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Structure and Function Analysis of the Human Myeloid
Cell Nuclear Differentiation Antigen Promoter: Evidence
for the Role of Spl and Not of c-Myb or PU.1 in
Myelomonocytic Lineage-Specific Expression

Woei-Yau Kao, Judith A. Briggs, Marsha C. Kinney, Roy A. Jensen, and Robert C. Briggs*
Department of Pathology, Vanderbilt University School of Medicine, Nashville, Tennessee

Abstract The human myeloid nuclear differentiation antigen (MNDA) is expressed specifically in maturing cells
of the myelomonocytic lineage and in monocytes and granulocytes. Epitope enhancement was used to confirm the strict
lineage- and stage-specific expression of MNDA in bone marrow as well as in other paraffin-embedded fixed tissues. A
1-kb region of the gene that includes 5’ flanking sequence was reported earlier to contain functional promoter activity
and was specifically demethylated in expressing cells in contrast to null cells. Further analysis has revealed that this 1-kb
fragment promotes higher reporter gene activity in MNDA-expressing cells than non-expressing cells, indicating
cell-specific differences in transactivation. This sequence contains consensus elements consistent with myeloid-specific
gene expression, including a PU.1 consensus site near the major transcription start site and a cluster of c-Myb sites
located several hundred bases upstream of this region. However, analysis of deletion mutants localized nearly all of the
promoter activity to a short region (=73 to —16) that did not include the cluster of c-Myb sites. A 4-bp mutation of the
core Spl consensus element (GC box) (—20) reduced overall promoter activity of the 1-kb fragment. Mutation of the
PU.1 site did not significantly affect promoter activity. Only a small region (—35 to +22) including the Sp1 element and
transcription start site, but not the PU.1 site was footprinted. The 4-bp mutation of the core Spl consensus element
abolished footprinting at the site and an antibody super-shift reaction showed that Sp1 is one of the factors binding the
consensus site. The Spl site also co-localizes with a DNase | hypersensitive site. The results indicate that DNA
methylation, chromatin structure, and transactivation at an Sp1 site contribute to the highly restricted expression of this

myelomonocytic lineage specific gene. J. Cell. Biochem. 65:231-244.
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Hematopoiesis is a process in which stem
cells give rise to morphologically and function-
ally distinct lineages. An essential feature of
the process is the transcriptional activation of
lineage-specific genes. A number of well charac-
terized genes are expressed specifically in the
myelomonocytic lineage [Lubbert et al., 1991]
and the molecular basis for their restricted
transcription has been examined in some cases
[Feinman et al., 1994; Grove and Plumb, 1993;
Pahl et al., 1993; Rosmarin et al., 1995; Shelley
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et al., 1993; Zhang et al., 1994a]. Both the
c-Myb and PU.1 transcription factors have been
implicated in regulating myeloid-specific tran-
scription [Ahne and Stratling, 1994; Feinman
et al., 1994; Grove and Plumb, 1993; Melotti et
al., 1994; Ness et al., 1993; Nicolaides et al.,
1991; Pahl et al., 1993; Rosmarin et al., 1995;
Shelley etal., 1993; Zhang et al., 1994a]. Disrup-
tion of c-myb and PU.1 genes produced defects
in the development of the myelomonocytic lin-
eage, lending additional support for their impor-
tance in myelomonocytic lineage specific tran-
scription [Mucenski et al., 1991; Scott et al.,
1994]. However, expression of c-Myb or PU.1 is
not restricted to the myeloid lineage [Alitalo et
al., 1984; Griffin and Baylin, 1985; Thiele et al.,
1988]. It appears that other regulatory factors/
mechanisms act in conjunction with c-Myb and
PU.1 to accomplish myelomonocytic-specific
transcription.
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The myeloid cell nuclear differentiation anti-
gen (MNDA) is expressed exclusively in cells of
the human myelomonocytic lineage. Expres-
sion of MNDA in cases of myeloid leukemia was
reported earlier [Cousar and Briggs, 1990]. The
appearance of MNDA within this lineage coin-
cides with cessation of cell proliferation and the
final stages of maturation. MNDA appears to
function through interactions with a number of
other nuclear proteins [Xie et al., 1995]. MNDA
is encoded by a single-copy gene located on
chromosome 1g21-22 belonging to a family of
interferon-regulated genes [Briggs et al., 1994a].
To delineate the mechanisms responsible for
the tight regulation of this gene, an extensive
study of the 5’ flanking sequence isolated from
a genomic clone [Briggs et al., 1994a] was initi-
ated. This sequence contains functional pro-
moter activity and several regulatory elements
consistent with myelomonocytic lineage-spe-
cific gene transcription [Kao et al., 1996]. In
addition, the DNA is demethylated in express-
ing cells [Kao et al., 1996]. The present investi-
gation demonstrates that the level of promoter
activity is higher in expressing cells than in
non-expressing cells suggesting altered status
or availability of key transactivating factors.
Analysis of deletion mutations identified a short
segment of sequence responsible for nearly all
of the promoter activity associated with the
1-kb fragment. Site-directed mutagenesis and
DNase | footprinting provided strong evidence
for the importance of Spl, but not PU.1, in
regulating MNDA transcription. Furthermore,
Spl was identified as one of the proteins bind-
ing to the Sp1 consensus site. The results do not
support involvement of a cluster of c-Myb bind-
ing sites located approximately 600 bp up-
stream of the major start site in the regulation
of constitutive MNDA transcription.

METHODS
Immunohistochemistry

Normal human bone marrow, tonsil (B5 fixed
tissues) and a ruptured epidermal inclusion
cyst (formalin fixed) were embedded in paraffin
and sectioned at 5 um. Sections were subjected
to microwave epitope enhancement [Shi et al.,
1991] in Citra Solution (BioGenex, San Ramon,
CA) followed by methanol-H,O, quenching of
endogenous peroxidase activity. MNDA was de-
tected using rabbit polyclonal antiserum against
recombinant MNDA [Xie et al., 1995] diluted
1:1,000. Pre-immune serum (1:1000) was used
as a negative control. A peroxidase based avidin-

biotin detection system was used in an auto-
mated slide stainer (Ventana, Medical Sys-
tems, Inc., Tucson, AZ).

Cell Lines and Culture

The MNDA positive, U937 and HL-60, and
negative, KG-la and K562, leukemic cell lines
(American Type Culture Collection, Rockuville,
MD) were maintained in RPMI-1640 medium
supplemented with 15% (U937, KG-la, and K562)
or 20% (HL-60) fetal bovine serum (Gibco BRL,
Grand Island, NY), and antibiotics (penicillin, 50
U/ml and streptomycin, 50 pg/ml). MNDA nega-
tive HeL a cells, obtained from Dr. Wallace LeS-
tourgeon (Vanderbilt University, Nashville, TN),
were grown in DMEM medium supplemented
with 10% defined bovine calf serum (Hyclone
Laboratories, Logan, UT) and 2 mM glutamine
with antibiotics as described above.

MNDA Promoter/Luciferase Reporter Gene
Construct and Deletion Mutations

pGL2-MNDA, a pGL2 Basic (Promega, Madi-
son, WI) construct containing 856 bp of MNDA 5’
flanking sequence and 161 bp of untranslated exon
1 sequence inserted upstream of the luciferase
reporter gene was described in detail previously
[Kao et al., 1996]. Truncations with the prefix
“tpGL2-" were constructed from pGL2-MNDA by
removing a series of segments upstream of native
restriction sites including Spe | (—527), Age |
(—226), and Pst | (+141) or engineered sites (in-
serted as described in the next section), namely,
EcoR V (—73) and Xba | (—16). An internal
deletion mutation, prefixed by ApGL2-, was
constructed by removing the segment between
restriction sites Xba | (—16) and Pst | (+141).

PCR-Based Site-Directed Mutagenesis

Four base pair mutations of the PU.1 and
Spl binding sites and a site midway (—9 to —4)
between the Spl binding element and the ma-
jor transcription start site were generated by
the oligo-directed two-step PCR mutagenesis
[Zhao et al., 1993]. In the first-step PCR reac-
tion, products carrying the mutation were
produced from a linearized pGL2-MNDA DNA
template primed by a forward oligo based
on upstream non-mutated sequence, 5-AAG-
ATCCTTATTCAGCGGCTACCGG-3' (—247 to
—222) combined with reverse mutated primers
in which a 4-bp segment was replaced with
sequence resulting in an engineered restriction
site. Specifically, these primers included a mu-
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tated PU.1 oligo generating an Eco RV site
(PU.1-EcoR V mut), 5'-AGAAAGTGGTCAG-
GATATCTTTGTAGTAAGTAATC-3'; amutated
Spl oligo generating an Xba | site (Sp1-Xbal
mut), 5'-GAAACAATTTTGAAGTCTAGACTAT-
CAGCCTTG-3', and a third non-specific muta-
tion generating an Xba | site a short distance
downstream of the Spl site (NS-Xbal mut),
5'-GTTATGTAATCATGAATCTAGATTGAA-
GCCACGC-3'. Prior to the addition of 3 U Taq
enzyme, 60 ul PCR reactions containing 4 fmol
of linearized (BamH I) pGL2-MNDA, 1 uM each
forward and reverse primer, 200 uM each dNTP
in Tag buffer containing 1.5 mM MgCl, (Perkin
Elmer, Foster City, CA) were denatured at 95°C
for 5 min. The mixture was subjected to 25
cycles of 95°C for 1 min, 65°C for 2.5 min, and
72°C for 1 min followed by extension at 72°C for
10 min. The first-step PCR reaction mixture
was then diluted 1:40 with additional dNTPs
and enzyme and recycled 7 times which allowed
the first product strands to act as primers for
extension. To generate sufficient amounts of
fragment that would permit cleavage down-
stream of the mutated site, 1 uM each of the
original upstream primer and a second reverse
primer complementary to 5’ luciferase gene
sequence [(luc-rev), 5'-CGCCGGGCCTTTCTT-
TATGTTTTTGGCGTCTTC-3'] was added and
the mixture subjected to 15 additional rounds
of cycling with reduced annealing temperature
(50°C). Products of expected size were purified
and restricted with Age | (—226) and Hind 111
(+160). These fragments were then isolated, puri-
fied, and cloned into the Age I/Hind Il sites of
pGL2-MNDA. Cloned plasmids carrying the muta-
tion were selected by successful cleavage at the
engineered site and further documented by se-
guencing. Site-mutated clones are designated by
the prefix, mpGL2-. The mpGL2-PU.1/Sp2
double mutation was generated from the mu-
tated mpGL2-PU.1 template and the Sp1-Xbal
mut primer in the initial PCR step.

Transient Transfection Assays

All plasmid constructs were purified by anion
exchange chromatography (Plasmid DNA Kit,
Qiagen Inc., Chatsworth, CA). To assess the
activity of MNDA promoter in MNDA-express-
ing and non-expressing cells, 40 pg of pGL2-
MNDA or control pGL2-Basic plasmid was co-
transfected with 20 pg of pSV-p-Gal plasmid
into U937 or HelLa cells by electroporation us-
ing a Gene Pulser® (Bio Rad, Hercules, CA) at
300 V for U937 and K562 and 150 V for HeLa at

960 uF as recommended by Pahl et al. [1991].
During electroporation, the cells were sus-
pended in serum-free growth medium at a con-
centration of 2 X 107/0.5 ml for U937 and K562
and 1 X 10%/0.5 ml for HeLa. After electropora-
tion, the cells were incubated in 10 ml complete
medium for 7 h prior to luciferase and B-galac-
tosidase assay. Results were normalized for
transfection efficiency based on B-galactosidase
activity and the relative luciferase activity was
reported as fold increase over the promoterless
pGL2-Basic activity. The data represent the
mean =+ SD for three experiments each contain-
ing triplicate samples. The level of promoter
activity of specific regions of the MNDA gene
was determined in the same manner using the
mutated plasmids transfected into U937 cells.

DNase I Digestions

To detect DNase | hypersensitive sites in
intact chromatin, freshly prepared nuclei were
digested with the enzyme for various times.
Nuclei were prepared from rapidly growing
cells. After washing with PBS containing 3 mM
MgCl,, the cells were lysed (107 cells/ml) in 10
mM NaCl, 10 mM Tris HCI (pH 7.5), 5 mM
MgCl,, and 0.5% Nonidet-P40 at 4°C. Nuclei
were pelleted and resuspended in the same
buffer without detergent at a concentration of
107 nuclei/ml. RNase-free DNase |, at levels
given in the figures, was added and the suspen-
sion mixed gently at 25°C. One-milliter samples
were withdrawn at various time points and
immediately injected into 5 ml of lysis buffer
[800 mM guanidine HCI, 30 mM EDTA, 30 mM
Tris (pH 8.0), 5% Tween-20, and 0.5% Triton
X-100]. Genomic DNA was isolated by anion
exchange chromatography (Genomic DNA Puri-
fication Kit, Qiagen) resulting in an average of
60 pg DNA/107 nuclei. Preparation of control
non-digested genomic DNA, conditions for re-
striction enzyme digestion, sample prepara-
tion, and Southern blot analysis were essen-
tially as described previously [Briggs et al.,
1994a]. Two non-overlapping DNA fragments,
as illustrated in Figure 2, were used to prepare
32P-labeled probes by random hexamer prim-
ing. A specific activity of 1.5 X 108 cpm/ml was
used in hybridizations.

Isolation of Nuclear Extracts

Nuclear protein extracts were prepared us-
ing the Dignam method [Dignam et al., 1983]
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with the exception that hematopoietic cells were
lysed using the method of Hallick and Namba
[1974].

DNase | Footprinting Assay

The DNA fragment flanked by Age I/Hind 111
(—226 to +160) (both normal and mutant) were
used for DNase | footprinting analysis. The
constructs tpGL2-Age | and mpGL2-Sp1 were
linearized with Hind 11l and end-labeled by
Klenow fill-in using both [«-32P]-dATP and
-dCTP [Ausubel et al., 1994]. After labeling, the
DNAwas digested at a 5’ site (vector site, Kpn |
in the case of tpGL2-Age | and Age | for mpGL2-
Spl) and the resulting labeled fragments were
gel-purified. DNA (2 X 10*cpm) was mixed with
80 pg U937 nuclear extract in a total volume of
50 pl containing 10 mM Hepes (pH 7.8), 30 mM
KCI, 12% glycerol, 5 mM MgCl,, 0.5 mM DTT,
0.1 mM EDTA, 0.2 mM PMSF, and 4 pug poly
(d1.dC) and then incubated on ice for 30 min
prior to digestion with 0.15 units of DNase | for
1 min at room temperature. The reaction was
terminated by adding 50 pl of stop solution [0.2
M Tris (pH 7.5), 25 mM EDTA, 0.3 M NaCl, 2%
SDS] and then digested with 20 ug of protein-
ase K at 50°C for 45 min. DNA was purified by
phenol/chloroform extraction and ethanol pre-
cipitated. The products were loaded on a 6%
denaturing polyacrylamide gel next to an inter-
nal control in which both nuclear extract and
DNase | were omitted. G and A sequence gener-
ated from the same DNA by the Maxam-Gilbert
chemical method [Maxam and Gilbert, 1980]
was used to identify protected sites.

EMSA

A 26-bp sequence (—34 to —9) containing the
consensus Spl element with internal GC box,
5'-CAAAGGCTGATAGGCGTGGCTTCAAA-3’
was synthesized (complementary oligonucleo-
tides) and used as the probe for electrophoretic
mobility shift assay (EMSA). Sense and anti-
sense oligonucleotides were annealed as de-
scribed [Hornstra and Yang, 1993; Mueller and
Wold, 1989], polished with T4 DNA polymer-
ase, and gel-purified. The annealed oligo, termed
M-Sp1, was 22P-end-labeled by T4 DNA kinase
and purified using Sephadex G-25. The 20-pl
binding reaction included 4 pg nuclear extract,
2 g poly (d1.dC), 10 mM Hepes (pH 7.5), 50
mM KCI, 5 mM MgCl,, 1 mM DTT, 1 mM
EDTA, 4% Ficoll (w/v), and 1 ul of labeled probe
(1.0 to 1.5 X 10° cpm). The reactions were incu-

bated for 30 min on ice. In competition assays,
cold M-Sp1 or non-related MNDA sequence (—92
to —58) was added at 50-100-fold molar excess
and incubated for 10 min before adding the
labeled probe. Super-shift assays included 3 pl
of specific antiserum against Spl (Santa Cruz
Biotechnology, Inc., Santa Cruz, CA) or antise-
rum against MNDA added just prior to addition
of the probe. Reactions were electrophoresed at
170 V on a 6% acrylamide, 0.5XTBE gel for 2.5
h at 4°C. Gels were dried and exposed to Kodak
XAR film.

RESULTS

Immunohistochemical Localization
of MNDA Positive Cells

Immunoperoxidase staining of MNDA posi-
tive cells in human bone marrow, tonsil, and
skin showed nuclear marking consistent with
expression in cells of the myelomonocytic lin-
eage including macrophages and granulocytes
found outside of the bone marrow (Fig. 1). No
signal was observed when these fixed tissues
were processed without microwave epitope en-
hancement (data not shown) or when reacted
with pre-immune serum (Fig. 1b).

The 1-kb 5’ Flanking Sequence Functions as a
Stronger Promoter in MNDA-Expressing Cells

The sequence of the 5’ end of the MNDA
genomic clone was previously reported [Kao et
al., 1996] and a schematic representation of the
1.0-kb promoter region is provided in Figure 2.
To assess whether the 1.0-kb promoter region
contains sequences that direct the lineage-
specific expression of the MNDA gene, the pro-
moter activity was compared in MNDA-express-
ing and non-expressing cells using a reporter
gene assay. The pGL2-MNDA and pGL2-Basic
plasmids were electroporated into MNDA ex-
pressing U937 cells and non-expressing K562
and Hel.a cells. The promoter is more active in
MNDA-expressing cells (Fig. 3) indicating that
regulatory elements present contribute to the
lineage-specific expression of the MNDA gene.

Functional Assessment of the 5" Flanking MNDA
Regulatory (Promoter) Region

To determine the contribution of specific re-
gions of sequence to the functional promoter
activity observed, three 5’ truncated sequences
and one internal deletion mutation were gener-
ated. A comparison of reporter gene activity
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Fig. 1. Immunohistochemical detection of MNDA in fixed
tissue sections. A: Normal human bone marrow reacted with
antiserum against rMNDA. Strong nuclear staining in mature
granulocytes and less intense reactions in mononuclear cells.
The number of positive cells and the morphology of the reactive
nuclei and cells are consistent with MNDA expression in cells of
the myelomonocytic lineage. Magnification, X400. B: Normal
human bone marrow reacted with pre-immune serum. Magnifi-
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cation, X400. C: A region of ruptured epidermal inclusion cyst
containing a large number of MNDA positive macrophages
including giant cells (arrow). However, most cell nuclei in the
section are non-reactive (top left). X400. Reactive tonsil stained
with antiserum against rMNDA showed scattered mononuclear
cells, probably histiocytic, in the parafollicular region with light
staining nuclei (data not shown).
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Fig. 2. Schematic representation of the promoter region of the
MNDA gene. The positions of cis-elements, c-myb, PU.1, ISRE
and Sp1, and unique restriction sites (A, Age I; B, B Bsp 1286 I;
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Fig. 3. The cloned 1.0-kb promoter is more active in MNDA-
expressing cells. The pGL2-MNDA and pGL2-Basic were trans-
fected separately into U937 (MNDA-expressing), K562 (non-
expressing), and Hela (non-expressing) cells as described in
Methods. Forty micrograms of pGL2-MNDA or control pGL2-
Basic supercoiled plasmid were cotransfected with 20 pg of
pSV-b-Gal plasmid into U937 cells. Relative luciferase activity
is presented as folds increased over pGL2-Basic for each cell
line after correction for transfection efficiency. The means = SD
of three independent experiments (triplicate samples in each)
are plotted.

relative to the intial 1-kb fragment in MNDA-
expressing cells, U937, is shown in Figure 4.
Truncation of the 5’ flanking sequence through
the Spl site (tpGL2-Xba I) dramatically de-
creased promoter activity. The results locate
the region between —73 through —16 as impor-
tant for MNDA promoter activity. The internal
deletion mutant (ApGL2-Xbal/Pst I) further con-
firms that a region between —16 nt (Xba I) and

M, Msp |; S, Spe I; P, Pst I; H, Hind Ill) are designated. Shaded
rectangles: The locations of DNase | hypersensitive sites HS1
and HS2.

+141 nt (Pst 1) is responsible for most of the
observed 1-kb promoter activity.

Identification of DNase | Hypersensitive Sites

Further evidence that the region of the MNDA
promoter containing the Spl consensus ele-
ment is involved in the expression of MNDA
gene in vivo was obtained through DNase |
digestion of the promoter in nuclei from MNDA-
expressing and non-expressing cells. As shown
in Figure 5, DNase | digestion of nuclei from
K562 cells released a 1.2-kb and a 0.9-kb sub-
fragment detected with probe 1 (Fig. 2). The
same sized fragments were released from nu-
clei isolated from MNDA expressing U937 cells
(Fig. 5) and HL-60 cells (data not shown). Fur-
ther analysis of the subfragments provided rela-
tive locations of the cutting sites, HS1 and HS2
(Fig. 2), giving rise to the fragments. Probe 2
(Fig. 2) did not hybridize to the 0.9 kb fragment
(data not shown). Analysis of the cutting sites
within a second set of restriction fragments
generated by Bsp 1286/Xba | or Bsp 1286/Hind
111 digestion of U937 cell nuclei further con-
firmed the locations of the two sites (data not
shown). Neither site is specific for MNDA ex-
pressing cells as both were detected in MNDA
negative cells (K562) and MNDA positive cells
(HL-60 and U937) (Fig. 5). Neither HS1 or HS2
were detected in MNDA non-expressing KG-1a
cell nuclei (data not shown). HS1 is located
near the exon 1/intron 1 junction, while HS2
co-localized with the region containing the PU.1,
ISRE, and Sp1 consensus elements (Fig. 2).

DNase | Footprinting Assay

To assess the protein-DNA interactions within
HS2, a DNase | footprinting assay was per-
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Fig. 4. Functional analysis of the MNDA promoter in MNDA-
expressing cells. In addition to the wild type 1.0-kb construct
(pGL2-MNDA) a series of mutated constructs were transfected
into U937 cells by electroporating 40 pg of the luciferase
reporter constructs and 20 pg of pSV-B-Gal as an internal

formed over nt —226 to +160. A distinct region
between —33 to +20, which includes the Spl
DNA consensus binding site and major tran-
scription start site, is protected in the presence
of nuclear proteins isolated from U937 cells
(Fig. 6). The Spl site binding proteins were
shown to be only partly responsible for this
large protected region, when the assay was
carried out with DNA containing a mutated
Spl element (mpGL2-Spl). The results show
that mutation of the Sp1 site abolished protec-
tion around the Sp1 site but a protected region
was still evident just downstream of the Spl
site (Fig. 6). This is consistent with the possibil-
ity that two proteins bind this region. The re-
sults also provide evidence that the protection
at the Sp1l site is sequence-specific. Since the
residual footprinted region includes the tran-
scription start site, it most likely represents
binding of the basal transcription factor com-
plex. Spl has been reported to interact with the
basal transcription complex [Gunther et al.,
1995] and the close proximity of the Spl ele-
ment to the start site in the MNDA promoter
suggests a critical role for Spl in regulating the
TATA-less MNDA promoter through binding to
the GC box and interacting with the basal tran-
scription machinery. The same pattern of foot-

16 +141 160 »nG1 2. XbaPst
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pGL2-MNDA

tpGL2-Spe |

tpGL2-Age |

tpGL2-Xba | ¢

tpGL2-Pst —f

pGL2-BASIC —|]

I T I T
20 30 40

Relative luciferase activity

control for transfection efficiency. The relative luciferase activity
corrected for transfection efficiency was reported as fold in-
crease over that of the promoterless construct, pGL2-Basic. The
results are plotted as means = SD for three experiments (tripli-
cate samples).

printing was obtained using nuclear proteins
from HelLa cells (data not shown) indicating
that the proteins that bind to this region are
not specific for MNDA-expressing cells.

Mutation of the Sp1 Site but Not the PU.1 Site
Decreases MNDA Promoter Activity

As discussed above, PU.1 has been shown in
other reports to be a myeloid/lymphoid-specific
gene regulator of transcription. Although no
footprinting was observed in the PU.1 region of
the gene, mutation of this site was carried out
to test the possibility of an effect on promoter
activity. A 4-bp mutation in the consensus DNA
binding sequence, GAGGAA[Karim et al., 1990;
Shin and Koshland, 1993], in the MNDA pro-
moter was analyzed by reporter gene assay. The
results showed that the mutation of PU.1 did
not significantly alter the 1.0-kb MNDA pro-
moter activity. However, when the G/C rich
sequence (GC box) within the Spl element was
replaced with A/T bases, promoter activity was
significantly decreased (Fig. 7). To further con-
firm the specificity of the mutation of the Spl
element, the same mutated sequence was in-
serted at a position 5 bp downstream of the Sp1l
site. This mutation also did not significantly
alter promoter activity (Fig. 7).



238 Kao et al.

DNase | —

Time — 30" 30"

Lanes: 1 2 3

Fig. 5. Identification of DNase | hypersensitive sites in the
MNDA gene. Nuclei (2 X 107) were isolated from MNDA non-
expressing (K562, Lanes 1-5) as well as from MNDA expressing
cells (U937, Lane 6) and treated with either 10 or 20 units of
DNase | for the times indicated. DNA was purified and digested

The Spl Transcription Factor
Binds the GC Box Region

An oligonucleotide encoding the MNDA Spl
sequence containing the GC box produced mo-
bility shifts when incubated with nuclear ex-
tract from U937 cells (Fig. 8, lane 2). The shifted
bands were competed by adding cold-specific
oligonucleotide (Fig. 8, lanes 3 and 4), but were
not affected by the addition of a non-specfic
competitor (Fig. 8, lanes 5 and 6). To identify
the protein binding the GC box region of the
MNDA promoter, a supershift experiment was
performed with a specific Spl antibody (Santa
Cruz Biotechnology, Inc.). This antiserum was
raised against an epitope corresponding to
amino acid residues 436-454 of human Spl
recognizing both p95 and p106 Spl proteins.
The antibody does not crossreact with Sp2, Sp3,
or Sp4. The Spl antibody generated a super-
shift band (Fig. 8, lane 9). No supershift is
observed when the Spl antibody was replaced
with antibody against MNDA (Fig. 8, lane 11).

10U 20U 20U 20U 20U
1I 3I 30"

—3.3 kb

—1.2kb
—0.9 kb

with Xba I. Southern blots were hybridized with probe 1 (Fig. 2,
nt —849 to —207). Numbers to the right of the blot indicate the

initial Xba | fragment (3.3 kb) and the DNase | generated
subfragments (1.2 kb and 0.9 kb).

Although the antibody did not completely super-
shift the bands, the results indicate that Sp1 is
one of the proteins that binds the GC box within
the MNDA gene. Confirmation of antibody speci-
ficity and ability to supershift Spl in EMSA
was obtained by substituting purified Sp1 pro-
tein in place of nuclear extract in the reaction
both with and without Spl antibody (Fig. 8,
lanes 7 and 8).

DISCUSSION

The restricted expression of MNDA in the
human myelomonocytic lineage has been dem-
onstrated by examining its expression in more
than 40 cell lines and mature blood cells [Briggs
et al., 1994b,c; Cousar and Briggs, 1990; Gold-
berger et al., 1986; Kao et al., 1996]. The speci-
ficity of expression is now further substantiated
by examination of MNDA in paraffin-embed-
ded, fixed tissues. The immunohistochemical
staining of bone marrow is consistent with
MNDA expression restricted to cells within the
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Fig. 6. DNase | footprinting analysis over the GC box region of
the MNDA promoter. One DNA fragment corresponding to nt
—226/+160 relative to the major transcription start site of the
MNDA promoter was radiolabeled with 32P on the sense strand.
The DNA fragment was subjected to DNase | treatment (lane 1),
or incubated with 80 pg U937 nuclear extract and subjected to
DNase | treatment (lane 2). Another DNA fragment correspond-
ing to the same region of MNDA promoter but carrying a 4-bp
mutation of the GC box consensus element was radiolabeled,
incubated with 80 pg of nuclear extract from U937 and sub-
jected to DNase | digestion (lane 3).

myelomonocytic lineage. The granulocytes and
tissue macrophages produced from the myelo-
monocytic lineage localized in skin were also
MNDA positive.

Transcriptionally active genes are character-
ized by the presence of open chromatin struc-
ture which facilitates digestion by DNase |I.
HS1 and HS2 located in the MNDA promoter
(Fig. 2) were detected in both MNDA express-
ing U937 and HL-60 cells and in MNDA null
K562 cells. However, the HS2 associated 0.9 kb
fragment is much more prominent in digests of
nuclei from MNDA expressing cells than from

null cells (Fig. 5), suggesting that HS2 may be
different in expressing and non-expressing cells.
The presence of hypersensitive sites in non-
expressing cells is not unusual and has been
reported by others [Bonifer et al., 1991; Schan-
berg et al., 1991; Wotton et al., 1989]. Digestion
of nuclei from MNDA null KG-1a cells did not
produce either subfragment indicating that cer-
tain null cells do not have HS1 or HS2. While
altered chromatin structure may be necessary
for MNDA expression it appears that itis notin
itself sufficient for expression. At the present
time a stronger case can be made for the corre-
lation of DNA methylation status to MNDA
expression than presence of DNase | hypersen-
sitive sites (Table I). The analysis of chromatin
structure also did not provide evidence for al-
tered chromatin structure in the region of the
MNDA promoter containing a cluster of Myb
sites. This is consistent with other results show-
ing that c-Myb does not play a role in regulating
constitutive MNDA transcription.

The results of functional analysis of the pro-
moter indicated that sequence within HS2 plays
an important role in regulating MNDA tran-
scription in myelomonocytic cells. Further char-
acterization of the MNDA promoter through
mutagenesis of the PU.1 and Sp1 (GC box) sites
provided evidence for the involvement of Spl
but not PU.1 in MNDA transcription. The GC
box region is recognized by transcription fac-
tors in the Krupple family, including Sp1, Sp2,
Sp4, ELKF, BTEB2, ERG-1, and G10BP [Miller
and Bieker, 1993; Skerka et al., 1995; Sogawa
etal., 1993; Suzuki et al., 1995]. A monospecific
antibody was used to show that Spl1 bound the
GC box in the MNDA promoter. The results
demonstrate that Spl, a ubiquitous transcrip-
tion factor, is one of the factors binding the Sp1l
consensus site and that an interaction at this
site is critical for promoter activity. The find-
ings suggest that Sp1 plays a key role in activat-
ing the lineage-specific expression of MNDA
gene. Spl has been implicated in the lineage-
and cell-specific expression of other genes in-
cluding CD11b, CD11c,CD14, and TEF-1 [Boam
et al., 1995; Chen et al., 1993; Lopez-Rodriguez
et al., 1995; Zhang et al., 1994b]. Posttransla-
tional modifications of Spl (phosphorylation
and glycosylation) [Jackson and Tjian, 1988;
Leggett et al., 1995; Schaufele et al., 1990] and
interaction with other proteins [Merika and
Orkin, 1995] as well as its relatively high level
of expression in hematopoietic cells [Saffer et
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Fig. 7. A 4-bp mutation of the Sp1 site but not the PU.1 site or
of a region proximal to the transcription start site significantly
decreases the 1.0-kb MNDA promoter activity. A four-base
mutation was introduced into the consensus sequence of PU.1
or Spl in pGL2-MNDA and a region between Spl and the
transcription start site. An Xba | site was created by introducing
the 4-bp mutation in the Sp1 DNA binding site and also through
a 4-bp mutation 5 bp downstream of the Sp1 site. Forty pg of
each mutant was electroporated into U937 cells. After correc-
tion for transfection efficiency by B-galactosidase activity, the

al., 1991] qualifies this ubiquitous factor for
regulating this type of lineage-specific transcrip-
tion.

The role of ubiquitously expressed factors in
lineage-specific gene expression and develop-
ment is further supported by results of targeted
gene disruption in mice. The loss of those fac-
tors, including E2A, rbtn2, or c-fos, resulted in
lineage-specific defects in development of B lym-
phoid, erythroid and osteoclastic lineages, re-
spectively [Bain et al., 1994; Grigoriadis et al.,
1994; Orkin, 1995; Warren et al., 1994; Zhuang
et al., 1994]. A number of explanations have
been presented for the participation of ubiqui-
tous transcription factors in lineage-specific
gene expression. In the case of the MNDA pro-
moter, transcription could be controlled by lim-
ited accessibility of Spl to its cognate DNA
binding site, as has been proposed for regula-
tion of CD11b gene transcription by Spl [Chen
et al., 1993]. Methylation status can play a role
in controlling transcription [Haaf, 1995; Keshet
et al., 1986; Kudo and Fukuda, 1995; Lichten-

promoter activity (top right) is reported as the luciferase activity
relative to that of the pGL2-Basic construct. Bottom panel: The
position of mutated sequences relative to the major transcrip-
tion start site (sequence between nt —80 and +5) and the
positions of engineered restriction sites. Underlined sequence:
Identifies the consensus sequence for PU.1 and Sp1 sites. Bold
characters: Nucleotide mutations within each sequence. The
means = SD of three independent experiments (triplicate samples
in each) are plotted.

stein et al., 1994; Rhodes et al., 1994; Selker,
1990] limiting accessibility of transcription fac-
tors, e.g., Spl, to target DNA sites [Antequera
etal., 1989; Costello et al., 1994].

Splis differentially glycosylated [Jackson and
Tjian, 1988] and phosphorylated [Schaufele et
al., 1990] and these modifications appear to be
related to tissue specific function [Leggett et
al., 1995]. In addition, protein-protein interac-
tions between ubiquitous transcription factors
and a tissue- or cell-specific protein could re-
strict function and produce a cell-specific effect
[Merika and Orkin, 1995; Milos and Zaret,
1992]. In the albumin gene promoter, a ubiqui-
tous transcription factor, NF-Y, is required for
the dramatic transactivation of the gene in
hepatic development which is facilitated by
liver-specific C/EBP-related proteins shown to
form a stable transcription complex with NF-Y
in vitro [Milos and Zaret, 1992]. Characteriza-
tion of erythroid-specific gene expression indi-
cates that no single element is capable of provid-
ing lineage-specific transcription and cooperation
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Fig. 8. Identification of Sp1 as a nuclear factor binding the GC
box region of the MNDA promoter. Electrophoretic mobility
shift assay (EMSA) was performed by using 32P-labeled ds
oligonucleotide, M-Sp1, corresponding to nt —34 to —9 of the
MNDA promoter incubated with U937 cell nuclear protein
extracts. The specific interaction between the oligo and nuclear
proteins resulted in two shifted bands (lane 2), indicated by C1
and C2. The shifted bands can be competed with 50-fold (lane
3) and 100-fold cold (lane 4) M-Sp1 oligo, but not with 50-fold
(lane 5) or 100-fold (lane 6) molar excess of unrelated sequence.
Incubation of affinity-purified Sp1 antibody with U937 nuclear

between a number of cis-elements appears to be
required to direct erythroid specificity and tran-
scriptional activity [Merika and Orkin, 1995].
This conclusion is further supported from study-
ing the lineage-specific expression of the lyso-
zyme gene is transgenic mice [Bonifer et al.,
1994]. The results showed that appropriate ex-
pression of the lysozyme gene in myeloid cells
requires the concerted action of several regula-
tory DNA elements and deletion of a region

extract prior to addition of labeled M-Spl results in a super-
shifted band (lane 9), indicated by SS. The supershifted band is
not caused by other proteins in the affinity-purified Sp1 poly-
clonal antibody, since no shift occurs when the nuclear extract
is omitted (lane 10). The absence of a super-shifted band using
nonspecific Ab further confirms the specificity of the Ab-protein
interaction (lane 11). Positive controls (lanes 7, 8) are reactions
in which purified Sp1 transcription factor (Promega) was incu-
bated without or with Spl antibody before incubation with
labeled M-Sp1 oligonucleotide.

TABLE I. MNDA Expression, Chromatin
Structure and Demethylation
of the MNDA Promoter

Cell Hypersensitive sites

lines MNDA  HS1 HS2  Demethylation
KG-la — — _ .
U937 + + + I
HL-60 + + +
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containing binding sites for ubiquitous tran-
scription factors leads to nonspecific and vari-
able gene expression.

Both c-myb and PU.1 have been shown to be
essential for the development of the myelomono-
cytic lineage [Mucenski et al., 1991; Scott et al.,
1994] and both have been implicated in the
regulation of lineage-specific transcription
[Ahne and Stratling, 1994; Feinman et al., 1994;
Grove and Plumb, 1993; Melotti et al., 1994;
Pahl et al., 1993; Shelley et al., 1993; Zhang et
al., 1994a]. However, the functional analysis of
the MNDA promoter in this study showed that
neither of these factors play an obvious role in
regulating the transcription of the MNDA gene.
On the other hand, based on results of tran-
sient transfection assays (Fig. 3) it cannot be
absolutely concluded that the Spl regulatory
site is solely responsible for the lineage-specific
MNDA promoter activity. The transient trans-
fection promoter-reporter gene analysis cannot
assess the role of chromatin structure or DNA
methylation. In an earlier publication [Kao et
al., 1996], the MNDA promoter was shown to be
demethylated in expressing cells in contrast to
non-expressing cells. It appears that DNA meth-
ylation, chromatin structure, and possibly other
factors are acting in conjunction with Spl to
establish strict myelomonocytic lineage-specific
MNDA transcription. Further elucidation of the
importance of these mechanisms in establish-
ing the strict lineage-specific pattern of MNDA
expression will require use of transgenic ani-
mals combined with the embryonic stem cell
system where regulation can be assessed within
the context of normal chromatin structure
[Faust et al., 1994; Lieschke and Dunn, 1995].

ACKNOWLEDGMENTS

We thank Jean McClure and Brent Weedman
for assistance in preparation of the manuscript.
This work is supported by the Vanderbilt Uni-
versity Research Council (R.C.B.), American
Cancer Society grant DHP-50 (R.C.B.), and Can-
cer Center Support Grant CA68485-01 from the
National Cancer Institute.

REFERENCES

Ahne B, Stratling WH (1994): Characterization of a myeloid-
specific enhancer of the chicken lysozyme gene. Major
role for an Ets transcription factor-binding site. J Biol
Chem 269:17794-17801.

Alitalo K, Wingvist R, Lin CC, de la Chapelle A, Schwab M,
Bishop JM (1984): Aberrant expression of an amplified

c-myb oncogene in two cell lines from a colon carcinoma.
Proc Natl Acad Sci USA 81:4534—-4538.

Antequera F, Macleod D, Bird AP (1989): Specific protection
of methylated CpGs in mammalian nuclei. Cell 58:509—
517.

Ausubel FM, Brent R, Kingston RE, Moore DD, Seidman
JG, Smith JA, Struhl K (1994): “Current Protocols in
Molecular Biology.” New York: J Wiley & Sons Inc, Sec-
tion 4.6.6 Supplement 17.

Bain G, Maandag EC, Izon DJ, Amsen D, Kruisbeek AM,
Weintraub BC, Krop I, Schlissel MS, Feeney AJ, van
Roon M, van der Valk M, te Riele HPJ, Berns A, Murre C
(1994): E2A proteins are required for proper B cell devel-
opment and initiation of immunoglobulin gene rearrange-
ments. Cell 79:885-892.

Boam DS, Davidson I, Chambon P (1995): A TATA-less
promoter containing binding sites for ubiquitous tran-
scription factors mediates cell type-specific regulation of
the gene for transcription enhancer factor-1 (TEF-1). J
Biol Chem 270:19487-19494.

Bonifer C, Hecht A, Saueressig H, Winter DM, Sippel AE
(1991): Dynamic chromatin: the regulatory domain orga-
nization of eukaryotic gene loci. J Cell Biochem 47:99—
108.

Bonifer C, Yannoutsos N, Kruger G, Grosveld F, Sippel AE
(1994): Dissection of the locus control function located on
the chicken lysozyme gene domain in transgenic mice.
Nuc Acid Res 22:4202-4210.

Briggs RC, Briggs JA, Ozer J, Sealy L, Dworkin LL,
Kingsmore SF, Seldin MF, Kaur GP, Athwal RS, Dess-
ypris EN (1994a): The human myeloid cell nuclear differ-
entiation antigen gene is one of at least two related
interferon-inducible genes located on chromosome 1q that
are expressed specifically in hematopoietic cells. Blood
83:2153-2162.

Briggs R, Dworkin L, Briggs J, Dessypris E, Stein J, Stein
G, Lian J (1994b): Interferon alpha selectively affects
expression of the human myeloid cell nuclear differentia-
tion antigen in late stage cells in the monocytic but not
the granulocytic lineage. J Cell Biochem 54:198-206.

Briggs RC, Kao WY, Dworkin LL, Briggs JA, Dessypris EN,
Clark J (1994c): Regulation and specificity of MNDA
expression in monocytes, macrophages, and leukemia/B
lymphoma cell lines. J Cell Biochem 56:559-567.

Chen HM, Pahl HL, Scheibe RJ, Zhang DE, Tenen DG
(1993): The Sp1l transcription factor binds the CD11b
promoter specifically in myeloid cells in vivo and is essen-
tial for myeloid-specific promoter activity. J Biol Chem
268:8230-8239.

Costello JF, Futscher BW, Kroes RA, Pieper RO (1994):
Methylation-related chromatin structure is associated
with exclusion of transcription factors from and sup-
pressed expression of the O-6-methylguanine DNA meth-
yltransferase gene in human glioma cell lines. Mol Cell
Biol 48:6515-6521.

Cousar JB, Briggs RC (1990): Expression of human myeloid
cell nuclear differentiation antigen (MNDA) in acute
leukemias. Leuk Res 14:915-920.

Dignam JD, Lebovitz RM, Roeder RG (1983): Accurate
transcription initiation by RNA polymerase Il in a soluble
extract from isolated mammalian nuclei. Nuc Acid Res
11:1475-1489.



MNDA Promoter Regulation 243

Faust N, Bonifer C, Wiles MV, Sippel AE (1994): An in vitro
differentiation system for the examination of transgene
activation in mouse macrophages. DNA Cell Biol 13:901—
907.

Feinman R, Qiu WQ, Pearse RN, Nikolajczyk BS, Sen R,
Sheffery M, Ravetch JV (1994): PU.1 and an HLH family
member contribute to the myeloid-specific transcription
of the Fc gamma RI11A promoter. EMBO J 13:3852—-3860.

Goldberger A, Hnilica LS, Casey SB, Briggs RC (1986):
Properties of a nuclear protein marker of human myeloid
cell differentiation. J Biol Chem 261:4726-4731.

Griffin CA, Baylin SB (1985): Expression of the c-myb
oncogene in human small cell lung carcinoma. Cancer
Res 45:272-275.

Grigoriadis AE, Wang ZQ, Cecchini MG, Hofstetter W, Felix
R, Fleisch HA, Wagner EF (1994): c-Fos: A key regulator
of osteoclast-macrophage lineage determination and bone
remodeling. Science 266:443-448.

Grove M, Plumb M (1993): C/EBP, NF-kappa B, and c-Ets
family members and transcriptional regulation of the
cell-specific and inducible macrophage inflammatory pro-
tein 1 alpha immediate-early gene. Mol Cell Biol 13:5276—
52809.

Gunther M, Frebourg T, Laithier M, Fossar N, Bouziane-
Ouartini M, Lavialle C, Brison O (1995): An Sp1 binding
site and the minimal promoter contribute to overexpres-
sion of the cytokeratin 18 gene in tumorigenic clones
relative to that in nontumorigenic clones of a human
carcinoma cell line. Mol Cell Biol 15:2490-2499.

Haaf T (1995): The effects of 5-azacytidine and 5-azadeoxy-
cytidine on chromosome structure and function: Implica-
tions for methylation-associated cellular processes. Phar-
macol Ther 65:19-46.

Hallick LM, Namba M (1974): Deoxyribonucleic acid synthe-
sis in isolated nuclei from chicken embryo fibroblast cell
cultures. Biochemistry 13:3152—-3158.

Hornstra IK, Yang TP (1993): In vivo footprinting and
genomic sequencing by ligation-mediated PCR. Anal Bio-
chem 213:179-193.

Jackson SP, Tjian R (1988): O-glycosylation of eukaryotic
transcription factors: Implications for mechanisms of
transcriptional regulation. Cell 55:125-133.

Kao WY, Dworkin LL, Briggs JA, Briggs RC (1996): Charac-
terization of the human myeloid cell nuclear differentia-
tion antigen gene promoter. Biochim Biophys Acta 1308:
201-204.

Karim FD, Urness LD, Thummel CS, Klemsz MJ, McK-
ercher SR, Celada A, Van Beveren C, Maki RA, Gunther
CV, Nye JA, Graves BJ (1990): The ETS-domain: A new
DNA-binding motif that recognizes a purine-rich core
DNA sequence. Genes Dev 4:1451-1453.

Keshet I, Lieman HJ, Cedar H (1986): DNA methylation
affects the formation of active chromatin. Cell 44:535—
543.

Kudo S, Fukuda M (1995): Tissue-specific transcriptional
regulation of human leukosialin (CD43) gene is achieved
by DNA methylation. J Biol Chem 270:13298-13302.

Leggett RW, Armstrong SA, Barry D, Mueller CR (1995):
Splis phosphorylated and its DNAbinding activity down-
regulated upon terminal differentiation of the liver. J
Biol Chem 270:25879-25884.

Lichtenstein M, Keini G, Cedar H, Bergman Y (1994): B
cell-specific demethylation: A novel role for the intronic
kappa chain enhancer sequence. Cell 76:913-923.

Lieschke GJ, Dunn AR (1995): Development of functional
macrophages from embryonal stem cells in vitro. Exp
Hematol 23:328-334.

Lopez-Rodriguez C, Chen HM, Tenen DG, Corbi AL (1995):
Identification of Spl-binding sites in the CD11c (p150,
95a) and CD1la (LFA-1«) integrin subunit promoters
and their involvement in the tissue-specific expression of
CD11c. Eur J Immunol 25:3496-3503.

Lubbert M, Herrmann F, Koeffler HP (1991): Expression
and regulation of myeloid-specific genes in normal and
leukemic myeloid cells. Blood 77:909-924.

Maxam AM, Gilbert W (1980): Sequencing end-labeled DNA
with base-specific chemical cleavages. Methods Enzymol
65:499-560.

Melotti P, Ku DH, Calabretta B (1994): Regulation of the
expression of the hematopoietic stem cell antigen CD34:
Role of c-myb. J Exp Med 179:1023-1028.

Merika M, Orkin SH (1995): Functional synergy and physi-
cal interactions of the erythroid transcription factor
GATA-1 with the Kruppel family proteins Sp1 and EKLF.
Mol Cell Biol 15:2437-2447.

Miller 13, Bieker JJ (1993): A novel, erythroid cell-specific
murine transcription factor that binds to the CACCC
element and is related to the Kruppel family of nuclear
proteins. Mol Cell Biol 13:2776—-2786.

Milos PM, Zaret KS (1992): A ubiquitous factor is required
for C/EBP-related proteins to form stable transcription
complexes on an albumin promoter segment in vitro.
Genes Dev 6:991-1004.

Mucenski ML, McLain K, Kier AB, Swerdlow SH, Schreiner
CM, Miller TA, Pietryga DW, Scott WJ, Potter SS (1991):
A functional c-myb gene is required for normal murine
fetal hepatic hematopoiesis. Cell 65:677-689.

Mueller PR, Wold B (1989): In vivo footprinting of a muscle
specific enhancer by ligation mediated PCR. Science 246:
780-786.

Ness SA, Kowenz LE, Casini T, Graf T, Leutz A (1993): Myb
and NF-M: Combinatorial activators of myeloid genes in
heterologous cell types. Genes Dev 7:749-759.

Nicolaides NC, Gualdi R, Casadevall C, Manzella L, Cala-
bretta B (1991): Positive autoregulation of c-myb expres-
sion via Myb binding sites in the 5’ flanking region of the
human c-myb gene. Mol Cell Biol 11:6166—6176.

Orkin SH (1995): Transcription factors and hematopoietic
development. J Biol Chem 270:4955-4958.

Pahl HL, Burn TC, Tenen DG (1991): Optimization of
transient transfection into human myeloid cell lines us-
ing a luciferase reporter gene. Exp Hematol 19:1038—
1041.

Pahl HL, Scheibe RJ, Zhang DE, Chen HM, Galson DL,
Maki RA, Tenen DG (1993): The proto-oncogene PU.1
regulates expression of the myeloid-specific CD11b pro-
moter. J Biol Chem 268:5014-5020.

Rhodes K, Rippe RA, Umezawa A, Nehls M, Brenner DA,
Breindl M (1994): DNA methylation represses the mu-
rine alpha 1(1) collagen promoter by an indirect mecha-
nism. Mol Cell Biol 14:5950-5960.

Rosmarin AG, Caprio D, Levy R, Simkevich C (1995): CD18
(beta 2 leukocyte integrin) promoter requires PU.1 tran-
scription factor for myeloid activity. Proc Natl Acad Sci
USA 92:801-805.

Saffer JD, Jackson SP, Annarella MB (1991): Developmen-
tal expression of Sp1 in the mouse. Mol Cell Biol 11:2189—
2199.



244 Kao et al.

Schanberg LE, Fleenor DE, Kurtzberg J, Haynes BF, Kauf-
man RE (1991): Isolation and characterization of the
genomic human CD7 gene: Structural similarity with the
murine Thy-1 gene. Proc Natl Acad Sci USA 88:603-607.

Schaufele F, West BL, Reudelhuber TL (1990): Overlapping
Pit-1 and Sp1 binding sites are both essential to full rat
growth hormone gene promoter activity despite mutually
exclusive Pit-1 and Sp1 binding. J Biol Chem 265:17189—
17196.

Scott EW, Simon MC, Anastasi J, Singh H (1994): Require-
ment of transcription factor PU.1 in the development
of multiple hematopoietic lineages. Science 265:1573—
1577.

Selker EU (1990): DNA methylation and chromatin struc-
ture: Aview from below. Trends Biochem Sci 15:103-107.

Shelley CS, Farokhzad OC, Arnaout MA (1993): Identifica-
tion of cell-specific and developmentally regulated nuclear
factors that direct myeloid and lymphoid expression of
the CD11a gene. Proc Natl Acad Sci USA 90:5364-5368.

Shi SR, Key ME, Kalra KL (1991): Antigen retrieval in
formalin-fixed, paraffin-embedded tissues: An enhance-
ment method for immunohistochemical staining based
on microwave oven heating of tissue sections. J Histo-
chem Cytochem 39:741-748.

Shin MK, Koshland ME (1993): Ets-related protein PU.1
regulates expression of the immunoglobulin J-chain gene
through a novel Ets-binding element. Genes Dev 7:2006—
2015.

Skerka C, Decker EL, Zipfel PF (1995): A regulatory ele-
ment in the human interleukin 2 gene promoter is a
binding site for the zinc finger proteins Sp1 and EGR-1. J
Biol Chem 270:22500-22506.

Sogawa K, Kikuchi Y, Imataka H, Fujii KY (1993): Compari-
son of DNA-binding properties between BTEB and Sp1. J
Biochem 114:605-609.

Suzuki M, Kuroda C, Oda E, Tsunoda S, Nakamura T,
Nakajima T, Oda K (1995): G10BP, an ElA-inducible
negative regulator of Spl, represses transcription of the
rat fibronectin gene. Mol Cell Biol 15:5423-5433.

Thiele CJ, Cohen PS, Israel MA (1988): Regulation of c-myb
expression in human neuroblastoma cells during retinoic
acid-induced differentiation. Mol Cell Biol 8:1677-1683.

Warren AJ, Colledge WH, Carlton MB, Evans MJ, Smith
AJ, Rabbitts TH (1994): The oncogenic cysteine-rich LIM
domain protein rbtn2 is essential for erythroid develop-
ment. Cell 78:45-57.

Wotton D, Flanagan BF, Owen MJ (1989): Chromatin con-
figuration of the human CD2 gene locus during T-cell
development. Proc Natl Acad Sci USA 86:4195-4199.

Xie J, Briggs JA, Olson MOJ, Sipos K, Briggs RC (1995):
Human myeloid cell nuclear differentiation antigen binds
specifically to nucleolin. J Cell Biochem 59:529-536.

Zhang DE, Hetherington CJ, Chen HM, Tenen DG (1994a):
The macrophage transcription factor PU.1 directs tissue-
specific expression of the macrophage colony-stimulating
factor receptor. Mol Cell Biol 14:373-381.

Zhang DE, Hetherington CJ, Tan S, Dziennis SE, Gonzalez
DA, Chen HM, Tenen DG (1994b): Sp1 is a critical factor
for the monocytic specific expression of human CD14. J
Biol Chem 269:11425-11434.

Zhao LJ, Zhang QX, Padmanabhan R (1993): Polymerase
chain reaction-based point mutagenesis protocol. Meth-
ods Enzymol 217:218-227.

Zhuang Y, Soriano P, Weintraub H (1994): The helix-loop-
helix gene E2A is required for B cell formation. Cell
79:875-884.



