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Human Monocyte/Neutrophil Elastase Inhibitor (MNEI)
is Regulated by PU.1/Spi-1, Sp1, and NF-«xB

Weilan Zeng and Eileen Remold-O’Donnell*

The Center for Blood Research and the Department of Pediatrics, Harvard Medical School, Boston,
Massachusetts 02115

Abstract Human monocyte/neutrophil elastase inhibitor (MNEI) is a specific inhibitor of the neutrophil azurophil
granule proteases including elastase. To understand the physiological mechanisms that regulate expression of MNEI,
we dissected a 1.0 kb region upstream of exon 1. On transient transfection, promoter activity of MNE/-luciferase
constructs was highest in U937 myeloid cells, followed by K562 hematopoietic cells, followed by Hela cervical
carcinoma cells, indicating that the MNEI promoter is most active in myeloid cells and is also active in non-myeloid
cells. Three transcription factor binding elements, which confer the majority of activity, are located within the first 180
base pairs of the promoter, one of which, located at —128, was active in U937 and K562 cells but inactive in
non-myeloid HeLa cells. The three proximal elements were identified by transient transfection, mutation, gel shift and
competition assays as Sp1 at —170, PU.1/Spi-1 at —128, and Sp1 at —66. The trans-acting factors that bind and control
these elements were detected, and their identity confirmed by antibody supershift assays. Further upstream at —821,
an additional regulatory element was identified controlled by NF-kB, which supports the highest levels of MNEI
transcriptional activity. In U937 cells, reporter gene expression by the MNEI-luciferase construct that included the
NF-kB element was two- to three-fold greater than the construct without the element. In addition, treatment of myeloid
cells with lipopolysaccharide, a complex glycolipid of gram-negative bacteria, activated NF-kB to bind the —821
element, together suggesting that enhancement of expression of the anti-inflammatory MNEI gene is linked to innate
immune responses to bacterial infection. J. Cell. Biochem. 78:519-532, 2000.  © 2000 Wiley-Liss, Inc.
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Human monocyte/neutrophil elastase inhib-
itor (MNEI) is a fast-acting specific inhibitor of
the three proteases of myeloid cell azurophil
granules: elastase (also called neutrophil elas-
tase), cathepsin-G, and proteinase-3. These
closely related enzymes are synthesized by pro-
myelocytes, packaged in azurophil (primary)

major agent of inflammatory damage by de-
grading antibodies, cell surface receptors, and
matrix proteins including elastin and inducing
the production of inflammatory cytokines [Dor-
ing, 1994; Johnson et al., 1988].

MNEI, a 42 kDa serpin superfamily protein
of known sequence [Remold-O’Donnell et al.,

granules, and carried in circulating neutro-
phils and monocytes [Fouret et al., 1989; Griso-
lano et al., 1994; Zimmer et al., 1992]. In a
process that protects against microbial infec-
tion, the granule proteases are released into
endocytized vacuoles or extracellularly when
the phagocytic cells encounter microorganisms
at extravascular sites. In contrast, excess gran-
ule protease, particularly elastase, acts as a
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1992], is a prevalent component of neutrophils,
monocytes, and macrophages [Remold-
O’Donnell et al., 1989]. MNEI reacts rapidly
and stoichiometrically with free elastase to
form an inactive complex [Remold-O’Donnell,
1985], thereby neutralizing the protease and
restoring protease:protease inhibitor balance.
Recently, MNEI was shown to also inhibit
cathepsin-G and proteinase-3 with high affin-
ity and to react negligibly with other proteases
[Remold-O’Donnell et al., 1998; Sugimori et al.,
1995]. We have been exploring the potential of
recombinant MNEI as a therapy for neutrophil
protease-induced inflammatory lung damage, a
major pathological process, for example, in the
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inherited disease cystic fibrosis. In preclinical
studies, recombinant MNEI delivered to the
airways of rats prevented multi-parameter
lung damage caused by instillation of neutro-
phil elastase or airway secretions of cystic fi-
brosis patients [Rees et al., 1999].

Unlike the biochemical and pharmacological
properties, the natural regulatory mechanisms
that control expression and function of MNEI
are poorly defined. To understand the physio-
logical regulation and in vivo action of MNEI,
we characterized the MNEI gene and pro-
moter, especially the regulatory elements that
control MNEI expression. MNEI is encoded in
humans by a single gene, MNEI, which spans
9.5 kB on the short arm of chromosome 6 at
6p24-pter [Evans et al., 1995; Zeng et al.,
1998].1 MNEI contains seven exons, and the
3'-untranslated region includes alternative
polyadenylation signals [Zeng et al., 1998],
which appear to serve a regulatory role [Kor-
dula et al., 1993]. In the upstream region, the
coding sequence begins within exon two, and
the transcription start site, identified by
primer extension, corresponds to a 60 bp exon
one. In the present study, we examine the pro-
moter region of MNEI by dissecting a 1.0 kb
region 5’ of the transcription start site to iden-
tify critical sites that control promoter activity
and trans-acting nuclear factors that bind the
MNEI promoter and regulate its transcrip-
tional activity.

MATERIALS AND METHODS
Cell Culture

U937 monocyte-like cells [Sundstrom and
Nilsson, 1976] from a strain (U937/DYL) main-
tained in this laboratory since 1985 [Remold-
O’Donnell, 1985] were grown in DMEM with
high glucose (Mediatech, Herndon, VA) with
10% fetal calf serum. K562 erythroid/myeloid
cells [Lozzio and Lozzio, 1975] and Daudi, a
B-cell line [Klein et al., 1968] (American Type
Culture Collection (ATCC), Rockville, MD),
were grown in RPMI 1640 with 10% fetal calf
serum; THP-1 monocyte-like cells [Tsuchiya et
al., 1980] (ATCC) were grown in the same me-
dium with 50 pM 2-mercaptoethanol (Sigma,
St. Louis, MO). HelLa cervical carcinoma cells,
strain S3, provided by Dr. Philip Auron, Har-

The MNEI gene has also been called ELANH2 and P12
[Evans et al., 1995].

vard Medical School, were grown in DMEM
with 10% fetal calf serum in 10 cm diameter
dishes and passaged by treatment with 25 mM
EDTA in phosphate-buffered saline (PBS). All
media have 100 units/ml penicillin and 100
pg/ml streptomycin. Where mentioned, LPS
(Escherichia coli 0111:B4; Sigma) was added to
U937 and THP-1 cell cultures (1 or 10 pg/ml)
for 2 h prior to cell harvest.

MNEI-Luciferase Constructs

MNEI promoter fragments were generated
by PCR using a genomic clone as template
[Zeng et al., 1998] and were cloned into the Bgl
IT site of firefly luciferase pGL-3 basic vector
(Promega, Madison, WI), which contains nei-
ther promoter nor enhancer. The constructs
extended from different upstream sites to +25
bp relative to the MNEI transcription start site
[Zeng et al., 1998]. The constructs were se-
quenced to verify correct insertion and orienta-
tion. Mutated constructs were generated by
Quik-Change Site-Directed Mutagenesis re-
agents (Stratagene, La Jolla, CA) and con-
firmed by sequencing (Table 1). Plasmid DNA
was purified by Qiagen tip-500 DNA reagents
(Qiagen, Chatsworth, CA).

Transfection

Non-adherent cell lines U937, K562, and
Daudi in log phase growth were harvested for
transfection after being supplemented with
fresh medium on the preceding day. The cells
(4 X 10°) were combined with 20 pg of experi-
mental MNEI plasmid or pGL-3 basic vector in
400 pl complete media in 0.4 cm electropora-
tion cuvettes. Electroporation was carried out
with the Gene pulser II (Bio-Rad, Hercules,
CA) at 1070 microfarad and 360 V (U937 cells),
280 V (K562 cells), or 240 V (Daudi cells)
[Baum et al., 1994]. pRL-TK (3 pg) encoding
Renilla luciferase driven by the herpes simplex
virus thymidine kinase promoter was co-
transfected with the experimental plasmids
and pGL-3 as normalizing control for transfec-
tion efficiency in most experiments. Following
transfection, 12 ml media was added, and the
cells were cultured for 24 h, harvested by pel-
leting, and washed once with PBS containing
Ca?* and Mg?*. The cells were lysed in 100 ul
PBS with Ca®?* and Mg®" by three cycles of
freezing and thawing, and the lysates were
clarified by centrifugation.
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TABLE 1. Description of Wild-Type and Mutated MNEI Oligonucleotides and Constructs

Oligonucleotide and

construct Sequence? Location Length
—138 5"-AGCCACGCTCACTTCTGCTTGCACTTA-3’ —140 to 114 27 bp
M-138 and Mp138py, 5"-AGCCACGCTTTAAACTGCTTGCACTTA-3’ —140 to 114 27 bp
PU.1,,, concus 5'-GGGCTGCTTGAGGAAGTATAAGAAT -3/ — 25 bp
—180 5" -AAAGAAGCCGCGCCCCTGAGGAG- 3’ —176 to 23 bp
—154
M-180 and Mp180 5'-AAAGAAGCCGCAAACCTGAGGAGGGC-3’ —176 to 26 bp
—151
SPLeonsensus 5'- ATTCGATCGGGGCGGGGCGAGC -3’ — 22 bp
AP-2, .. 5'-GATCGAACTGACCGCCCGCGGCCCGT -3’ — 26 bp
—66 5"-AGGGCCGCCGCCCCGCCCGCGGCTGCTG- 3! —73 to —46 28 bp
1M-66 and 1Mpl138;. 5'-GGCCGCCGCCCCACCCGC-3' —71 to —54 18 bp
2M-66 and 2Mp138;- 5'-GGCCGCCGCCAAGCCCGC-3' —71 to —54 18 bp
3M-66 and 3Mp138;- 5"-GGCCGCCGAACCGCCCGC-3’ —71 to —54 18 bp
—829 5'-TAGCTGGAGGGGAATTTCACTTAGGAT - 3’ —829 to 27 bp
—803
M-829 5'-TAGCTGGAGGCCCATTTCACTTAGGAT - 3’ —829 to 27 bp
—803
NF-kB, o consus 5'- AGTTGAGGGGACTTTCCCAGGC -3’ — 22 bp

®Mutated nucleotides are indicated by italics.

HeLa cells were transfected by the calcium
phosphate method (reagents from 5 prime — 3
prime). The cells were passaged 1 day prior to
transfection to 40—-50% confluence (~10° cells
per 10 cm dish), and fresh media was added 2 h
before transfection. Plasmids (20 pg) with or
without 3 pg pRL-TK (Promega) as described
above were added, and the HeLa cells were
cultured with complete transfection compo-
nents for 24 h, washed twice with DMEM, and
cultured in fresh medium for an additional
24 h. For harvest, the HeLa cells were de-
tached with EDTA and pelleted; they were
lysed by freezing and thawing as described
above for non-adherent cells.

Luciferase Assay

Lysates of transfected cells (5 pl/assay) were
analyzed for firefly luciferase and Renilla lucif-
erase by addition of Fire-Lite and Ren-Lite sub-
strates (Packard, Meriden, CT) and quantitation
of the enzymatic products with the Top-Count
luminescence counter (Packard). At least three
independent experiments were performed for
each plasmid. Firelight luciferase activity in each
experiment was calculated as the average/mean
of at least duplicate transfections without or
with normalization based on the activity of co-
transfected Renilla luciferase. Comparison of
multiple experiments indicated that normaliza-

tion did not alter mean results, and luciferase
activities from both types of quantitation were
pooled after conversion to relative units as de-
fined in figure legends.

Preparation of Nuclear Extracts

Nuclear extracts of U937, K562, and THP-1
cells were prepared using a modified method
[Andrews and Faller, 1991; Dignam et al.,
1983]. Log phase cells (5-10 X 10°) were har-
vested, washed twice with cold PBS; disrupted
by incubation at 4°C for 10 min in 400 pl hy-
potonic buffer A (0.05% Nonidet P-40, 10 mM
HEPES buffer, pH 7.9, 1.5 mM MgCl,, 10 mM
KCIl, 1 mM dithiothreitol) containing protein-
ase inhibitors (2 mM diisopropyl fluorophos-
phate, 50 pg/ml leupeptin, 4 pg/ml pepstatin).
The nuclei were harvested by pelleting at
3,000-4,000 rpm for 2 min in a microfuge and
were extracted in 40 pl buffer C (10 mM
HEPES buffer, pH 7.9, 420 mM NaCl, 1.5 mM
MgCl,, 0.2 mM EDTA, 1 mM dithiothreitol)
containing proteinase inhibitors by incubation
at 4°C for 30—60 min with occasional gentle
tapping. Cell debris was pelleted in a microcen-
trifuge at 15,000 rpm at 4°C for 10—-20 min,
and the clarified nuclear extracts were stored
in aliquots at —80°C. Protein concentration
was determined using the Bradford reagent
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(Bio-Rad). Preparations of nuclear extract of
HelLa cells were obtained from Promega.

Electrophoretic Mobility Shift Assays (EMSA)

Complementary DNA oligonucleotides (Oli-
gos Etc., Wilsonville, OR) in 2 mM Tris - HCI,
pH 7.5, 1 mM MgCl, 5 mM NaCl, 0.1 mM DTT)
were annealed by heating at 100°C for 2—5 min
and slowly cooling at ~22°C. Double-stranded
oligomers (=25 ng) were labeled with [y-
32P]ATP (3,000 Ci/mmol) and T, polynucleotide
kinase (Promega) and purified by acrylamide
gel electrophoresis. For gel shift assays, nu-
clear extracts (5—8 pg) were incubated for 20
min at 4°C with 2-5 X 10* cpm of 3?P-labeled
probe in 12.5 pl of 10 mM Tris-HCI, pH 7.5, 1
mM EDTA, 5 mM MgCl,, 5 mM NaCl, 1 mM
DTT, 1 mM EDTA containing 1 ng of poly(dI-
dC). For competition assays, unlabeled compet-
itor DNA was incubated with the nuclear ex-
tracts at 4°C for 20 min prior to addition of
labeled oligomer. For supershift assays, 2 pg of
specific rabbit (PU.1, AP-2, NF-kB p65) or goat
(Sp1, NF-kB p50) antibodies (Santa Cruz Bio-
technology, Santa Cruz, CA) were added in 1 pl
after the binding reaction, and the mixture was
incubated at ~22°C for 30 min. The products
were resolved on 5% non-denaturing acryl-
amide gels (100 V, 0.5 X TBE buffer, ~22°C);
the gels were then dried and exposed to auto-
radiographic film.

RESULTS

Promoter Activity of the 5’ Region of Human
MNEI Examined in Cells of Different Origin

To identify cis-elements and trans-acting fac-
tors important in human MNEI promoter ac-
tivity, we linked six cloned fragments of the
immediate 5’ flanking region of MNEI genomic
DNA ranging in size from 1,000 to 40 bp up-
stream of the transcription start site to the
luciferase reporter gene to generate the plas-
mids p1000, p800, p500, p180, p100, and p40.
These unidirectional deletion constructs and
the promoterless vector pGL-3 were examined
by transfection of cell lines of varying origin.
When transiently transfected into U937
monocyte-like cells, K562 myeloid/erythroid
cells, and HeLa epithelial-like cells, the six
MNEI plasmids displayed varying levels of
promoter activity (>4-fold enhancement of lu-
ciferase activity relative to pGL-3). Compari-
son across cell lines revealed significant quan-

titative differences in the promoter activity of
individual MNEI constructs when transfected
into different cells. This quantitative difference
is shown for p180, which was the most active of
these constructs in each of the cell lines. The
highest promoter activity of p180, 106-fold en-
hancement relative to the pGL-3, was found
when the construct was transfected into U937
cells, followed by 87-fold in K562 cells and 57-
fold in HeLa cells (Fig. 1A). In contrast, negli-
gible promoter activity (three to five fold en-
hancement relative to pGL-3) was found for
MNEI construct p180 transfected into Daudi
B-lymphoid cells (Fig. 1A). The positive control
for Daudi cell transfection was the activity of
Renilla luciferase driven by the TK promoter of
the co-transfected plasmid pRL-TK. The find-
ing that the MNEI constructs were active in
the myeloid cell lines U937 and K562 and also in
non-myeloid HeLa cells but inactive in Daudi
cells is consistent with the known expression of
MNEI protein in the former three cell lines and
its absence in Daudi cells [Remold-O’Donnell et
al., in preparation] (see also Discussion).

Localization of Regulatory Elements in the
MNEI Promoter

The comparison of the luciferase activities of
the six MNEI step-deletion plasmids within
different transfected cell lines revealed an ac-
tivity pattern that, with one exception, was
similar for U937, K562, and HeLa cells (Fig
1B). In each of the three cell lines, p1000, the
longest MNEI plasmid, showed near maximal
promoter activity, and p800 showed decreased
activity, suggesting that a positive acting ele-
ment functional in the three cell lines is located
between —1,000 and —800. Of these con-
structs, p180 showed the highest promoter ac-
tivity, suggesting that major elements that
control the MNEI promoter are located in the
first 180 bp upstream of the transcription start
site. Compared to p180, p100 showed markedly
decreased activity, indicating that sequences
critical for MNNEI promoter activity are located
between —180 and —100. The smallest con-
struct, p40, which contains no identifiable mo-
tif other than a TATA-like sequence (TATAA-
GAG) at —22 bp, had low but reproducible
activity in the three cell lines, suggesting that
the TATA motif is functional. Negative acting
elements are apparently present upstream of
—180 (see decreased activity of p800 and p500
compared to pl80); these were not further ex-
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Fig. 1. Promoter function of MNEI-luciferase constructs in
cells of different lineage. A: Quantitative comparison of one
MNEI construct, p180 (described below), transiently transfected
into U937 (myeloid), K562 (erythroid/myeloid), Hela
(epithelial-like), and Daudi (B-lymphoid) cells. Luciferase ac-
tivities, assayed after 24 h (48 h for Hela cells), are expressed
as fold stimulation, i.e., the ratio of MNEI-p180 activity to the
promoterless vector pGL3. Values are the mean + SEM of eight
to 12 experiments with duplicate transfections except for Daudi
cells (four experiments). B: Comparative luciferase activity of a

amined. The single difference in the activity
pattern for the three cell lines, the weaker ac-
tivity of p800 in HeLa cells, was also not fur-
ther examined. In the remainder of the study,
we concentrated on characterizing the positive
acting elements between —1,000 and —800 and
between —180 and —100.

For detailed localization of the regulatory
elements between —180 and —100, four addi-
tional step deletion plasmids, pl162, pl49,
p138, p123, were generated. When transfected
into U937, K562, and HeLa cells, decreased
activity was found for p162 relative to p180 in
all three cell lines (Fig. 2), indicating that a
positive regulatory element that functions in
the three cell lines is located in the —180 to

o

100

Luciferase ( RLU)

25 50 75 100 0 25 s 75

Luciferase ( RLU)

series of MNEI step-deletion constructs transiently transfected
into U937 (left), K562 (middle), and Hela cells (right). The
MNEI regions encompassed by the plasmids begin at varying
upstream sites shown schematically at the left and indicated by
the name, e.g., p1000 begins at —1,000, and extends to +25
relative to the transcription start site. Luciferase activities are
expressed as RLU (relative light units) = SEM with the activity
of p180 for each cell line set as 100 units. Results are the
mean * SEM of four to seven experiments with duplicate
transfections.

—162 region. In contrast, the construct p138
was significantly more active than p100 in the
myeloid cell lines U937 and K562 (Fig. 2, left),
but p138 and p100 showed identical activity in
HeLa cells (Fig. 2, right), indicating a regula-
tory element in this region active only in the
myeloid cell lines. The myeloid cell regulatory
element was further localized to the region be-
tween —138 and —123 bp by three-way com-
parison of the activities of p138, p123, and
p100 in U937 and K562 cells (Fig. 2, left panel).

Characterization of PU.1/Spi-1 Regulation of
MNEI Expression by an Element at —128

On searching the MINEI sequence from —138
to —123 for a myeloid-specific binding motif, we
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Fig. 2. Analysis of promoter activity of proximal region (=180
to —100 bp) step-deletion constructs. The indicated MNEI-
luciferase constructs (named based on the number of nucleo-
tides upstream of the transcription start site) were transiently
transfected into U937 cells and K562 cells (left) and Hela cells
(right). Luciferase activities, the results of three experiments
with duplicate transfections, are expressed as mean RLU = SEM
with p180 activity set as 100 units for each cell line. Note the
decreased promoter activity of p162 relative to p180 in the
three cell lines. Note that the promoter activity of p100 is less
than p138 in U937 and K562 cells (left), but that p100 and
p138 have equal activity in Hela cells (right).

noted the sequence 5'-TTCT-3’ beginning at
—128, which corresponds on the non-coding
strand to a potential PU.1 binding element.
PU.1/Spil has been identified as a major tran-
scription factor in regulation of gene expres-
sion in myeloid cells [McKercher et al., 1996;
Scott et al., 1994]. To characterize this putative
element and its ¢rans-acting binding factor(s)
in myeloid cells, electrophoretic mobility shift
assays (EMSAs) were performed. Radiolabeled
double stranded oligonucleotide probe includ-
ing the —128 putative element of MNEI (probe
—138; sequence in Table 1) produced a major
shifted band with U937 cell nuclear protein
(Fig. 3A, lane 3) that had identical mobility to
the shifted band of radiolabeled consensus
PU.1 probe (probe PU.1., sensus; 1ane 1). Probe
—138 produced no binding band with nuclear
protein of HeLa cells (lane 7), which lack PU.1
[Galson and Housman, 1988; Kominato et al.,
1995]. In competition experiments, the shifted
band of probe —138 was abrogated by excess
non-labeled self oligonucleotide and by excess
PU.1_  census Oligonucleotide (lanes 4 and 5),
but was unaffected by excess oligonucleotide
M-138 with mutation of the putative PU.1 mo-
tif (lane 6). The identity of the U937 cell-
derived protein that binds to probe -138 was
confirmed as PU.1 by quantitative supershift of

A.
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{
g
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Fig. 3. Demonstration of binding of myeloid cell PU.1 to the
MNEI promoter by EMSA and functional assay. A: EMSA demon-
strates binding of PU.1 to MNEI probe —138. Shown in the left
panel are U937 cell nuclear extracts incubated with PU.T_ cenus
probe (lanes 1 and 2) or MNEI probe —138; (lanes 3—6) and Hela
cell nuclear extract incubated with probe —138 (lanes 7 and 8)
without or with 500-fold excess non-labeled competitor oligonu-
cleotides: PU. T, peensus (Ianes 2 and 5), —138 (lane 4), or M—138
in which the putative PU.1 binding element is mutated (lane 6).
The arrow on the left indicates co-migrating mobility-shifted bands
in lanes 1, 3, and 6, but not in lane 7. In the right panel, probe
—138 was incubated with U937 nuclear extract without (lane 9)
or with antibodies to PU.1 (lane 10) or Sp1 (lane 11). The arrow-
head on the right indicates the supershifted band formed by PU.1
antibody. B: Mutation analysis. The MNEI-luciferase construct
p138 and Mp138 generated by mutation of the PU.1 binding motif
(Table 1) were transfected into U937, K562, and Hela cells.
Shown are mean luciferase activities (-=SEM) of three experiments
with duplicate transfections expressed as RLU (with p180 set as
100 units). Note that p138 containing the Wild-type PU.1 binding
element showed greater promoter activity than Mp138 in U937
cells and K562 cells, but p138 and Mp138 had equal promoter
activity in Hela cells.
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the band on incubation with PU.1 antibodies
(lane 10), but not by Sp1 antibodies (lane 11).

To confirm the function of the PU.1 element,
a plasmid, Mp138py;, was generated from con-
struct p138 with the same mutation as probe
M-138 of the PU.1 core motif (Table 1) and was
transiently transfected into the three cell lines.
The luciferase activity of Mp138 was decreased
relative to p138 in U937 cells and K562 cells
(Fig. 3B). In contrast, the two constructs
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Mp138 and p138 were equally active in HeLa
cells (S3 strain; Fig. 3B), which lack PU.1
[Kominato et al., 1995], confirming the pres-
ence of a PU.1 element at —128 that enhances
MNEI promoter activity in myeloid cell lines.

Characterization of An Sp1 Element at —170
and Its Role in Regulation of MNEI Expression

Based on the greater luciferase activity of
p180 relative to pl62 in the three cell lines
(Fig. 2), we designed an MNEI probe from
—176 to —154 and performed gel shift assays to
identify the element in this region responsible
for promoter activity. The probe, —180, which
includes a GC-rich sequence (potential Spl
binding GC box) beginning at —170 (Table 1),
produced a major shifted band with nuclear
protein from K562 cells (Fig. 4A, lane 1), U937
cells (lane 2) and HelLa cells (lane 8), and these
bands were abrogated by excess of self oligonu-
cleotide (lanes 3 and 9) and Sp1l,,,census (1anes
4 and 10), but not by oligonucleotide M-180
with mutation at —164/162 of a potential GC
box (lanes 5 and 11). Excess of AP-2_ . cnsus
oligonucleotide, which is also a GC-rich se-
quence, partially decreased the binding of
HeLa cell nuclear factor to the MNEI —180
probe (lane 12). Incubation with specific anti-
bodies to Spl quantitatively supershifted the
U937 band (lane 6) and HeLa cell band (lane
13), and antibodies to AP-2 had no effect (lanes

Fig. 4. Demonstration of Sp1 binding to a GC box at =170 bp
by EMSA and functional assay. A: EMSA. Shown are nuclear
extracts from K562 (lane 1), U937 (lanes 2—-7), and Hela cells
(lanes 8—14) incubated with MNEI probe —180 without or with
500-fold excess non-labeled competitor oligonucleotide —180
(lanes 3 and 9), Sp1 gnsensus (1anes 4 and 10), oligonucleotide
M-180 with mutation of the putative GC box (lanes 5-11), or
AP-2 i neensus (Iane 12). The arrows on the left of the panels
indicate the shifted bands. Note the abrogation of probe —180
shift by excess self and Sp1 gnsensus @and weak inhibition by
excess AP-2 . nsus- Similar findings were obtained with K562
extracts (data not shown). In supershift analysis, probe —180
was incubated with nuclear extracts of U937 (lanes 6 and 7) or
Hela cells (lanes 13 and 14) and antibodies to Sp1 (lanes 6 and
13) or AP-2 (lanes 7 and 14). The arrowheads at the right of the
panels indicate the supershifted bands formed with Sp1 anti-
body. B: Mutation analysis. The MNEI-luciferase construct
p180 and the mutated construct Mp180 were transfected into
U937, K562, and Hela cells. Shown are mean luciferase ac-
tivities = SEM of three experiments expressed as RLU as in
Figures 1B, 2, 3. Note that Mp180 in which the GC box is
mutated showed decreased promoter activity in the three cell
lines.
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7 and 14), verifying the identity of the ¢rans-
acting factor that binds the —170 MNEI ele-
ment as Spl.

To confirm the function of the Spl binding
site at —170, a plasmid, Mp180, was generated
from p180 with the same mutation as oligonu-
cleotide M-180. When transiently transfected
into U937, K562, and HeLa cells, Mp180 gen-
erated decreased luciferase activity relative to
p180 in all three cell lines (Fig. 4B), verifying
the existence of a GC box binding, trans-active,
protein Spl that contributes to regulation of
full activity of the MINEI promoter in both my-
eloid and non-myeloid cells.

Characterization of Second Sp1 Element at —66
and Its Role in Regulation of MNEI Expression

Sequence analysis of the proximal 5" flank-
ing region revealed another putative regula-
tory element upstream of the TATA box. This
sequence, which consists of two overlapping
inverted GC-box motifs within a GC-rich re-
gion, begins at —66 bp, a common location for
functional GC boxes. Although a construct con-
taining this motif and the TATA box had only
~20% of full promoter activity (Fig. 1B), we
nonetheless tested the region by electro-
phoretic mobility shift assay for regulatory ac-
tivity. Probe —66 encompassing —73 to —46 bp
(Table 1) produced a major shifted band with
nuclear protein from U937 cells (Fig. 5A, lane
1), which was abrogated by excess self (lane 2)
and excess Spl,y,eensus (1ane 3). Three oligonu-
cleotides with mutations of the GC box were
tested; 1M-66 was partially effective, and
2M-66 and 3M-66 were ineffective, in prevent-
ing nuclear factor binding to the —66 probe
(lanes 4—6). Similar results were obtained for
HelLa cell nuclear extracts, except that all
three mutated oligonucleotides failed to inhibit
nuclear factor binding to the MNEI —66 probe
(data not shown). The identity of the U937/
HelLa cell-derived protein that binds probe —66
was confirmed as Spl by the demonstration
that Spl antibodies, but not AP-2 or PU.1 an-
tibodies, quantitatively supershifted the band
(lanes 7-9).

Three plasmids were generated in which the
same mutations of the proximal GC box core
sequence at —66 bp were introduced in p138
(sequences in Table 1). The three mutated plas-
mids, particularly 2Mp138,c and 3Mpl38;c,
showed remarkably decreased luciferase activ-
ity relative to Wild-type p138 when transfected
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Fig. 5. Demonstration of Sp1 binding to a proximal GC box at
—66 by EMSA and functional analysis. A: EMSA. U937 nuclear
extract was incubated with probe —66 without (lane 1) or with
500-fold excess non-labeled -66 (lane 2), Sp1onsensus (Iane 3) or
the mutated oligonucleotides TM-66, 2M-66, 3M-66 (defined
in Table 1; lanes 4—6). The arrow on the left indicates the
shifted band in lanes 1, 5, and 6. Supershift analysis shows the
effect of antibodies to Sp1 (lane 7, supershift band indicated by
arrowhead on the right), AP-2 (lane 8, no effect), and PU.1 (lane
9, no effect). B: Mutation analysis. U937 and Hela cells were
transfected with the Wild-type construct p138 and the con-
structs TMp1385¢, 2Mp138¢, and 3Mp138 with mutations
(Table 1) of the GC box at —66. Luciferase activities (mean *
SEM of three experiments) are expressed as RLU with the p180
values for each cell line as 100 units.
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into U937 and HeLa cells (Fig. 5B), suggesting
that interaction of Spl with this GC box is
important for MINEI promoter activity in both
myeloid and non-myeloid lines. These findings
indicate that the proximal Sp1l element at —66
has substantial impact on promoter function.

Characterization of NF-xB Regulation of MNEI
Expression by an Element at —821

To characterize the distal positive acting el-
ement between —1,000 to —800 (Fig. 1B), an
additional Wild-type plasmid, p829, was con-
structed, which included a putative NF-kB mo-
tif not present in p800. When these constructs
were transfected into U937 and HeLa cells,
luciferase activity was more than doubled for
p829 compared to p800 to the highest level of
all MNEI constructs (20% higher than p180;
Fig. 6A). Mutational analysis was also per-
formed by generation of a plasmid Mp829 by
mutation of the NF-«kB motif, which begins at
—821. On transfection, luciferase activity was
markedly decreased for Mp829 relative to p829
in U937 cells and HeLa cells (Fig. 6A), strongly
suggesting the presence of a functional NF«kB-
like element.

NF-kB is the prototype of a family of tran-
scription factors important in coordinate con-
trol of gene expression, the induction of which
involves conversion of inactive cytosolic precur-
sors to active dimers that translocate to the
nucleus [Lenardo and Baltimore, 1989]. The
apparent effect of an NF-«B element of MNEI
to increase luciferase reporter gene expression
was, in one respect, surprising because the
transfected cells had not been treated with an
inducing stimulus. As the first step toward
identifying the factor that binds and controls
the —821 MNEI element, we performed elec-
trophoretic mobility assays with nuclear ex-
tracts prepared from U937 cells that had either
been left unstimulated or treated with lipopoly-
saccharide (LPS), a component of the cell wall
of gram-negative bacteria, which is known to
induce NF-kB in monocytic cells [Donald et al.,
1995; Mackman et al., 1991; Pomerantz et al.,
1990]. When incubated with NF-kB consensus
probe, nuclear extracts from untreated and
LPS-treated U937 cells both produced a prom-
inent shifted band (Fig. 6B, lanes 1-3), sug-
gesting that the U937 cells used in this study
contain an active NF-kB like molecule within
their nuclei. Nuclear extracts from untreated

K562 cells also contained a factor that bound
NF-kB consensus probe (data not shown).

To perform mobility shift assays with the
specific MNEI probe —829, we used nuclear
extracts from another monocyte-like cell line,
THP-1, for which expression of active NF-xB
has been shown to be LPS-sensitive [Donald et
al., 1995; Mackman et al., 1991]. When incu-
bated with MNEI probe —829, nuclear extracts
from unstimulated THP-1 cells failed to pro-
duce a shifted band (Fig. 6B, lane 4), but ex-
tracts of LPS-treated THP-1 cells produced a
dose-dependent broad shifted band, possibly
representing multiple components (lanes 5 and
6). Formation of the shifted MNEI —829 band
was abrogated by excess of self oligonucleotide
(lane 7) and NF-kB_ .y census (1ane 8), but not by
M-829 oligonucleotide with the same mutation
as Mp829 of the NF-«kB core sequence (lane 9).
Moreover, the protein complex of the
MNEI—829 probe was supershifted on incuba-
tion with antibodies to NF-xB p50 (lane 10)
and partially supershifted on incubation with
NF-kB p65 antibodies (lane 11), confirming
that the transcription factor in LPS-treated
THP-1 nuclear extracts that binds the MNEI
—821 element is NF-kB or an NF-kB family
member.

DISCUSSION

We present here data identifying four func-
tional transcription factor binding elements in
the promoter of human MNEI. A regulatory
element controlled by transcription factor
PU.1/Spi-1 and two non-contiguous elements
controlled by Sp1 were identified within 180 bp
immediately upstream of the transcription
start site. An additional regulatory site located
further upstream at —821 was also identified,
which is controlled by NF-«B.

On transient transfection of MNEI-lucifer-
ase constructs, promoter activity was highest
in U937 cells, a monocyte-like line, followed by
K562 cells, a less mature line chronic myelog-
enous leukemia cell line capable of myeloid,
erythroid, or megakaryocytic differentiation
[Andersson et al., 1979; Cheng et al., 1994;
Lozzio and Lozzio, 1975; Yu et al.,, 1989].
Lesser, but still substantial, promoter activity
was noted on transfection of the MNEI con-
structs into HeLa cervical carcinoma cells, in-
dicating that the MNEI promoter, although
most active in myeloid cells, is clearly not
myeloid-specific. These findings are consistent
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element by mutation analysis and EMSA. A: Mutation analysis.
U937 and Hela cells were transfected with p829, p800, and
the mutated construct Mp829. Note that the luciferase activity
(RLU, three experiments) of p829 containing the putative
NF-kB motif is greater than p800 and Mp829 in both cell lines.
Note also that in U937 cells p829 activity is greater than p180,
which was set as 100 RLU. B: EMSA. In the left panel, nuclear
extracts prepared from U937 cells that had been incubated for
2 h without (lane 1) or with LPS at T wg/ml (lane 2) or 10 wg/ml
(lane 3), were incubated with probe NF-kB_nsensus- The arrow
on the left indicates the shifted NF-xB complex formed with
nuclear protein from untreated and treated U937 cells. In the

been incubated for 2 h without (lane 4) or with LPS at 1 pg/ml
(lane 5) or 10 pg/ml (lanes 6-11) were incubated with MNEI
probe —829 without or with 500-fold excess non-labeled —829
(lane 7), NF-kB gnsensus (Iane 8), or M-829 in which the putative
NF-kB element is mutated (lane 9). Note the absence in lane 4
and appearance in lanes 5 and 6 of a shifted band of —829
complex (arrow on the left of the panel). The identity of the
nuclear factor in LPS-treated THP-1 cells that binds to MNE/
probe -829 was confirmed as NF-kB by supershift of the band
to new mobility positions by NF-kB p50 antibodies (lane 10)
and NF-«kB p65 antibodies (lane 11; supershift bands indicated
by arrowheads on the right).
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with the protein and RNA expression patterns
recently documented for MNEI (summarized
below). At the protein level, MNEI functions as
a potent and highly specific inhibitor of the
neutrophil azurophil granule proteases, elas-
tase, cathepsin-G, and proteinase-3, all of
which are tightly regulated gene products spe-
cific to early myelomonocytic cells [Fouret et
al., 1989; Grisolano et al., 1994; Zimmer et al.,
1992]. Thus, from the perspective of coordi-
nated understanding of MNEI expression and
function, there is particular need to study con-
trol exerted by the MINEI promoter in the con-
text of myeloid cells.

Many characterized myeloid genes lack a
TATA box, including granulocyte-macrophage
colony stimulating factor receptor o (GM-
CSF-R) [Hohaus et al., 1995], macrophage
colony-stimulating factor receptor (M-CSFR)
[Zhang et al., 1993], p47P2°* [Li et al., 1997]
and Bruton’s tyrosine kinase (Btk) [Himmel-
mann et al., 1996]. The MNEI promoter con-
tains a TATA sequence located at a common
position, —22 bp relative to the transcription
start site [Zeng et al., 1998], and in this re-
spect, it resembles the myeloid genes that con-
tain a TATA box. These include IL1B, most
abundantly expressed by monocytes [Kominato
et al., 1995], as well as myeloperoxidase [Nu-
chprayoon et al., 1994], and the genes encoding
the MNEI target proteases, neutrophil elastase
[Oelgeschlager et al., 1996], proteinase-3 [Stur-
rock et al., 1992], and cathepsin-G [Grisolano
et al., 1994]. Luciferase reporter gene expres-
sion was observed on transfection of a minimal
MNEI construct, p40, that includes the TATA
motif (Fig. 1B), strongly suggesting that the
MNEI TATA sequence is functional. As previ-
ously noted, the TATA box and flanking se-
quence of MNEI is identical in 13 of 14 posi-
tions to the corresponding region of the genes
for two MNEI target proteases, neutrophil
elastase, and proteinase-3 [Zeng et al., 1998].
The implications of this correlation are un-
known.

The transcription factor PU.1/Spi-1 is an Ets
domain protein characterized as a major regu-
lator of myeloid gene expression and restricted
in expression primarily to myeloid and B cells
[Galson et al., 1993; McKercher et al., 1996;
Scott et al., 1994]. The present study identified
a functional PU.1 motif in the MNEI promoter
located at —128. An MNEI construct that in-
cludes the PU.1 motif increased luciferase re-

porter gene expression in U937 cells and K562
cells, indicating that the PU.1 element of
MNEI is functional in early and mature my-
eloid cells. In contrast, the inclusion of the
MNEI PU.1 element failed to increase tran-
scriptional activity in HeLa cells, which are
known to lack PU.1. In addition, an MNEI
probe that included the PU.1 sequence bound a
nuclear protein of U937 and K562 cells, but
failed to bind HeLa cell nuclear proteins, con-
firming that the MNEI PU.1 motif at —128 is a
myeloid-specific functional element. These
findings, together with the ~50% reporter gene
expression activity remaining when the mu-
tated construct Mpl38py is transfected into
U937 and K562 (Fig. 3B), strongly suggest that
the transcription factor PU.1 contributes to,
but is not absolutely required for, MNEI ex-
pression in myeloid cells.

Another promoter, which like MNEI, is reg-
ulated by, but not absolutely dependent on,
PU.1, is Bruton’s tyrosine kinase (Btk) [Him-
melmann et al., 1996; Muller et al., 1996]. Btk
promoter constructs were transcriptionally ac-
tive in K562 myeloid cells, B cell lines and, at
lower levels, in HeLa cells [Himmelmann et al.,
1996]. Consistent with these findings, Btk is
expressed in fetal liver cells of PU.1 gene-
deleted mice, but its levels are decreased sev-
eral fold relative to Wild-type mice [Muller et
al., 1996].

The most frequent PU.1/Spi-1 binding motif
contains the core sequence 5-GGAA-3’ [Ray-
Gallet et al., 1995]. Less frequently, myeloid
promoters have been identified with the PU.1
core sequence, 5'-AGAA-3’, for example, IL-1B
[Kominato et al., 1995] and CD11b [Pahl et al.,
1993]. The MNEI 5'-TTCT-3' core sequence
corresponds to the last named PU.1 sequence
in inverted orientation.

The transcription factor Spl is universally
and preferentially expressed in hematopoietic
cells [Tenen et al., 1997]. Recent studies in-
creasingly document the contribution of Sp1 to
regulation of tissue-specific expression of
TATA-less myeloid genes [Chen et al., 1993;
Eichbaum et al., 1997; Zhang et al., 1994] in
which case Spl interacts through co-activators
with the basal transcription apparatus [Pugh
and Tjian, 1990]. Spl was also identified as an
enhancer in the neutrophil elastase and
proteinase-3 genes [Nuchprayoon et al., 1999].
In the MNEI promoter, two GC box motifs with
functional Sp1 binding activity were identified
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in the 180 bp proximal region, one upstream
and one downstream of the PU.1 element.
MNEI reporter constructs that included the
upstream Spl binding site at —170 supported
robust MNEI promoter activity. The proximal
Spl binding site at —66 bp did not support
strong transcriptional activity in the absence of
upstream elements; however, mutation and de-
letion of this element indicated that this region
also is important for MNEI promoter activity.

Another regulatory element identified in the
MNEI promoter is NF-kB, located far up-
stream of the transcription start site at —821
and separated from the cluster of proximal el-
ements, Spl_;;9, PU.1_ 55, Spl_g4, and TATA,
by apparent negative regulatory elements that
decrease MNEI promoter activity (Fig. 1B).
Characterized NF-«B elements consist of dis-
similar pentameric half sites [Urban et al.,
1991]; the —821 MNEI site has the sequence
5'-GGGGAATTTCA-3'. Inclusion of this site in
a transfected MNEI construct increased lucif-
erase expression by U937 cells more than two-
fold to the highest level of all MNEI constructs
(p829, Fig. 6A).

Treatment of THP-1 monocyte-like cells with
LPS, a complex glycolipid of gram-negative
bacteria, revealed stringently regulated activa-
tion and binding of NF-«B family protein(s) to
the —821 MNEI element. The protein compo-
nent of the complex consists, at least in part, of
NF-«kB p50/p65 heterodimers as it was super-
shifted by either p50 or p65 antibodies. Cumu-
latively, these findings suggest that MNEI ex-
pression is increased in response to gram-
negative bacterial infection by the action of
LPS to activate an NF-«B family member and
induce its binding to the —821 element.

Regulation of MINEI promoter activity in my-
eloid cells in response to LPS is interesting in
view of the recent study in mice demonstrating
the critical role of the MNEI target, neutrophil
elastase, in the response to bacterial infection.
Specifically, mice depleted at the gene level of
neutrophil elastase were found to be hypersen-
sitive to gram-negative bacterial infection [Be-
laaouaj et al., 1998]. These findings suggest
that the innate response of myeloid cells to
LPS-expressing bacteria includes not only de-
struction of the bacteria by neutrophil elastase,
but also increased activity of the MNEI pro-
moter to ensure sufficient MNEI for inhibition
of excess elastase. Indeed, substantially in-
creased levels of MNEI are found in airway

fluids of patients with cystic fibrosis [Remold-
O’Donnell et al.,, unpublished findings], sug-
gesting that production and/or release of MNEI
is enhanced as part of the local response to
infection and inflammation.

MNEI was discovered and characterized
based on its elastase inhibitory activity as a
product of monocytes, macrophages and neu-
trophils, where it is present at high levels, con-
stituting =0.1% of total protein [Remold-
O’Donnell, 1985]. The present study indicates
that the promoter activity of MNEI is not spe-
cific to these cells. Indeed, findings obtained on
examining MNEI protein expression with re-
cently developed reagents are completely con-
sistent with the promoter findings. MNEI pro-
tein was detected by Western blot, not only in
myeloid cells, but also in HeL.a and other cell
lines and in platelets and primary T lympho-
cytes and B-lymphocytes [Remold-O’Donnell et
al., manuscript in preparation]. In the same
study, Daudi cells, a Burkitt lymphoma cell
line [Klein et al., 1968], in contrast to primary
B lymphocytes, were negative for MNEI ex-
pression by Western and Northern blots, con-
sistent with the absence of transcriptional ac-
tivity when MNEI-luciferase constructs were
transfected into Daudi cells (Fig. 1). In the
single study in non-myeloid cells, MNEI re-
leased from tumor cells was shown to be re-
sponsible for immunomodulatory activity to-
ward infiltrating lymphocytes [Packard et al.,
1995], strongly suggesting that investigation of
the regulation and functional role of MNEI in
non-myeloid cells is also warranted.

Overall, this analysis contributes toward un-
derstanding physiological regulation and ac-
tion of MNEI by identifying three proximal
region transcription factor binding elements,
Spl, PU.1, and Spl, that control short distance
promoter function and comprise the minimal
regulatory region. The fourth identified tran-
scription factor binding element, NF-kB, lo-
cated further upstream at —821, was shown to
mediate enhanced MNEI promoter activity in
monocytic cells in response to LPS, suggesting
increased expression of MINEI in inflammatory
reactions. The identification of PU.1, Spl, and
NF-kB as regulatory elements in the MNEI
promoter suggests that this anti-inflammatory
gene is controlled by the same transcriptional
factors prominent in inflammatory responses.
These data will be the basis for correlating
promoter activity with altered MNEI expres-
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sion in physiological and pathological settings
and in the context of pharmacological treat-
ments of inflammation.
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