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CCAAT Displacement Protein (CDP/cut) Recognizes a Silencer Element
Within the Lactoferrin Gene Promoter

By Arati Khanna-Gupta, Theresa Zibello, Sarah Kolla, Ellis J. Neufeld, and Nancy Berliner

Expression of neutrophil secondary granule protein (SGP)
genes is coordinately regulated at the transcriptional level,
and is disrupted in specific granule deficiency and leukemia.
We analyzed the regulation of SGP gene expression by lucif-
erase reporter gene assays using the lactoferrin (LF) pro-
moter. Reporter plasmids were transiently transfected into
non-LF-expressing hematopoietic cell lines. Luciferase ac-
tivity was detected from reporter plasmids containing base-
pair (bp) —387 to bp —726 of the LF promoter, but not in a
—916-bp plasmid. Transfection of a —916-bp plasmid into a
LF-expressing cell line resulted in abrogation of the silencing
effect. Sequence analysis of this region revealed three eight-
bp repetitive elements, the deletion of which restored wild-
type levels of luciferase activity to the —916-bp reporter plas-
mid. Electrophoretic mobility shift assay and UV cross-link-
ing analysis identified a protein of approximately 180 kD that

RANULOPOIESIS invaolves a carefully regulated se-

ries of maturation events wherein the pluripotent stem

cell within the bone marrow gives rise to the mature circul at-
ing cells of the monocyte and neutrophil lineages.® Progres-
sion along the neutrophil maturation pathway involves loss
of proliferative potentia* and is marked by a number of
morphologically distinct cell intermediates. The maturing
neutrophil undergoes acritical commitment step at thetransi-
tion between the promyelocyte and the myelocyte stage,
which is associated with the appearance of the secondary
(specific) granules.® Lactoferrin (LF) along with transcobal a-
min 1 (TC1), human neutrophil collagenase (HNC), and hu-
man neutrophil gelatinase (HNG) comprise the major sec-
ondary granule proteins (SGPs) that provide a unique marker
of terminal neutrophil maturation. Previous studies have con-
firmed coordinate, stage-specific expression of these genes
that is regulated at the transcriptional level.*® Additionally,
in acute leukemia and myelodysplastic syndromes, where
the regulation of normal myeloid differentiation is disrupted,
expression of LF and the other three SGP genes is either
aberrant or altogether absent.*®™ Since the specific granule
protein (SGP) genes are unlinked and functionally diverse,
we hypothesize that the coordinate tissue- and stage-specific
expression of these genesis modulated by common factor(s).
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binds to this region in non-LF-expressing cells but not in
LF-expressing cells. This protein was identified to be the
CCAAT displacement protein (CDP/cut). CDP/cut has been
shown to downregulate expression of gp91-phox, a gene
expressed relatively early in the myeloid lineage. Our obser-
vations suggest that the binding of CDP/cut to the LF si-
lencer element serves to suppress basal promoter activity
of the LF gene in non-LF-expressing cells. Furthermore,
overexpression of CDP/cut in cultured myeloid stem cells
blocks LF expression upon granulocyte colony-stimulating
factor-induced neutrophil maturation without blocking phe-
notypic maturation. This block in LF expression may be due,
in part, to the persistence of CDP/cut binding to the LF si-
lencer element.

© 1997 by The American Society of Hematology.

To identify and define such control elements, we studied the
regulation of LF gene expression.

LF isamultifunctional cationic iron-binding glycoprotein
that is thought to be responsible for primary defense against
microbial infection through its ability to chelate iron, which
is required for microbia growth.”? In addition to being ex-
pressed in the later stages of neutrophil maturation, LF is
expressed in most glandular epithelial tissues, including
mammary glands, as well as in the female reproductive or-
gans.’*** Differential regulation of LF has been reported in
these diverse tissues. The recently described overlapping
retinoic acid response element (RARE) and an estrogen re-
sponse element in the 5’ flanking region of the LF gene
mediate LF expression in the mammary gland (where estro-
gen receptors are abundant). This element has differential
protein binding in mammary cells and hematopoietic cells,
but there are no functional data supporting the significance
of the RARE in myeloid-specific LF gene expression.’® The
investigators suggest that the LF composite hormone re-
sponse element may account for differential hormone sensi-
tivities, and predict arole for it as a critical signaling switch
in the regulation of differential expression of LF.

The nucleotide sequence of the LF promoter and its 5
flanking region, which has been previously reported by us’
and by others,*® is known to contain a number of familiar
transcription factor binding motifs, which include a TATA-
like sequence, two CCAAT boxes, an AP-2 site, PU.1 boxes,
GATA-1 sites, and overlapping COUP-TF and RAR €ele-
ments.”*” The latter two elements have been shown to influ-
ence LF expression in mammary cells.**%

To define regulatory elements within the LF promoter,
varying lengths of the 5’ flanking sequences of the LF gene
were tested for promoter activity in reporter gene plasmids
transfected into hematopoietic cell lines. We report here the
identification of a negative regulatory element within the LF
gene promoter that is recognized by the CCAAT displace-
ment protein (CDP/cut), a homeodomain protein with exten-
sive homology to the Drosophila cut protein.?* CDP/cut also
regulates expression of the phagocyte-specific cytochrome
heavy chain gene (gp91-phox), which is expressed exclu-
sively in differentiating granulocytes.?? Since expression of
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CDP/CUT RECOGNIZES A LACTOFERRIN SILENCER ELEMENT

gp91-phox precedes that of LF in the granulocyte maturation
pathway, the role of CDP/cut in the temporal regulation of
these myel oid-specific genes remains to be elucidated.

MATERIALS AND METHODS

Plasmid construction. 5’ end deletions of the LF promoter were
obtained from a previously described LF genomic clone containing
950 basepairs (bps) 5’ of the transcription start site.” Oligonucleo-
tides were synthesized with a Smal restriction site at the 5’ end:
(—916 to —899) 5 AATGGCATGCAGTTGTGC 3, (726 to
—715) 5 AGGAGATGGAGA 3, (—649 to —631) 5 GGCATC-
TTTCTCATTGGC 3', and (—384 to —358) 5* AGGTCATCTGCT-
GAAGAAGATAGCAG 3. An antisense oligonucleotide corre-
sponding to the +7 to +22 coordinates of the LF gene having the
sequence 5 CGACTTGGCAAACGAAG 3’ with a synthetic Sall
site at its 5’ end was also prepared. Each 5’ oligomer was paired in
turn with the 3" antisense oligomer and used in astandard polymerase
chain reaction (PCR) with the genomic LF clone’ as atemplate. The
PCR products were directly cloned into the pCRI| vector (Invitrogen,
La Jolla, CA) and sequenced. A Sma I-Sal | fragment was isolated
and subcloned into a Sma I-Xho | —digested pGL 2-basic promoterless
vector (Promega Biotechnology, Madison, WI) upstream of thelucif-
erase reporter gene. Construction of the —916 silencer deletion plas-
mid (—916(d)S) followed the same PCR and cloning strategy, except
that the sense oligo contained a 56-bp deletion and had the following
sequence: 5 AATGGCATGCAGTGGTGCCTGGAAACATTTG-
TACCTGGGGTGCTGTGTGTCATGGGAATTCTGACATTTAT-
GGCGAT 3'.

Large-scale plasmid preparations (Qiagen, Chatsworth, CA) were
made, divided into aliquots, and stored at —20°C.

Tissue culture, transient transfection, and luciferase assay. Hu-
man K562 and erythroleukemic HEL cells were obtained from the
American Type Culture Collection (Rockville, MD) and maintained
and grown in RPMI 1640 medium (GIBCO, Grand Island, NY)
supplemented with 10% fetal calf serum (GIBCO), 0.2 mmol/L glu-
tamate, 50 U/mL penicillin, and 50 pg/mL streptomycin. 32Dcl3
cells were a kind gift from Dr Giovanni Rovera (Wistar Institute,
Philadelphia, PA), and 32Dwt18 cells were a gift from Dr Dan Link
(University of Washington, St Louis, MO). Both cell lines were
grown in Iscove's modified Dulbecco’s medium (IMDM) supple-
mented with 10% fetal calf serum and 10% WEHI-conditioned me-
dium as a source of interleukin-3 (IL-3).2® Murine promyelocytic
MPRO cells*? kindly provided by Dr Schickwann Tsai (Fred
Hutchinson Cancer Research Institute, Seattle, WA), were grown in
IMDM supplemented with 10% fetal calf serum and 10% HM-5—
conditioned medium as a source of granulocyte-macrophage colony-
stimulating factor (GM-CSF). All cells were maintained at 37°C in
a humidified 5% CO, incubator.

Differentiation of 32Dcl3 cells was performed as described pre-
viously.®® Briefly, exponentially growing cells were washed twice
with phosphate-buffered saline (PBS) and resuspended in growth
medium containing 3 X 10° U/mL G-CSF (Neupogen; Amgen Inc,
Thousand Oaks, CA). Maturation was monitored by Wright-Giemsa
staining. MPRO cells were induced toward neutrophils by addition
of 10 umol/mL all-trans-retinoic acid (ATRA) in the presence of
GM-CSF. Maturation was aso monitored by Wright-Giemsa stain-
ing.

For transient transfection experiments, approximately 1 x 107
cells were gently pelleted, washed twice with PBS, and resuspended
in 180 uL HEPES-buffered saline in electroporation cuvettes. Ten
micrograms of each reporter plasmid and 1 ng pCMV ggal (Clontech,
Palo Alto, CA), an internal control plasmid used to monitor transfec-
tion efficiency, were added to each aiquot of cells. Following a 5-
minute incubation period at room temperature, the DNA-cell samples
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were electroporated using a BioRad Gene Pulser (Méelville, NY).
K562 and HEL cells were electroporated at 200 mV with 960 micro-
farads of capacitance. 32Dcl3 and 32Dwt18 cellswere electroporated
at 400 mV with a capacitance of 250 uF. Transiently transfected
cells were incubated in growth medium at 37°C in 5% CO, for 16
to 20 hours. Luciferase activity was then determined using an assay
kit from Promega per the manufacturer’s instructions. In all experi-
ments, luciferase expression levels were normalized to the levels of
B-galactosidase expression, assayed as previously described.”

Sable transfection and erythropoietin induction of 32Dwt18 cells.
Exponentially growing 32Dwt18 cells (1.0 x 10") were washed
twice with PBS and resuspended in 180 uL HEPES-buffered saline.
Twenty micrograms of each reporter gene plasmid was next cotrans-
fected by electroporation with 1 ug pBabe puro plasmid® as de-
scribed earlier. The electroporated cells were resuspended in stan-
dard growth medium overnight. The cells were then selected for
puromycin resistance in IMDM supplemented with 1 ug/mL puro-
mycin (Sigma). Stable transfection was confirmed by Southern blot
analysis.

Stably transfected 32Dwt18 cells were induced toward neutrophil
maturation by addition of 1 U/mL erythropoietin (Epo) (Amgen)
in medium lacking IL-3. Luciferase measurements were made on
alternate days, and viability was monitored by trypan blue exclusion.
Neutrophil maturation was monitored by Wright-Giemsa staining
and by Northern blot analysis using a mouse LF cDNA probe as
previously described.®

Sable transfection of 32Dcl3 cells. CDP/cut-overexpressing
32Dcl3 cells were obtained by cotransfecting the previously de-
scribed pMT2-CDP/cut plasmid® and the pSVneo plasmid at a 20:1
ratio as described earlier. Increased CDP/cut levels in the resulting
32Dcl3 subclone were confirmed by Western blot analysis using
the anti-CDP/cut antiserum described previously.® These cells were
induced to undergo neutrophil maturation by addition of G-CSF. LF
expression was monitored by Northern blot analysis as previously
described.®

Preparation of nuclear extracts. Nuclear extracts were prepared
essentially as described previously.” Briefly, 1 x 107 cells were
washed twice in ice-cold PBS and once in buffer A containing 10
mmol/L HEPES-KOH (pH 7.9), 1.5 mmol/L MgCl,, 10 mmol/L
KCl, 0.5 mmol/L dithiothreitol (DTT), and 0.5 mmol/L phenylmeth-
ylsulfonyl fluoride (PMSF). Cells were then lysed following a 5-
minute incubation on icein buffer A with 0.1% Nonidet P-40. Nuclei
were recovered by centrifugation at 4°C for 15 minutes. The nuclel
were lysed in high-salt buffer C (20 mmol/L HEPES-KOH (pH 7.9),
10% glycerol, 420 mmol/L NaCl, 10 mmol/L KCI, 0.2 mmol/L
EDTA, and 0.5 mmol/L DTT), and nuclear extracts were recovered
by centrifugation at 4°C for 15 minutes. Salt concentration in the
nuclear extracts was adjusted by addition of buffer D (20 mmol/L
HEPES-KOH (pH 7.9), 20% glycerol, 0.05 mmol/L KCl, 0.2 mmol/
L EDTA, 0.5 mmol/L DTT, and 0.5 mmol/L PMSF). All buffers
used included the following cocktail of protease inhibitors at the
final concentration indicated: pepstatin A (10 ug/mL), leupeptin (10
pg/mL), aprotinin (1 pg/mL), and Perfabloc (1 mg/mL) (Boehringer,
Indianapolis, IN). Total protein concentration in the nuclear extract
preparations was assayed using the BioRad kit per the manufac-
turer’s instructions. In general, most preparations yielded 1.5 to 2
pg/mL protein. Aliquots of nuclear protein extracts were frozen
immediately and stored at —70°C until required.

Oligonucleotidesand el ectrophoretic mobility shift assays. Com-
plementary oligonucleotides were annealed and labeled at the 5
ends using [y-*P]JATP (6,000 Ci/mmol; Amersham, Arlington
Heights, IL) and T4 polynucleotide kinase (NEB, Beverly, MA).
Radiolabeled double-stranded oligonucleotides were separated from
unincorporated nucleotide by passage through a Sephadex G-25 col-
umn (Boehringer). Probes were stored at —20°C.
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EM SAs were performed by incubating 15 ng nuclear extracts with
20,000 cpm double-stranded oligonucleotide in a 20-uL reaction
mixture containing 10 mmol/L HEPES-KOH buffer (pH 7.9), 50
mmol/L KCl, 2.5 mmol/L MgCl,, 1 mmol/L DTT, 10% glycerol, 1
g acetylated bovine serum abumin (NEB), and 0.5 ng poly(dI-dC)
at 25°C for 20 minutes. For competition analysis, a 100-fold molar
excess of unlabeled oligonuclectides was added to the nuclear ex-
tracts before addition of the labeled probe. For the supershift assay,
polyclonal anti-CDP/cut antiserum?® was incubated with nuclear ex-
tracts for 15 minutes following addition of the radiolabeled probe.
Binding reactions were resolved on a 4% nondenaturing polyacryl-
amide gel containing 1x TBE (0.089 mol/L Tris borate, 0.089 mol/
L boric acid, and 0.002 mol/L EDTA) and electrophoresed at 200
V for 3 hours at 4°C. Gels were exposed to x-ray film with an
intensifying screen overnight at —80°C. The oligonucleotides used
in EMSA anaysis were DM2, 5 AGATGTATTCTAGAAGCA-
GTATTCTAG 3’; NCAM, 5 CTTTGAAAATCGAACCGAATC-
TAAAAT 3'*; and mut NCAM, 5 CTTGAAACATCGTACCGA-
TGCTAAGAT 3'.%

UV cross-linking analysis. A binding reaction between 3P-la-
beled oligonuclectide probes and nuclear extracts was performed as
described in the previous section. The binding reaction mixtures
were irradiated at a wavelength of 254 nm with the source of radia-
tion at 5 cm. After 30 minutes, the covalently linked DNA-protein
complexes were resolved on a 7.5% sodium dodecy! sulfate (SDS)-
polyacrylamide gel at 200 V for 4 hours. Prestained protein markers
(BioRad) were analyzed alongside. Gels were dried and exposed to
x-ray film with an intensifying screen at —80°C.

Northern blot analysis. Northern blot analysis was performed
as described previously.™ Briefly, 10 ug total RNA was separated
on a 1% denaturing gel, transferred to nitrocellulose filters, and
hybridized to **P-labeled cDNA fragments at 42°C in 50% for-
mamide. The filters were washed at high stringency in 0.1% SDS
and 0.1x SSC at 55°C and autoradiographed. Blots were probed
with a 600-bp mouse LF probe cloned in our laboratory.®

RESULTS

Identification of negative regulatory element within the
LF gene promoter. Functional anaysis of the LF promoter
and its 5’ flanking sequences was initiated by fusing varying
lengths of the LF promoter into the promoterless pGL 2-basic
vector to direct the synthesis of the firefly luciferase reporter
gene in transient transfection assays. Initially, four LF pro-
moter segments spanning —384 bp, —649 bp, —726 bp, and
—916 bp upstream of the LF transcription start site were
cloned into the pGL 2-basic vector (Fig 1A). These plasmids
were transiently transfected into several hematopoietic cell
lines, including K562, a leukemic cell line derived from a
patient with CML in blast crisis,* HEL, a human erythroleu-
kemia cell line®; and 32Dcl3, and IL-3—dependent murine
myeloid progenitor cell line.® The leukemic lines do not
express LF, and 32Dcl3 expresses the gene only after G-
CSF—induced differentiation. Measurable luciferase activity
was detected for the —384 bp, —649 bp, and —726 bp plas-
mids in leukemic cells (Fig 1B) and uninduced 32Dcl3 cells
(Fig 1C). However, the —916 bp plasmid expressed back-
ground levels of luciferase activity. This effect was not at-
tributable to a specific DNA preparation or to mutations in
the —916 bp LF promoter plasmid.

To further investigate this silencing effect, the sequence
between bps —916 and —726 was dissected to yield two
additional reporter gene plasmids, ie, bps —750 and —800.
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Both of these plasmids had measurable luciferase activity
(data not shown). Similar results were observed following
transfection of these LF promoter reporter plasmids in a
nonhematopoietic cell line such as Hel a cells (data not
shown). These observations suggest the presence of a nega-
tive regulatory element between bps 800 and 916 upstream
of the LF gene transcription start site.

Deletion of silencer sequences from the —916 bp plasmid.
The nucleotide sequence between the —916 bp and —726 bp
coordinates of the LF promoter contains a triad of octamers
(overlined in Fig 1D). Two of these repeats were found to
be identical to the MAT«2 protein binding site* The
MATa2 gene product is part of a well-defined system that
governs cell-specific transcription in the Saccharomyces cer -
evisiae mating types aand «.>* The MAT«2 protein serves
as arepressor of a-specific genes in a-mating—type cells by
binding to a conserved DNA motif present in the promoters
of a-specific genes. In light of this observation, we hypothe-
sized that these sequences might mediate the silencing effect.
A deletion plasmid of the —916 bp plasmid was prepared
such that a 56-bp sequence (underlined in Fig 1D) containing
the triad of octamers was removed. The resulting promoter
plasmid, designated —916(d)S, was tested for promoter ac-
tivity in transiently transfected K562 cells (data not shown)
and in uninduced 32Dcl3 cells (Fig 1C). The LF —916(d)S
promoter plasmid expressed wild-type levels (comparable to
the —726 bp plasmid) of luciferase activity. A similar pattern
of expression was observed in K562 cells. Restoration of
wild-type levels of luciferase activity by removal of this 56-
bp fragment further suggested that the deleted fragment is a
cis-acting silencer of LF expression, as discussed in detail
later herein.

Protein-DNA complex formation in LF-expressing and
non—LF-expressing cells. To define the nucleotide se-
guence responsible for protein recognition within the deleted
56-bp LF silencer sequence, three overlapping double-
stranded oligonucleotides were synthesized (Fig 2A; DM 1,
2, and 3). Each of the three double-stranded oligonucleotides
was used in EMSA analysis using K562 nuclear extracts.
The DM2 region (Fig 2A) bound most specifically and avidly
to proteins from the K562 nuclear extracts (data not shown)
and were used in al subseguent experiments. Oligomers
containing only one octamer demonstrated no binding.

EMSA was performed using nuclear extracts from LF-
expressing and non—L F-expressing cells. The protein-DNA
complexes formed by non—LF-expressing cells, namely
K562, uninduced 32Dcl3, and the promyeocytic MPRO
cells, were essentially identical. However, the absence of a
large protein-DNA complex was noted in nuclear extracts
prepared from L F-expressing cells (data not shown). To con-
firm this differential binding of proteins, UV cross-linking
analysis was performed to determine the molecular weight
of protein species that specifically recognized the DM2
oligomers (Fig 2B). The DM2 oligos bound severa protein
species ranging in molecular weight from approximately 55
to 180 kD. However, a protein of approximately 180 kD
(indicated by the arrowhead in Fig 2B) bound specifically to
the DM2 oligonuclectides when exposed to nuclear extracts
prepared from non—L F-expressing cells, ie, K562 cells (lane
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AATGGCATGCAGTGGTGCCTGGAAACATTTGTACC

TGCGGTGCTGTGGTGTCATGGGGAAL TGTATTTACG

GAGATGTATTICTAGAAGCAGTATTCTAGC TTTTGAA
—800
TT7TAAAATCTGACATTTATGGCGATTCTTAAAATGA
-750
GGTTACCATCTTCTACTGAATACTATCAACACCAA
=726
AAAAGAAGAAGGAGGAGATGGAGAAAAAAA . |

Fig 1. Transient transfection analysis of LF promoter gene plasmids. (A) Schematic diagram indicating the position of 5’ deletions of the
LF promoter relative to the luciferase gene (LUC). (B) Luciferase activity of the LF promoter deletion plasmids transfected in K562 and HEL
cells expressed as fold increase over luciferase activity measured for the promoterless pGL2-basic vector (background expression, which was
consistently 100 to 200 RLU, was given a value of 1). Luciferase activity was normalized to B-galactosidase activity. The data represent 4 to
8 independent experiments each performed in duplicate for each promoter plasmid, and are expressed as the mean with SDs represented as
error bars. (C) Luciferase activity of —726 bp, —916 bp, and —916(d)S LF promoter plasmids in uninduced 32Dcl3 cells. The —916(d)S plasmid
was created by deletion of the underlined 56-bp fragment (D). Luciferase activity was normalized to cotransfected f-galactosidase activity
(pCMVpgal plasmid). The average of 3 independent experiments, each performed in duplicate, is presented.

2) and uninduced 32Dcl3 cells (lane 4), but not from LF-
expressing nuclear extracts, ie, G-CSF—induced 32Dcl3 cells
(lane 6), uninduced MPRO cells (lane 8), and ATRA-in-
duced MPRO cells (lane 10). The MPRO cdll lineis a GM-
CSF—dependent cell line derived from mouse bone marrow
cells that have been transduced with a dominant negative
retinoic acid a-receptor cDNA.**? These cells are arrested
at the late promyelocyte stage and can be induced to undergo
neutrophil maturation following treatment with ATRA. Al-
though uninduced MPRO cells express some LF, maximal
expression of this gene comparable to that seen in induced
32D cells occurs 1 to 3 days after ATRA induction.® The
DM2 oligomers formed similar specific complexes using
nuclear extracts prepared from uninduced cells (lane 8) and
from ATRA-induced MPRO cells (lane 10), presumably be-
cause both populations of cells are positive for LF expres-
sion. Longer exposures of similar UV cross-linking gels to
x-ray film never revealed the presence of the 180-kD protein
in LF-expressing nuclear extracts. However, such long expo-

sures did reveal the apparently ubiquitous 130-kD proteinin
both the uninduced and ATRA-induced MPRO lanes.

EMSA and UV cross-linking data confirm the presence
of a large protein-DNA complex (180-kD protein) that is
absent from L F-expressing cells. The large molecular weight
of this protein suggested that the DNA binding species might
be the CCAAT displacement protein (CDP/cut), which has
been implicated in expression of the gp91-phox (cytochrome
heavy chain) gene that is expressed relatively early in the
granulocytic differentiation pathway (Berliner N., unpub-
lished observations).

CDP/cut is a 180- to 200-kD protein that was first de-
scribed as a DNA hinding activity in sea urchins® It has
been shown to act as a negative regulator of gene expression
in a large number of developmentally regulated genes such
as the myeloid-specific gp91-phox gene?*® the NCAM
gene,® the y-globin genes,* and others. Progress in under-
standing the role of CDP/cut in gene regulation has been
hampered by the fact that CDP/cut is ubiquitously expressed
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ATGTATTTACGAGATGTATTCTAGAAGCAGTATTCTAGCTTTTGAATTTTAAAA

DM 1
DM 2
DM 3
B
100X ColdProbe . 2 3 45 6 7.8 9 w0 1

Fig 2. (A) Dissection of coordinates —858 bp to
—810 bp containing the LF silencer element into
oligomers DM (double module) 1, 2, and 3. Each
oligomer (except DM3) contains 2 of the 3 octamer
repeats (overlined) that comprise the LF silencer ele-
ment. (B) UV cross-linking analysis of proteins bound
to the DM2 oligomers. DM2 oligomers were [vy-
32p]dATP-labeled and incubated with equal concen-
trations of nuclear extracts (N.E.), with (+) or with-
out (—) a 100-fold molar excess of unlabeled DM2
oligos, prepared from K562 cells (lanes 2 and 3), unin-
duced 32Dcl3 cells (lanes 4 and 5), G-CSF-induced
32Dcl3 cells (lanes 6 and 7), MPRO cells (lanes 8 and
9), and MPRO + ATRA cells (lanes 10 and 11). The
protein-DNA complexes formed were subjected to
UV light at 254 nm for 30 minutes before electropho-

%D
199 -
120-
87—
as—
N.E. K562 320 32D MPRO MPRO
*
G-CSF ATRA

and that it lacks a well-defined consensus DNA binding
motif? (and references therein). However, it has been clearly
established that in severa instances decreased CDP/cut bind-
ing activity is associated with increased expression of CDP/
cut-regulated genes.

CDP/cut recognizesthe LF silencer motif. To determine
whether CDP/cut was involved with binding to the LF si-
lencer DM2 oligomers, EMSA was performed using *P-
labeled DM2 oligomers and nuclear extracts from a non—
LF-expressing source, ie, K562 cells. The protein-DNA
complexes formed were subjected to competition by unla-
beled oligomers prepared from the NCAM promoter that
had previously been shown to bind CDP/cut specifically.®
Mutant NCAM oligos, which do not bind to CDP/cut,*®
served as a control (Fig 3A). A high—molecular-weight pro-
tein-DNA complex (indicated by the arrowhead) was spe-
cifically competed away by the wild-type NCAM oligomers

resis in a 7.5% SDS-polyacrylamide gel. The position
of prestained protein molecular weight markers is
indicated. F, unbound probe. Lane 1, probe without
nuclear extract.

(lane 4), but not by the mutant NCAM oligomers (lane 5).
However, the mutant NCAM oligomers did appear to com-
pete away a relatively faster-migrating complex (indicated
by a ®). The relevance of this observation, if any, remains
unclear. However, it is noteworthy that the NCAM CDP/cut
binding oligomers share no homology with the LF DM2
oligomers at the nucleotide level, although both sets of oligo-
mers are recognized by CDP/cut as a binding site. These
observations suggest that CDP/cut recognizes and binds spe-
cifically to the LF silencer motif.

To further confirm binding of CDP/cut to the DM2 oligo-
mers, a supershift EM SA was performed using an anti-CDP/
cut antibody and K562 nuclear extracts (Fig 3B). *?P-labeled
NCAM oligomers were used as a positive control (right
panel). As indicated by arrowheads in both panels, addition
of anti-CDP/cut antibody resulted in a supershift of the DM2
oligomers (lane 4) similar to that observed for the NCAM
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Fig 3. (A) EMSA analysis of K562 nuclear proteins bound to DM2 oligomers in the presence of NCAM and mutant NCAM cold competitor
oligomers. [y-*?PldATP-labeled DM2 oligomers were incubated with K562 nuclear extracts in the presence of a 100-fold molar excess of cold
DM2 oligomers (lane 3), NCAM oligomers (lane 4), and mutant NCAM oligomers (lane 5). Lane 2, K562 nuclear extracts with no added
competitor (No comp.). The DM2 probe was run without any nuclear extracts in lane 1 (DM2 probe). (B) Supershift EMSA analysis of K562
nuclear proteins bound to DM2 oligomers in the presence of an anti-CDP/cut antibody. In the left panel, [y-*>P1dATP-labeled DM2 oligomers
were complexed with nuclear proteins from K562 cells (lane 2) and the DNA-protein complexes exposed either to preimmune serum (lane 3)
or to anti-CDP/cut antibody (lane 4). In the right panel, NCAM oligomers were labeled with [y-*P]dATP and allowed to bind to nuclear proteins
from K562 nuclear extracts. The resulting protein-DNA complexes were exposed either to preimmune serum (lane 6) or to anti-CDP/cut

antibody (lane 7). Lane 1, DM2 oligomers without nuclear extract.

oligomers (lane 7). No supershift was observed by addition
of preimmune serum to either the DM2 or the NCAM oligo-
mers (lanes 3 and 6). This experiment confirms that CDP/
cut binds to the LF silencer.

Overexpression of CDP/cut in 32Dcl 3 cells downregul ates
LF expression. The role of CDP/cut as a repressor of the
myel oi d-specific gp91-phox gene has been recently demon-
strated by constitutive expression of stably transfected CDP/
cut cDNA in HL60 cells, which results in inhibition of ex-
pression of the target gp91-phox gene.®® In a similar experi-
ment, we transfected the CDP/cut cDNA into the 32Dcl3
cell line to determine whether congtitutive overexpression
of CDP/cut influences LF gene expression following G-CSF
induction. CDP/cut overexpression before and after G-CSF
induction was confirmed by Western blot analysis (Fig 4A).
CDPI/cut-overexpressing 32Dcl3 cells were induced with G-
CSF; morphologic neutrophil maturation was monitored by
Wright Giemsa staining, and L F expression was assessed by
Northern blot analysis. Morphologic differentiation of the
CDP/cut-overexpressing stable transformants was normal
(data not shown), but overexpression of CDP/cut in these
cells completely blocked LF gene expression at the mRNA

level (Fig 4B, lanes 4 and 5). In contrast, 32Dcl3 cells trans-
fected with the pSVneo plasmid alone expressed high levels
of LF mRNA following terminal myeloid differentiation
with G-CSF (Fig 4, lane 2).

Because greater than 80% of 32Dcl3 cells die within the
first 24 hours of IL-3 removal and G-CSF induction, these
results were confirmed using 32Dwt18, an |L-3—dependent
subline of 32Dcl3. This cell line carries a chimeric form of
the G-CSF receptor containing the extracellular domain of
the Epo receptor and the cytoplasmic signaling domain of
the G-CSF receptor. These cells differentiate in response to
Epo and express LF at alevel comparable to that seen with
the 32Dcl3/G-CSF system. The main advantage is that con-
gtitutive cytokine receptor expression prevents the high rate
of cell death encountered upon induction of 32Dcl3 with G-
CSF, permitting easier selection and induction of single cell
clones. 32Dwt18 cellsweretransfected with the CDP expres-
sion vector and cloned by limiting dilution. Pooled cells
showed markedly reduced LF expression upon Epo induc-
tion, and five single-cell clones showed a complete block to
Epo-induced LF expression (data not shown). It is therefore
inferred that overexpression of CDP/cut results in repression
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Fig 4. Western and Northern blot analysis of G-CSF-induced
32Dcl3 cells stably transfected with the pMT2-CDP/cut plasmid. (A)
Western blot using anti-CDP antiserum confirming overexpression
of CDP/cut in CDP-transfected 32Dcl3 cells before (0) and after (4d)
G-CSF induction. 32Dwt18/CDP/cut cells were used as a positive (+)
control. Each lane contains 100 ng nuclear protein extracts. (B) Ten
micrograms each of total RNA isolated from uninduced or 2-day and
4-day G-CSF-induced 32Dcl3 cells stably cotransfected with pMT2-
CDP/cut and pSVneo (lanes 3, 4, and 5, respectively) plasmids or
pSVneo plasmid alone (uninduced, lane 1; 4-day G-CSF-induced,
lane 2) was electrophoresed on a 1% formaldehyde/agarose gel and
blotted onto a nitrocellulose filter. The filter was probed with an [a-
32P]dCTP-labeled LF cDNA probe. The position of 28S and 18S rRNA
markers is indicated. LF mRNA is denoted by the arrowhead. To
ensure equal loading of RNA in each lane, the blot was stripped and
reprobed with an [@-**P]dCTP-labeled B-actin probe, as indicated in
the bottom panel.

of LF expression without any apparent effect on the G-CSF—
induced morphologic neutrophil maturation. As previously
described by Lievens et a,” this is an effect specifically
seen following induction of cells overexpressing CDP/cut.
It is notable that endogenous expression of CDP/cut at the
mMRNA level remains constant upon G-CSF induction® (data
not shown).

CDP/cut remains bound to the LF silencer motif in
32Dcl3-CDP/cut-overexpressing cells. We next used
EMSA analysis to ascertain whether the block to upregula-
tion of LF expression in 32Dcl3/CDP/cut cells is reflected
in binding to the LF silencer. **P-labeled DM2 oligomers
were incubated with nuclear extracts prepared by uninduced
and G-CSF—induced 32Dcl3Neo* cells (Fig 5A) and with
nuclear extracts prepared from uninduced and G-CSF—in-
duced 32Dcl3/CDP/cut cells (Fig 5B). In contrast to
32Dcl3Neo" cells, where G-CSF induction led to decreased
binding of the CDP/cut protein to the DM2 oligomers, as
indicated by the arrow (Fig 7A), the levels of CDP/cut bound

KHANNA-GUPTA ET AL

to the DM2 oligomers remained high despite G-CSF induc-
tion of 32Dcl3 cells overexpressing CDP/cut (Fig 5B). This
suggests that CDP/cut remains bound to the LF silencer
element in G-CSF—induced 32Dcl3/CDP/cut cells, and this
may contribute to the abrogation of G-CSF—induced LF ex-
pression in these cells.

Sabletransfection of reporter plasmidsin 32Dwt18. We
next performed further reporter gene assays in an effort to
correlate the silencing effect of CDP overexpression with a
functional effect mediated through the identified CDP bind-
ing site. In general, the best in vitro model for the study of
granulopoiesis has been the IL-3—dependent myeloid pro-
genitor cell line 32Dcl3. This cell line undergoes terminal
granulocytic differentiation upon removal of I1L-3 and addi-
tion of G-CSF.*** However, because of the previously men-
tioned overwhelming cell death within the first 24 hours of
IL-3 removal and G-CSF induction, both transient and stable
transfection analysis in the induced 32Dcl3 cells proved dif-
ficult.

To overcome these difficulties, 32Dwt18 cells were again
used for stable transfection of reporter gene plasmids.
32Dwt18 cells were stably cotransfected with the —916 bp
and the —726 bp plasmids in conjunction with an expression
vector carrying the gene for puromycin resistance. Stably
transfected cells were selected in puromycin. Pools of stable
transfectants were then induced with Epo. Measurement of
luciferase reporter gene activity and viable cell counts were
made following induction. A fivefold increase in luciferase
activity was observed for the —916 bp plasmid following
Epo induction (Fig 6A), as compared with the near-back-
ground levels measured for this plasmid in uninduced cells
(data not shown). A corresponding increase in the levels of
LF mRNA was detected by Northern blot analysis following
induction of these 32Dwt18 cells with Epo (Fig 6B). The
—726 bp plasmid was aso inducible following Epo induc-
tion.

Of note, athough expression of the —916 bp plasmid
increased following G-CSF induction, the level of expression
of thisplasmid remained more than 10-fold lower than that of
the —726 bp plasmid. The implications of this are discussed
below. However, G-CSF induction of cells transfected with
the —916(d)S plasmid expressed levels of luciferase compa-
rable to those of the induced cells transfected with the —726
bp plasmid, suggesting that the deleted silencer-containing
56-bp element does not contain sequences required for
upregulation of LF expression following G-CSF induction
in 32Dcl3 cdlls.

DISCUSSION

We have identified a region within the 5’ regulatory se-
guences of the human LF gene that confers a silencing effect
on the expression of reporter gene plasmids in non—LF-
expressing cells. We have demonstrated that the silencing
effect is abolished in 32Dwt18 cells upon induction of neu-
trophil maturation and concomitant LF expression with Epo.
Negative regulatory elements (NREs) are often associated
with tissue- and stage-specific control of gene expression,
thereby ensuring repression of certain genes under inappro-
priate circumstances.”* A variety of NREsin ahost of diverse
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Fig 5. EMSA of 32DcI3Neo* and 32DcI3CDP/cut
nuclear proteins bound to the DM2 LF silencer oligo-
mers following G-CSF induction. (A) Double-
stranded DM2 oligomers were [y-*?P]dATP-labeled
and incubated with equal concentrations (15 ug) of
nuclear extracts prepared from uninduced (lane 2)
and G-CSF-induced day 2 (lane 3) and day 4 (lane 4)
32DclI3Neo* cells. Lanes 1 and 5, labeled DM2 oligo-
mers without addition of any nuclear extracts. (B)
[v-*?P]dATP-labeled DM2 oligomers were incubated
with 15 pg/lane of nuclear extracts prepared from
uninduced (lane 6), G-CSF-induced (day 2, lane 7),
and G-CSF-induced (day 4, lane 8) 32DcI3CDP/cut
cells. Arrows in A and B represent the CDP/cut pro-
tein-DNA complex.

genes have been described in hematopoietic cells. For exam-
ple, repression of lysozyme gene expression is controlled by
three negative regulatory sites prior to macrophage differen-
tiation®; the silencing of x gene expression in immature pre-
B cells is also attributed to NREs.*® Of note, the overal
homology at the nuclectide level between human and mouse
LF promoters in this region is 82.5%, with conservation of
the octamer repeats, as compared with an overall homology
of 40% reported for the two promoters from —950 bp to the
transcription start site.** This high degree of conservation
may reflect the functional importance of these sequences in
regulating LF gene expression.

We have demonstrated that the LF NRE is recognized by
CDP/cut. CDP/cut has been implicated in a number of sys-
tems as a transcriptional repressor of developmentally regu-
lated genes® (and references therein). CDP/cut was first de-
scribed as a repressor of a sea urchin testis—specific H2B
gene promoter.® CDP/cut and related proteins, namely mu-
rine cux-1 and canine clox (cut-like homeobox), are members
of a unique homeodomain family that includes the Drosoph-
ila cut protein, a regulator of cell-lineage specifica
tion.2%%46 Members of this family of DNA binding pro-
teins share both the homeodomain and three other motifs
called cut repeats. Cut repeats share about 60% amino acid

32Dcl3 Neo*
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identity and exhibit specific DNA binding.*”* Thus, CDP/
cut proteins contain four putative DNA binding domains
with overlapping but distinct sequence specificities.®® This
may explain the lack of a single well-defined consensus
DNA binding motif for CDP/cut proteins.

The role of CDP/cut has been demonstrated in the down-
regulation of a wide variety of genes, including the human
myel oi d-specific gp91-phox gene,®**° human myc gene,™ hu-
man y-globin gene,* mouse NCAM gene,* and mouse myo-
sin heavy chain gene.*® However, the mechanism through
which the CDP/cut protein mediates repression remains el u-
sive.

The CDP/cut protein binds to the LF gene NRE only in
non—LF-expressing cells. As has been demonstrated with
the gp91-phox gene,>**° we have established an inverse rela-
tionship between LF gene expression and CDP/cut binding
to the LF NRE. The observation that removal of the CDP/
cut binding site from the —916 plasmid does not block induc-
tion of expression from the LF reporter plasmid implies that
athough the binding of CDP/cut to the LF NRE may be
necessary for repression of LF, it probably does not function
by blocking the binding of positive regulators of LF gene
expression.

However, it must be noted that the transfection data do not
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Fig 6.

(A) Luciferase activity of transiently transfected —726 bp, —916 bp, and —916(d)S LF promoter plasmids in uninduced 32DcI3 cells.

Reporter gene activity is represented as the fold increase over activity measured for the promoterless pGL2-basic vector as described for Fig
1. Luciferase activity was normalized to cotransfected B-galactosidase activity ()CMVpgal plasmid). The mean of 3 independent experiments,
each performed in duplicate, is illustrated. Standard deviations are represented by error bars. Luciferase activity of stably transfected —916
bp and —916(d)S LF promoter plasmids in uninduced and Epo-induced (48 h) 32Dwt18 cells. The fold increase in reporter gene activity following
Epo induction (fold induction) was calculated as luciferase activity + Epo per 1 x 10° viable cells/luciferase activity — Epo per 1 x 10° viable
cells. Three independent experiments were performed; standard deviations are indicated by error bars. (B) Northern blot analysis of 32Dwt18
cells induced to undergo neutrophil maturation following Epo induction. Ten micrograms of total RNA from uninduced or 2-day Epo- and 4-
day Epo-induced 32Dwt18 cells was electrophoresed on a 1% formaldehyde/agarose gel and blotted onto a nitrocellulose filter. The filter was
first probed with [a-*’P]dCTP-labeled LF cDNA (top) and later stripped and reprobed with an [a-*?P1dCTP-labeled B-actin probe to ensure

equal loading of RNA in each lane (bottom).

completely mirror the CDP overexpression data. It remains
unclear why the —916 plasmid, although no longer silent,
does not gain full expression upon G-CSF induction of trans-
fected 32Dwt18 cells. Whether this reflects a more complex
mechanism of regulation involving upstream segquences or
represents a failure of the transfection approach itself is un-
clear. Similarly, although as noted, the results of deleting
the silencer element appear to rule out the binding of a
positive regulator at that site, it remains possible that deletion
of the sequences does not give an accurate reflection of
the conformation of the DNA in a chromosomal context.
However, it seems clear that a loss of CDP/cut binding to
the silencer does not account for high-level tissue-specific
expression of LF, and that the primary function of CDP in
this context may be to block inappropriate basal promoter
activity in nonpermissive cells. With the exception of the

NCAM gene, this observation has also been made for other
CDP/cut-regulated genes such as gp91-phox and the y-glo-
bin gene.®® In the case of gp91-phox, an increase in expres-
sion of this gene occurs independently of the binding of
CP1, a member of the CCAAT binding enhancer family of
positive transcription factors, whose binding site overlaps
that of CDP/cut in the gp91-phox promoter.?® In fact, expres-
sion of a gp91-phox promoter-driven transgene lacking a
CDP/cut/CP1 site is identical to that of the control plasmid,
suggesting that CP1 is not essential for expression of the
gp91-phox gene.>

Hence, how CDP/cut mediates repression of the LF gene
is unclear. The mechanism of transcriptional repression in
eukaryotes has been the subject of several recent reviews.*-*
In general, the mode of action of repressors falls into four
broad categories. First, the repressor may prevent an activa-
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tor protein from binding by competing for binding to the
same DNA binding motif. An example of this has been
proposed for the AP-1 transcription factor, which represses
basal and retinoic acid—induced expression of the human
osteocal cin gene by competing for overlapping DNA binding
sites with the retinoic acid receptor.® Second, some tran-
scriptional activators can be ‘‘titrated’’ away from their
DNA binding sites by inhibitory proteins with which they
can form protein-protein complexes. For example, certain
helix-loop-helix (HLH) transcription factors can be nega-
tively regulated by the Id protein.>® Third, repressors can
bind DNA near a DNA-bound activator and quench its acti-
vating capabilities, as the E2A and Jun gene products do
upstream of the insulin gene.®® And fourth, repressors can
interact directly with the basal transcriptional machinery and
prevent genes from becoming transcriptionally active. For
example, the Drosophila even-skipped protein has been
shown to directly interact with TATA binding protein, an
integral part of the basal transcription complex.>” Our studies
make the first and second possibilities unlikely. However,
the third and fourth possibilities remain potential mecha-
nisms for LF repression by CDP/cut.

Overexpression of the CDP/cut protein in 32Dcl3 cells
inhibits LF expression following G-CSF induction without
affecting the morphologic changes associated with normal
G-CSF—induced myeloid differentiation in these cells. This
observation parallels that observed for the gp91-phox gene,
where overexpression of CDP/cut in stably transfected HL60
cellsinduced toward the myeloid lineage resulted in abolition
of gp91-phox expression at the mMRNA level.* The decrease
in the level of LF mRNA following CDP/cut overexpression
in 32Dcl3/CDP/cut cells may be the result of persistent bind-
ing of the CDP/cut protein to the LF silencer element. We
hypothesize that increased LF expression following G-CSF
induction of 32Dcl3 cells is the result of upregulation of
yet-to-be-identified transcriptional activating proteins. Since
overexpression of CDP/cut in these cells appears to block G-
CSF—induced LF expression, it is suggested that CDP/cut
interferes in some way with the positive regulation of LF
expression. However, our data show that removal of the CDP/
cut binding site in the LF gene promoter does not affect
upregulation of LF following G-CSF induction, suggesting
that the G-CSF—induced transactivators do not compete di-
rectly with CDP/cut for binding to the silencer element. How
then does CDP/cut overexpression block induction of LF
expression? One possibility is that CDP/cut competes with
other sites within the LF promoter that bind the putative LF
transactivators; for example, there are two CCAAT boxesin
the LF promoter that could represent potential CDP binding
sites, although preliminary transfection data do not support
this. Binding of CDP to multiple sites has been observed in
the gp91-phox gene, where CDP/cut binds four different sites
within the promoter with different binding affinities.®® Alter-
natively, CDP/cut may regulate expression of the putative
LF transactivators themselves, thereby indirectly influencing
LF expression. Inhibition of LF expression in 32Dcl3 cells
overexpressing CDP/cut provides further evidence for its
function as a repressor; however, retention of the ability to
undergo phenotypic maturation argues that CDP/cut is not
affecting neutrophil differentiation itself.
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Another question raised by our findings is how CDP/cut
controls the repression of two myel oid-specific genes, gp91-
phox and LF, that are expressed at markedly different points
during neutrophil maturation. The evidence presented here
does not directly address this question. However, loss of
CDP/cut binding clearly precedes LF expression in devel-
oping granulocytes. It is possible that basal LF promoter
activity begins before the myel ocyte stage during differentia-
tion but results in a level of expression that is below the
limits of detectability by Northern blot analysis. This would
be consistent with the data reported for deletion of the CDP/
cut binding site from mice carrying a transgene in which the
growth hormone gene was driven by the gp91-phox pro-
moter. Mice carrying atransgene with a promoter containing
a deleted CDP/cut binding site had no detectable ectopic
growth hormone expression by immunohistochemistry.
However, they were three times the size of control animals
in which the transgene contained the CDP/cut binding site.
This suggests that inappropriate basal promoter activity re-
sulted from the loss of CDP/cut binding.>

Alternatively, differential timing of expression of gp91-
phox and LF during myeloid differentiation could reflect
functional heterogeneity of CDP/cut itself. Alternately
spliced forms of the CDP/cut protein have been described®
that may result in expression of afamily of CDP/cut proteins
capable of differentially regulating gene expression. Alterna-
tively, CDP/cut has been described to be a phosphoprotein,*®
and its state of phosphorylation may have differential effects
on its binding to different promoters, especialy in view of
the wide sequence variation in different CDP/cut binding
sites. It has recently been reported that in vitro phosphoryla-
tion of the cut repeats by protein kinase C inhibited the DNA
binding ability of the CDP/cut protein.>®

In summary, we have identified a NRE within the LF gene
promoter that silences expression of transfected reporter plas-
mids. The LF silencer element is bound by CDP/cut in non—
LF-expressing cells. Maturation past the promyelocyte stage
resultsin decreased binding of CDP/cut to the silencer element
concomitant with high levels of LF expression. This observa-
tion, taken together with the finding that deleting the silencer
element has no effect on high levels of LF expression, sug-
gests that binding of CDP/cut to the LF silencer element is
involved in repression of LF expression in nonpermissive
cells, and that loss of CDP/cut binding may be necessary but
not sufficient for high-level LF expression during myelo-
poiesis. The loss of LF expression as a result of CDP/cut
overexpression confirms that CDP/cut functions as a repres-
sor. What factor(s) are necessary to drive high levels of LF
gene expression in the maturing neutrophil remains unclear.
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