spi-1 prior to addition of the DNA probe.
Preimmune serum increased the binding of PU.1 and Spi-B, as well as
that of a nonspecific protein-DNA complex (indicated by an asterisk).
The PU.1 antiserum quantitatively inhibited the binding of in vitro-
translated PU.1 and THP-1 complexes Ia, Ib, and Ic but did not affect
the binding of Spi-B.

pared with those of PU.1. Spi-B/DNA complexes could be
distinguished from PU.1/DNA complexes on the basis of a
slightly slower pattern of migration (Fig. 8). Intriguingly, while
Spi-B bound to the consensus PU.1 recognition sequence with
an affinity similar to that of PU.1, it bound to the SR region I
element with an affinity that was 10- to 20-fold lower than that
of PU.1 (Fig. 8 [compare lanes 6 and 10] and data not shown).
These results indicated that PU.1 and Spi-B have divergent
sequence preferences for high-affinity binding that permit their
discrimination by the region I element. Incubation of in
vitro-translated Spi-B with the PU.1/Spi-1 antiserum revealed
no evidence for cross-reactivity, indicating that this antiserum
was highly specific for the PU.1/Spi-1 DNA binding domain
(Fig. 8). In concert, these observations exclude Spi-B as being
involved in regulating SR expression through the region I
element.

To confirm that Spi-1/PU.1 could activate transcription from
the region I sequence, transient transfection experiments were
performed in cells that lack endogenous Spi-1/PU.1. As illus-
trated in Fig. 9A, expression of Spi-1 in HeLa cells resulted in
transcriptional activation of the minimal prolactin promoter
containing the wild-type region I element. The sequence
requirements for Spi-1-dependent transcription were identical
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FIG. 9. Positive transcriptional control of the macrophage SR is
dependent on the combinatorial interactions of multiple positive and
negative factors. (A) Spi-1 activates the transcription of promoters
containing the SR Spi-1/PU.1 binding site. The reporter plasmids
described in Fig. 6A, consisting of wild-type region I (WT RI), mutant
2 (MUT 2), or mutant 5 (MUT 5) linked to the prolactin minimal
reporter were transfected into HeLa cells with an expression vector
directing the expression of either the sense or antisense (AS) strand of
Spi-1. Spi-1-dependent transcriptional activation was dependent on
the region I element and demonstrated the same sequence require-
ments observed in THP-1 cells. (B) Restriction of SR promoter activity
in a B-cell line in part reflects transcriptional repression mediated
through region III. The indicated promoter constructs described in
Fig. 4 and a construct containing three copies of a consensus PU.1
binding site linked to the minimal prolactin promoter were transfected
into S194 B cells. Luciferase activity was determined 48 h later. The
results illustrated in panels A and B are each representative of three
independent experiments. (C) Summary of the transcriptional control
elements and frans-acting factors regulating the expression of the
macrophage SR promoter. Regions I and IV account for the majority
of positive regulation in the SR promoter. Region 1V is recognized by
a ternary complex consisting of c-Jun, JunB, and an ets2-like protein
(40). The ets motif-binding protein appears to account for a significant
fraction of the basal expression of the SR promoter and is preferen-
tially expressed in monocyte/macrophage-like cells. The ternary com-
plex is also a target for transcriptional activation following stimulation
of THP-1 cells with activators of protein kinase C. Region I is
recognized by Spi-1/PU.1 and appears to play an important role in
establishing macrophage-specific expression of the SR promoter.
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to those observed for the endogenous activity present in THP-1
cells (Fig. 6A).

The observation that PU.1/Spi-1 mediated transcriptional
activation through the region I element raised the question of
why the expression of the SR promoter was restricted from
B-cell lines, such as S194 cells (Fig. 1), which express PU.1.
PU.1 could be shown to be functional in these cells because a
minimal promoter containing three copies of the consensus
PU.1 recognition motif directed high levels of luciferase activ-
ity (Fig. 9B). This finding suggested that the low levels of
expression of the SR promoter in these cells might reflect the
actions of transcriptional repressors. To examine this possibil-
ity, the activities of SR promoters containing point mutations
in regions I through VI were assayed. Clustered point muta-
tions within region III that resulted in a 1.5- to 2-fold increase
in SR promoter activity in THP-1 cells (Fig. 4A) resulted in 5
to 7-fold increases in SR promoter activity in S194 cells. These
results are consistent with the hypothesis that B cells contain
factors that function to inhibit SR gene transcription.

DISCUSSION

The SR is representative of proteins that are highly re-
stricted in their patterns of expression to cells of monocytic
origin and become markedly upregulated during the process of
macrophage differentiation. In this analysis of SR gene regu-
lation, the most proximal promoter sequences from —245 to
+46 were sufficient to direct preferential expression of a
reporter gene to monocyte/macrophage-derived cells. DNA
binding studies and mutational analysis of the SR promoter
revealed that this profile of activity reflected complex interac-
tions between positive and negative regulatory elements (Fig.
9C). DNA binding activities that recognized regions II, III, and
VI correlated with transcriptional inhibition of the SR pro-
moter. The identities of the factors responsible for these
inhibitory activities remain undefined. Factors binding to the
region III element preferentially inhibited SR promoter activ-
ity in a B-cell line, suggesting that they contribute to the cell
specificity of SR expression. In contrast, the factor or factors
binding to the region VI element appeared to inhibit SR
transcription in macrophage precursor cells. This binding
activity was noted to decrease upon macrophage differentia-
tion of THP-1 cells and was not present in P388D1 macro-
phages. Because mutation of the region VI element enhanced
basal promoter activity but reduced the fold induction to TPA
(Fig. 4), upregulation of the SR gene expression in THP-1 cells
in response to TPA may involve the loss of a repressor activity
bound to this site, in addition to enhancing the levels and
activities of positively acting factors that act through upstream
regulatory elements.

Positive transcriptional activation of the SR gene in THP-1
cells appeared to be primarily mediated through the DNA
binding motifs of region I at —198 to —185 bp and region IV
at —67 to —50 bp. Mutation of the region I element indicated
that it played a major role in targeting SR expression to
monocytic and macrophage-like cells. Expression screening
resulted in the isolation of three lambda gt11 clones encoding
Spi-1 fusion proteins that bound to the region I element with
high affinity. Multiple lines of evidence support the conclusion
that Spi-1 and PU.1 correspond to the proteins present in
THP-1 and P388D1 cells, respectively, that were observed to
bind the region I element in vitro and activated SR gene
expression in vivo. Electrophoretic mobility shift assays dem-
onstrated that the region I-binding proteins, accounting for
complexes Ia, Ib, and Ic, bound with similar affinities to
previously characterized PU.1 binding sites. In vitro-translated
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PU.1 bound to the region I element with high affinity and
comigrated with the P388D1 Ic complex. PU.1-specific anti-
bodies recognized the Ia, Ib, and Ic complexes, and mutational
analysis of the region I binding site indicated that these
complexes correlated with transcriptional activity. Finally, ex-
pression of Spi-1 in cell lines that do not contain endogenous
Spi-1 resulted in transactivation of promoters containing the
region I element.

The Spi-1/PU.1 transcription factor is likely to play an
important role in determining the cell-specific expression of
the SR gene, given its restricted pattern of expression to
macrophages and B cells. The PU.1 transcription factor has
been shown to be an important regulator of B-cell target genes,
including immunoglobulin kappa and lambda genes (5, 24) and
the immunoglobulin J-chain gene (33). The analysis of these
and other genes has led to the development of a consensus
recognition site of core sequence GAGGAA (37). In the case
of the kappa 3’ enhancer element, and probably also for the
lambda B element in the lambda 2-4 enhancer, PU.1 recruits
the binding of a second B-cell-restricted factor, termed NF-
EMS5, that recognizes an adjacent site and requires protein-
protein interactions to form a stable protein-DNA complex
(24). The PU.1-NF-EMS interaction was shown to be regu-
lated by a phosphorylation event at serine 148 that is necessary
for efficient transcriptional activation of the kappa 3’ enhancer
sequence (25). In contrast, the JB element of the immunoglob-
ulin J-chain promoter appears to bind PU.1 as a monomer
(33). From cotransfection experiments with Spi-1 expression
plasmids, the pattern of complexes observed with crude nu-
clear extracts and in vitro-translated PU.1 in electrophoretic
mobility shift assays, and a detailed mutational analysis of the
region I element, it is also likely that Spi-1/PU.1 binds as a
monomer to the region I element in the SR promoter.

The role of Spi-1/PU.1 in the regulation of macrophage gene
expression is less well defined. Recently, PU.1 was demon-
strated to bind to an element from —26 to +2 in the CD11b
promoter and appears to play an important role in CD11b
expression (22). PU.1 core recognition motifs have also been
identified in a number of other promoters active in macro-
phages, including the CD11a (31), CD11c (17), and macro-
phage inflammatory protein alpha (10). Direct evidence that
PU.1 binds to these elements and is required for promoter
function has not been clearly established, however. The
present studies demonstrate that the macrophage SR gene
represents an important target of PU.1 and support a general
role of PU.1 in directing the expression of a network of genes
that are required for monocyte/macrophage function.

The PU.1 binding site within the SR promoter is divergent
from the GGAA consensus that has generally been regarded to
form the core of the PU.1 recognition motif. Intriguingly, the
CD11b and JB binding sites exhibit the same divergent nucle-
otide within the core (Fig. 7C) (22, 33). The binding affinity of
PU.1 for the SR region I sequence was noted to be similar to
that of the PU.1 element present in the immunoglobulin kappa
3’ enhancer and an idealized PU.1 binding site, indicating that
the divergent core recognition sequence is compatible with
high-affinity binding. Alignments of the SR region I element
with the JB and CDIIb PU.1 sites containing the AGAA core
demonstrate a highly conserved sequence 5’ of the divergent
core motif (Fig. 7C). The upstream purine rich sequences are
necessary for high-affinity binding in the context of the altered
core motif, as illustrated by the complete loss of binding when
these bases are mutated (Fig. 5). These purine residues have
been identified as protein-DNA contact points in dimethyl
sulfate interference studies (33). In addition, the G residue at
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position 11 downstream from the AGAA core appears to be an
additional important determinant of PU.1 binding.

Intriguingly, the region I element was found to be a rela-
tively low affinity binding site for Spi-B, and PU.1/Spi-1-specific
antibodies excluded it as a significant binding activity in
nuclear extracts derived from P388D1 macrophages and
THP-1 cells. In contrast, Spi-B was found to bind with rela-
tively high affinity to a consensus PU.1/Spi-1 recognition
element. The region I element of the SR promoter therefore
represents a functionally important subclass of PU.1 binding
sites in that it permits a relative level of discrimination between
the binding of PU.1/Spi-1 and Spi-B. These observations
support the idea that Spi-B and PU.1/Spi-1 regulate overlap-
ping but nonidentical sets of genes and have different roles in
hematopoiesis (26).

Positive transcriptional control of the SR promoter was also
dependent on a composite binding site for AP-1 and ets
domain transcription factors. Selective mutation of the ets
motif resulted in a substantial decrease in basal SR promoter
function, while a mutation of the AP-1 site affected basal
promoter activity only in the context of a second mutation in
the region I sequence (Fig. 4A). In contrast, both the AP-1 and
ets motifs were found to be critical for the transcriptional
response of the SR gene to TPA (40) (Fig. 4B). Although not
exclusively restricted to macrophages, nuclear extracts contain-
ing proteins capable of forming ternary complexes on the
region IV element were derived from a relatively limited
number of cell types. These observations suggest that cooper-
ativity between AP-1 and ets domain proteins further contrib-
utes to the cell specificity of SR expression.

Scavenger receptor expression has been reported to be
stimulated in primary monocytes by M-CSF and granulocyte/
macrophage colony-stimulating factor (GM-CSF) (13). Fur-
thermore, we have recently demonstrated that M-CSF and
GM-CSF dramatically stimulate SR expression in mouse bone
marrow progenitor cells (11a). These observations suggest a
link between the GM-CSF and M-CSF receptors and tran-
scriptional activation of the SR gene. Treatment of monocytes
with M-CSF directly activates Ras-dependent signal transduc-
tion pathways and has been noted to increase protein kinase C
activity (2, 12). Both of these signal transduction systems are
known to regulate transcriptional via AP-1/ets motifs (28, 38).
The AP-1/ets motif of region IV, in concert with additional
AP-1/ets motifs located 4 kb upstream, are therefore likely to
mediate the transcriptional response of the SR to M-CSF.
Consistent with this possibility, we have recently demonstrated
that Ras, c-Jun and ets2 synergistically activate transcription
from the region IV element (40).

It is intriguing that the M-CSF receptor is likely to be a PU.1
target gene, given the presence of several conserved PU.1
binding sites within the M-CSF receptor promoter (29) and the
ability of PU.1 to transactivate the PU.1 promoter in nonmac-
rophage cells (41). PU.1 may therefore act as both a direct and
an indirect regulator of macrophage gene expression. By
positively regulating the expression of the M-CSF receptor,
PU.1 would function to promote the responsiveness of mono-
cytes to M-CSF. In the case of the SR gene, this sequence of
events would be hypothesized to establish progressively in-
creased levels of SR expression during macrophage differen-
tiation. Initially, PU.1 could directly activate basal levels of
expression in monocytes and subsequently facilitate a second
level of transcriptional control that is contingent on the
external milieu (i.e., M-CSF dependent). This sort of hierar-
chical control may provide the basis for context-dependent
control of macrophage gene expression.
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