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of these proteins is the NDPK3 activity. The NDPK (EC 2.7.4.6)
enzymes were first described in yeast (9) and in pigeon breast muscle
(10). However, the NDPK activity is not essential for the ability of
nm23-H1 to suppress tumor metastasis or for the differentiation
inhibitory properties of the nm23 genes in myeloid cells (1 1â€”13).It
has been postulated that the phosphorylation status of nm23 may be
important for the various biological effects ascribed to nm23 expres
sion. Phosphorylation of the serine 44 residue in nm23-Hl might
affect interaction with other proteins ( 11), raising the possibility that
the identification of putative interacting proteins might provide a clue
for the mechanisms of nm23 function. The nm23-H2 has also been
reported to function as a transcription factor for the c-myc promoter
(14); however, an excessive amount of relatively pure nm23-H2 was
required in band-shift experiments, and purified recombinant
nm23-H2 was significantly less transcriptionally active in vitro than
partially purified nm23-H2 (15). Accordingly, the significance of this
specific function needs further assessment.

By differential screening of a cDNA library from CML-BC primary
cells, DR-nm23, a cDNA clone highly homologous to nm23-H1 and
-H2, has recently been isolated (16). Expression of DR-nm23 was
high in primitive hematopoietic progenitor cells and declined during
myeloid differentiation (16).

Overexpression of the DR-nm23 cDNA in 32Dcl3, a myeloid
precursor cell line, inhibited differentiation induced by granulocyte
colony stimulating factor and caused apoptosis (16). To study the
mechanism(s) associated with the preferential expression of DR-nm23
in myeloid progenitor cells, we have isolated and characterized both
the 5'-flanking region and the DR-nm23 gene. We report here the
structure of the gene, its ability to encode for a functional DR-nm23
protein of the expected size in transfected cells, and its chromosomal
location. In addition, we have identified the transcription initiation
site(s) and delineated the promoter activity of DR-nm23 5'-flanking
region.

MATERIALS AND METHODS

Isolation of DR-nm23 Genomic Clones. A 652-bp fragment of the DR

nm23 cDNA (16) was labeled with 32Pand used to screen a AFix II genomic
library from human placenta DNA (Stratagene, La Jolla, CA). Approximately
l0@plaque-forming units were screened by plating the library at a density of
â€”50,000plaque-forming units per 150-mm filter. Filters were hybridized at
65Â°Cfor 36 h in 6XSSC (1X SSC = 0.15 M sodium chloride and 0.015 M
sodium citrate) and 0.1% SDS and washed at high stringency (65Â°C;0.1 XSSC
and 0.1% SDS). Two positive plaques were identified, and the corresponding
phage DNA was characterized by restriction endonuclease mapping and South

em blot analyses, with synthetic oligonucleotides specific for the 5' (RM2,
5'-GCACCTTCCTGGCCGTGAAG-3'), and the 3' (126-3', 5'-CATCTGC
CGGGCTACTCATA-3') segments of DR-nm23 cDNA (16) used as probes.

Subcloning of the DR-nm23 Gene. Digestion of clone 1 with BamHI/NotI
restriction endonucleases and Southern blot hybridization with the 32P-labeled

3 The abbreviations used are: NDPK, nucleoside diphosphate kinase; GFP, green

fluorescent protein; CAT, chloramphenicol acetyltransferase; FBS, fetal bovine serum;
EMSA, electrophoretic mobility shift assay; AP, activator protein; CML-BC, chronic
myelogenous leukemia-blast crisis; tar, initiator related; FISH. fluorescence in situ hy
bridization; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.

ABSTRACT

DR-nm23 cDNA was clonedrecentlyby differentialscreeningof a
eDNA library derived from chronic myelogenous leukemia-blast crisis
primary cells. It is highly homologous to the putative metastasis suppres
sor nm23-H1 gene and the closely related nm23-H2 gene. When overex
pressed In the myeloidprecursor 32Dcl3cell line, it inhibited granulocyte
colony-stimulating factor-stimulated granulocytic differentiation and in
duced apoptosis. We have now found that the expression of DR-nm23 is
not restricted to hematopoietic cells but is also detected Inan array of solid
tumor cell lines, including carcinoma of the breast, colon, and prostate, as

well as the glioblastoma cell line T9SG. We have also isOlatedboth the
gene and its 5'-flanldng region and found that DR-nm23 localizes on
chromosome 16q13. The gene consists of six exons and five Introns. When
fused in-frame to the nucleotide sequence for the green fluorescent protein
and transfected in SAOS-2 cells, it generates a protein ofthe predicted size
that localizes to the cytoplasm. The 5,-flanking region of DR-nm23 does
not contain a canonical TATA box or a CAAT box, but it is G+C rich and
contains two binding sites for the developmentally regulated transcription
factor activator protein 2 (AP.2). Transient expression assays of DR-nm23
promoter-chloramphenicol acetyltransferase constructs demonstrated
that the segment from nucleotides â€”1028to +123 has the highest activity
in hematopoletic K562 cells and in TK-tsl3 hamster fibroblasts. More
over, AP-2 induced a 3-fold transactivation of the DR-nm23 5'-flanklng
segment from nucleotides â€”1676to +123 and interacted specifically with
oligomers containing putative AP-2 binding sites (â€”936to â€”909,and
â€”548to â€”519)as Indicated by electrophoretic mobility shift assay. Fur
thermore, nuclear run-on assays from high and low DR-nm23-expressing
cells (K562 and CCRF-CEM, respectively) revealed similar transcription
rates. Therefore, the regulation of the DR-nm23 gene expression might
involve other mechanisms occurring at posttranscriptional and/or trans
latlonal levels.

INTRODUCTION

The nm23 gene (nm23-H1) was identified originally on the basis of
its differential expression in a nonmetastatic versus a highly meta
static melanoma line (1), in which it reduced the metastatic potential
when overexpressed (2). Subsequently, nm23-H2, a closely related
gene, was identified by cross-hybridization to nm23-H1 upon screen
ing of a human fibroblast cDNA library (3). Both genes have been
reported to be involved in cell proliferation (4), differentiation (5, 6),
motility (7), and development, as suggested by studies of its Dro
sophila homologue abnormal wing discs (awd), in which aberrant
AWD results in abnormalities in cell morphology and postmetamor
phosis differentiation (8).

The molecular mechanisms by which the nm23 proteins are in
volved in these various processes are unknown. One common feature
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STRUCTURE. ACTIVITY, AND L@ATJON OF DR-nm23

oligonucleotide RM2, which is complementary to the 5' region of the DR
nm23 cDNA, revealed a hybridizing band of 1.4 kb. This 1.4-kb fragment
was subcloned in BamHIINotI-digestedpBluescript SK+ (Stratagene, La Jolla,
CA) anddesignatedpDR93SK.Sequenceanalysisrevealedthatthis construct
included the entire DR-n,n23 gene. Because the BamHl/NotI fragment included
only 19 bp upstream of the ATG initiation codon of DR-nm23 cDNA, clone I
was digested with a panel of restriction enzymes, and a Southern blot was
performed with the oligonucleotide RM2. A 3.4-kb AccI restriction fragment
hybridizing to oligonucleotide RM2 was subcloned in the AccI site of the
pBluescript SK+, and the resulting construct was designated pAccISK. Upon
sequencing, it was found to include 3.0 kb upstream of the DR-nm23 initiation
codon.

GFP-Tagged DR-nm23 Gene Construct. To demonstrate that the isolated
DR-nm23 gene was functional in yielding the DR-nm23 protein, the gene was

fused to the nucleotide sequence coding for the GFP, and the resulting plasmid,
pDRgGFP-N2, was transfected into osteosarcoma SAOS-2 cells. Transfected

cells were visualized by confocal microscopy and assessed for protein expres
sion by Western blot with a polyclonal antiserum specific for GFP (Clontech,
Palo Alto, CA). Briefly, pDR93SK was digested with BamHI and Eco47111and
then treated with Klenow enzyme. A fragment of 1.1 kb was then isolated.
The Eco47111restriction enzyme cuts the DR-nm23gene 21 bases upstream of
the in-frame TAG stop codon, thus removing the stop codon of DR-nm23 to
allow the translation of the fused DR-nm23/GFP mRNA transcript. To prepare
the fused construct, pGFP-N2 was digested with SmaI restriction endonuclease
and then treated with calf intestinal alkaline phosphatase. After gel purifying
the 4.7-kb vector, the 1.1-kb BamHI-Eco47111fragment was ligated into this
vector. Orientation and frame of the resulting PDRgGFP-N2 plasmid were
confirmed by sequence analysis. The PDRgGFP-N2 plasmid was then trans
fected into SAOS-2 cells as described (17), and stable clones were selected in
the presence of G4l8. For confocal microscopy, cells were plated on number
I coverslips and grown overnight. Cells were then washed twice in PBS, fixed
in 3.7% formaldehyde for 30 mm, and washed with 2 ml of PBS. Slides were
then mounted and examined at a 490-nm wavelength using a confocal micro
scope (Bio-Rad, Hercules, CA).

DNA Sequencing. Clones were sequencedby the Sanger dideoxy chain
termination method using Sequenase Version 2.0 (United States Biochemical
Corp., Cleveland, OH) and also by the Applied Biosystems model 377 DNA
sequencing system.

Primer Extension and RNase Protection Analysis. Primer extension was
carried out as described (17). One hundred ng of the antisense oligonucleotide
npe rev (5'-GGGAAGAGG11@AGCGAAGATGGTCAGCACC-3') from nu
cleotide 30 to nucleotide 59 of the reported DR-nm23 cDNA (16) was 32Pend
labeled with T4 polynucleotide kinase. The probe (5 X 106 cpm) was hybrid
ized to 20 @.tgof total RNA obtained from CML-BC K562 cells for 16 h at
42Â°Cin a solution containing 80% formamide, 1 mMEDTA (pH 8.0), 0.4 M
NaC1,and 40 mMPIPES (pH 6.4). Thereafter, the cDNA strand was synthe
sized using avian myeloblastosis virus reverse transcriptase at 42Â°Cfor 90 mm,
and the extended fragments were analyzed on a denaturing 8% polyacrylamide
gel along with the sequencing reactions performed on the pAccISK plasmid
primed with the npe rev oligonucleotide.

For RNase protection analysis, a 4l0-bp fragment was generated by in vitro
transcription using the mRNA capping kit (Stratagene, La Jolla, CA) according
to manufacturer's specifications. The DNA template was generated by digest
ing the pAccISK plasmid with DpnI restriction enzyme and subcloning the
released 4l0-bp fragment into the DpnI-digested pSK, generating the plasmid
pDpniSK. The latter plasmid was linearized with the restriction enzyme CIa!,
and T3 RNA polymerase was used to generate the riboprobe in the presence of
a-[32PJUTP.The riboprobe (lOs cpm) was hybridized with 25 @gof total RNA
from K562 cells under the same conditions used for primer extension. Hybrid
ization mixtures were digested with RNase A and RNase T1 (17), treated with
phenol-chloroform, and ethanol precipitated. The product was then resolved on
a 6% polyacrylamide/8 Murea gel.

Northern Blot Analysis. Total RNA was isolated using Tri-Reagent (Mo
lecular Research Center, Inc.) and following the manufacturer's protocol.
Twenty @.tgof RNA were electrophoresed on a 1.2% agarose-formaldehyde
gel, blotted onto nitrocellulose membrane (Schleicher & Schuell, Keene, NH),
and hybridized as described (17). A 32P-labeledfull-length DR-nm23 eDNA
was used to probe the blot. The filters were washed twice with 2X SSC and
0.1% SDS at room temperature and twice with O.2X SSC and 0.1% SDS for

30 mm at 65Â°C. The blots were exposed to Kodak X-OMAT XARS film at

â€”80Â°Cwith intensifying screens. Hybridization with a j3-actineDNA (18) was
used as control for relative RNA loading.

5'.flanking Region Plasmid Constructs. To assay for promoter activity,
four promoter deletion constructs generated from pAccISK were subcloned
into the pCAT-Basic (Promega, Madison, WI) plasmid. The SmaIpCAT plas
mid containing the promoter segment from nucleotides â€”1676 to + 123 was

obtained by digesting pAccISK with SmaI and subcloning the released 1.68-kb
fragment into the Klenow-blunted HindlII site of the pCAT-Basic vector. The
PstIpCAT plasmid was made by digesting pAccISK with SmaI and PstI,
followed by treatment with T4 DNA polymerase. The isolated fragment (from
nucleotides â€”1028 to + 123) was subcloned into pCAT-Basic prepared as
described above. The XbaIpCAT construct was generated by digesting Smalp
CAT with XbaI and subcloning the released 662-bp fragment (from nucleo
tides â€”522to + 123) into the XbaI-digested pCAT-Basic vector. The Dpnlp
CAT plasmid was generated by digesting pAccISK with DpnI and Sma! and
subcloning the isolated and blunted 330-bp fragment (from nucleotides â€”250
to + 123) into the Klenow-filled HindIll site of the pCAT-Basic vector.

DNA Transfection and Reporter Gene Assays. The K562 cell line was
maintained routinely in RPM! 1640 supplemented with 10% FBS. Twenty-four
h before transfection, 0.5 X 106 cells/mI were seeded in culture media. K562
cells were transfected by a modified protocol using lipofectamine (Life Tech
nologies, Inc., Gaithersburg, MD). Briefly, 3 X 106 cells were washed once
with a 1:1 mix of serum-free Opti-MEM (Life Technologies, Inc.) and RPM!

1640 (Life Technologies, Inc.) and then seeded in 0.8 ml of serum-free
RPMI-Opti-MEM (1 : 1). Ten @.tgof plasmid DNA, resuspended in 100 p3 of

serum-free RPMI-Opti-MEM, and 100 @lof lipofectamine (1:10 dilution)
were mixed gently and incubated at room temperature for 30 mm. Thereafter,
the DNA-lipofectamine complexes were added to the cell suspension. After
24 h at 37Â°Cin a humidified 5% CO2 incubator, 4 ml of RPM! supplemented
with 10% heat-inactivated FBS were added to each well. Forty-eight h later,
cells were harvested and assayed for CAT activity. TK-tsl3 hamster fibroblasts

(106; a kind gift of Dr. R. Baserga) maintained in DMEM supplemented with
10% FBS were transiently transfected by calcium phosphate precipitation (17)
with the SmaIpCAT reporter construct and the pSAP-2 effector plasmid (19)
used at a 1: 1 molar ratio. In all transfections, 2 @.tgof pSV-@3-gal (containing

the full-length f3-galactosidase eDNA) were used to normalize transfection
efficiency. After 48 h, cells were lysed in 0.25 MTris-HC1(pH 7.8), and the
proteins were extracted by three rounds of freezing and thawing followed by
clarification of the lysates by centrification at 14,000 X g for 10 mm. CAT
activity was assayed on 3-galactosidase-normalized extracts by TLC as de

scribed (20). After autoradiography. the percentage of acetylated products was
quantitated by densitometric scanning.

EMSA. Recombinant AP-2 protein (1.3 @.tg;gel shift assay core system,
Promega) was incubated in binding buffer [4% glycerol, 1 mM MgCl2, 0.5 mt@i
EDTA, 0.5 mM DTT, 50 mM NaCI, 10 mrsi Tris-HC1 (pH 7.5), and 50 @g/ml
poly(deoxyinosinic-deoxycytidylic acid)] with the 32P-labeled 28-bp double

stranded oligonucleotide AP2a (5'-CCACGGCIAAGGCCTGGGGCATCCT
GACC-3'; â€”936to â€”909bp) or the 32P-labeled30-bp double-stranded oh
gonucleotide AP2b (5'-AAAGGAAGGGCCAAGGGCACCCCCGTCTAG
3'; â€”548to â€”519bp) containing the underlined AP-2 binding site. EMSAs
were performed according to manufacturer's specifications. Binding specific
ity was determined using double-stranded ohigonucleotides containing either
canonical AP-2 or Spl consensus sequences. EMSA reactions were electra
phoresed on 5% polyacrylamide gels with 0.25X Tris-borate EDTA; after
drying. gels were exposed to Kodak X-OMAT XAR5 film at â€”80Â°Cwith an
intensifying screen.

Nuclear Run-on Transcription Assay. Nuclear run-on was performed as
described by Chan el a!. (21) with some modifications (22). Briefly, K562 and
T-cell leukemia CCRF-CEM cells (5 X l0@)were washed twice with ice-cold
PBS and lysed in 10 mMTris-HC1(pH-7.9), 2 mMMgCl2, 3 mMCaC12,0.3 M
sucrose, and 3 mMDT1' in the presence of 0.2% NP4O.Nuclei were purified
by centrifugation (2000 rpm for 5 mm at 4Â°C)onto a 0.75 Msucrose cushion
and resuspended in 200 @.tlof transcription buffer (1 mMMgCl2, 70 mMKC1,
15%glycerol, and 1.25 mMDTF) containing 0.25 mMribonucleotides and 1.0
mCi a-[32P]UTP.After 20 rein at 26Â°C,newly synthesized RNA was extracted
using the acid-phenol-guanidium extraction method, isopropanol precipitated
in the presence of 10 @.tg/ml tRNA, and purified onto a G-50 RNase-free

Sephadex spin column (Boehringer Mannheim). Equal numbers of counts of
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expression is restricted to hematopoietic cells. Thus, DR-nm23
mRNA levels were analyzed in various human cell lines and in one
sample of primary CML-BC by Northern blot analysis (Fig. 1).

DR-nm23 mRNA levels are higher in erythromyeloid (e.g., K562,
HL6O, or CML-BC) than in lymphoid (e.g., Daudi, CCRF-CEM, or
Jurkat) or monocytic (e.g., U937) cells (Fig. 1). However, DR-nm23
expression is not restricted to hematopoietic myeloid cells, given that
abundant levels of DR-nm23 mRNA were detected in all of the solid
tumor lines analyzed (Fig. 1).

Isolation of the DR-nm23 Gene. Approximately 106 recombinant
clones of a A FIX II human placental genomic library were screened
using a human DR-nm23 eDNA probe, as described in â€œMaterialsand
Methods.â€•Two clones were identified, and phage DNA was isolated
for further characterization. Restriction digestion of clone I with
BamHI and Not! revealed a fragment of approximately 1.4 kb, which
hybridized to a 5' ohigonucleotide of DR-nm23 eDNA. This BamHI/
Not! insert was subcloned into the Bluescript vector for sequence
analysis. Such analysis identified six exons separated by five introns
(Fig. 2). Exon I contains the 5'-untranslated region and the first 16
codons. Exon 2 spans from codon 17 to codon 59, and exon 3

corresponds to codons 60â€”92.Exon 4, the smallest one, encodes
codons 93â€”111, and exon 5 contains codons 112â€”130.Exon 6 encodes
from codon 131 to codon 169, the 3'-untranslated region and the
polyadenylation signal. All five introns are very small, ranging in size
from 37 (intron 4) to I 13 nucleotides (intron 5). The nucleotide
sequence of the DR-nm23 gene has been submitted to GenBank, and
the accession number is U80813.

Identification of the Transcription Initiation Site. To define
precisely the 5'-flanking region of the DR-nm23 gene, the transcrip
tion initiation site was determined by primer extension and RNase
protection analyses. For primer extension analysis, a 32P-labeled npe
rev ohigonucleotide corresponding to the 5' end of the DR-nm23
mRNA was hybridized to total RNA from the DR-nm23-expressing
K562 cells and then extended by reverse transcriptase. Primer exten
sion products were resolved on a denaturing 8% polyacrylamide gel
along with a sequence reaction as a molecular weight marker. The
extension products could be identified by size, and the transcription
initiation site could be identified by the nucleotide corresponding in
size to the extended product. Two primer extension products were
identified (Fig. 3A), consistent with the detection of two mRNA
species by Northern blot analysis (Fig. I). The most prominent prod
uct of the primer extension reaction corresponds to the thymidine (Fig.
3A, 1) residue, 167 nucleotides upstream of the translation initiation
codon. This experiment was repeated twice with identical results.

To further validate the results of the primer extension analysis,
RNase protection was performed on K562 RNA using the riboprobe

described in â€œMaterialsand Methods.â€•Total RNA from K562 cells
was hybridized to a 41 1-nucleotide probe containing 407 nucleotides
upstream and 1 nucleotide downstream of the translation initiation
codon. In agreement with the results of the primer extension analysis,
two products of the expected sizes were identified (Fig. 3B).

Expression of the DR-nm23 Product in Transfected Cells. To
demonstrate that the isolated DR-nm23 gene was processed correctly

DR-nm23@@â€˜SO ..@i@-actIniâ€¢@-

hemoto@câ€” non hemato@c

1.8Kb

STRUCrURE. ACTIVITY. AND L@AT1ON OF DR-nm23

Fig. 1. DR-nm23 mRNA levels in hematopoletic and nonhematopoietic tumor samples.
Twenty @xgof total RNA from each sample were electrophoresed, blotted, and hybridized
sequentially to a 900-bp DR-nm23 eDNA probe and a 2.1-kb (3-actineDNA probe. The
positions of the two DR-nm23 transcripts at I .I and 1.2 kb and of the @-actintranscript
are indicated.

nascent radiolabeled transcripts were hybridized to a nitrocellulose membrane
(Schleicher & Schuell), containing 10 p@geach of the indicated plasmid (see
below), spotted using a slot-blot apparatus (Hoefer). Hybridizations were
performed for 72 h at 42Â°C in 50% formamide, 5X SSC, 1 X Denhardt's

solution, 50 mMNaPO4buffer, 100 @g/mlsalmon sperm DNA, and 0.1% SDS.
Membranes were washed in 2X SSC and 0.1% SDS (twice at room temper
ature and once at 37Â°C,20 mm each) followed by a single wash in 0.1 X SSC
and 0.1% SDS (20 mm at 65Â°C).Autoradiography was performed at â€”70Â°C
for 5 days with intensifying screens. Densitometric measurement was per
formed using a personal densitometer (Molecular Dynamics, Inc.). The se
quences used for nuclear run-on studies were: (a) the human DR-nm23
full-length eDNA in the pBluescript vector, (b) the full-length GAPDH eDNA

in the pBluescript vector (Stratagene) as a positive control, and (c) the

pBluescript vector as control for nonspecific hybridization.
Chromosomal Localization of the DR-nm23 Gene. Hybrid DNAs were

previously described rodent-human hybrid cell lines (23), or were obtained

from the NIGMS Human Genetic Mutant Repository (Coriell Institute, Cam
den, NJ). A hybrid 38Sl3 retaining chromosome 16 was isolated after fusion
of human W138 cells with murine A9 cells. The 38Sl3 hybrid was charac
terized by G banding and testing for the presence of relevant DNA markers on
chromosome 16. A hybrid A9LN5 retaining der 6 (6p2 1â€”+qter:l6q22â€”qter)
was isolated after fusion of the LNCaP prostate adenocarcinoma cell line,
carrying a t(6;16)(p2l;q22) translocation, with munne A9 cells. The A9LN5

hybrid was characterized by G banding and testing for the presence of DNA
markers on chromosomes 6 and 16. The normal 16 and the der 6 translocation
reciprocal were absent from the hybrid. Both hybrids were selected in AA
medium (24), which selects for retention of the human APRT locus.

The FISH procedure used in this study has been described previously (25).
Probes were prepared by nick translation of clone 1 DNA using biotin-labeled
1l-dUTP (Bionick kit, Bethesda Research Laboratories). Hybridization of the
biotin-labeled probe was detected with FITC-conjugated avidin. Metaphase
chromosomes were identified by Hoechst-33528 staining and UV irradiation
(365 nm), followed by 4',6-diamidino-2-phenylindole staining to produce the
banding pattern. The fluorescent signal was observed with filter block 13
(BP450â€”490/LP515; Leitz Orthoplan) on the background of red chromosomes
stained with propidium iodide. Q banding was observed with filter block A
(BP340â€”380/LP430).

RESULTS

DR-nm23 mRNA Levels in Hematopoietic and Nonhematopoi
etic Tumors. The DR-nm23 gene was isolated by differential screen
ing of a CML-BC eDNA library, but it was unknown whether its

DR-nm23 gene structure

m Iv V
..â€” â€” â€” â€”

@â€” â€” â€” â€” â€”
217 131 100 54 58 439

Fig. 2. Structural organization of the DR-n,n23 gene. The exons are depicted as boxes, and the introns are interspersed between the exons. The 5' and 3' regions are shaded exons;
.,codingregions.Translationstartsite.stopcodon,andthetranscriptioninitiationsite(+1)areindicated.The5-flankingregionisshownasathinline.Numbersbelowtheexons
indicate their respective sizes in bp. The accession number of the DR-nm23 gene as submitted to GenBank is U8O813.
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STRUCTURE. ACTIVITY. AND LOCATION OF DR-nm23

Structure and Promoter Activity of the 5' Flanking Region of
the DR-nm23 Gene. Digestion of clone 1 with the restriction enzyme
AccI identified a fragment of approximately 3 kb, which hybridized to
the RM2 oligonucleotide corresponding to the 5 â€t̃erminus of the
DR-nm23 eDNA. This fragment was subcloned and sequenced. Re
gions upstream and downstream of the translation start site were
identified and are depicted in Fig. 5. The promoter of the DR-nm23
gene is apparently TATA- and CAAT-less and contains an mr ele
ment from nucleotide + 136 to nucleotide + 143, downstream from the
transcription initiation site. A transcription factor database was

screened by the Signal Scan computer program, and putative binding
sites for several transcription factors were identified. The promoter is
very G+C rich and contains putative Spi, AP-2, Myb, ets, GATA,
and Hox- 1 binding sites. However, only AP-2 was able to transacti
vate the DR-nm23 promoter and to interact with putative AP-2 sites
(see below).

To assess the promoter activity of the DR-nm23 5'-flanking region,
deletion promoter segments were fused to the bacterial CAT gene
(Fig. 6A), and the recombinant plasmids were transfected in

DR-nm23-expressing (K562) and nonexpressing (TK-tsl 3) cells
along with positive and negative controls. As shown in Fig. 6, B, and

I.
@â€˜.@ ...

â€˜%@ .

SAOS-2 SAOS-2/GFP

A

ATG
4lObp@

ATG
170 @1 e3q@ected

L@J

Fig. 3. Site of transcription initiation as determined by primer extension (A)and RNase
protection (B) analyses. For primer extension, total RNA from K562 cells (20 @tg)was
annealed to a 32P-labeled oligo probe. Extension products were analyzed on a denaturing
8% polyacrylamide gel. A Sanger sequencing reaction primed on a plasmid DNA template
(with the same primer) was run next to it. B, RNase protection analysis of the DR-nm23
transcription initiation site. Total RNA from K562 cells (25 @xg)was incubated with a
4l0-bp 32P-labeled riboprobe spanning the region of the DR-nm23 gene immediately
upstream of the translation start codon, and the annealed products were digested with
RNase. After RNase treatment, protected fragments were analyzed on a denaturing 6%
polyacrylamide gel. Arrows denote protected fragments of about 170 and 370 bp, con
sistent with the results of the primer extension analysis. *, transcription initiation site of
the previously reported DR-nm23 eDNA (16). The length of this protected fragment is 170
bp. Below B is a scheme of the strategy for mapping the transcription start site of the
DR-nm23 gene by RNase protection.

SAOS-2/GFP-DRnm23SAOS-2/GFP-DRnm23gene

@ r@4@

>1

kDa
Ã³8
43k, â€œâ€”GFP-DRNM23

29@
â€˜ â€”GFP

18@

14@ ________
a-GFP

Fig. 4. Localization and expression of the chimeric DR-nm23-GFP protein. A, confocal
microscopy of parental SAOS-2 cells (top left) or SAOS-2 cells stably transfected with the
GFP eDNA (top right), the GFP eDNA cloned in frame into the 3' of DR-nm23 eDNA
(bottom left), and the GFP eDNA cloned in frame in the last exon of the DR-nm23 gene
(bottom right). B, expression of GFP and of the chimenc GFP-DR-nm23 protein in
SAOS-2transfectants.LysatesfromparentalSAOS-2cellsandcellstransfectedwiththe
recombinant GFP (rGFP) served as negative and positive controls, respectively.

in transfected cells to generate a product of the expected size, a eDNA
segment encoding the GFP was cloned in-frame into the last exon of
the DR-nm23 gene as described in â€œMaterialsand Methods.â€•As a
control, a construct was prepared in which the DR-nm23 eDNA was
fused in frame to the GFP eDNA. Upon transfection of SAOS-2 cells
and selection of stable clones, the fraction of fluorescent cells and the
cellular distribution of the DR-nm23-GFP-tagged protein were as
sessed by confocal microscopy. The fluorescent DR-nm23/GFP chi
meric protein appears to have a cytoplasmic punctate localization
(Fig. 4A). Using a polyclonal antiserum specific for GFP, we found
that a protein of Mr @47,000was generated from plasmids in which
the DR-nm23 eDNA or the gene DR-nm23 is fused in frame with the
GFP eDNA (Fig. 4B). The size of the DR-nm23-GFP fusion protein
is in agreement with that expected from the sum of DR-nm23
(Mr @2O,00O) with that of the GFP product (Mr @27,0OO). Thus,

the DR-nm23 gene includes all the genetic information necessary
for generating a protein of the same size and location as does the
DR-nm23 eDNA.
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â€”523might contain regulatory sites important for DR-nm23 promoter
activity. Putative sites for AP-2, c-myb, PU1, Spl, and ets were
identified. However, cotransfection experiments using PstIpCAT and
either c-myb, PU.l, SP1, or ets2 expression constructs failed to
demonstrate modulation of promoter activity (data not shown), which
argues against an important role of these factors in the regulation of
DR-nm23 promoter activity. In contrast, in cotransfection experiments
using Tk-tsl3 hamster fibroblasts, pSAP-2 induced a 3-fold transac
tivation of the SmaIpCAT chimeric construct (Fig. 7A). This effect
correlated with the ability of purified AP-2 to interact specifically
(albeit with different affinity) with two putative AP-2 binding sites
(AP2a, â€”936to â€”909,and AP2b, â€”548to â€”519) in the DR-nm23
5'-flanking region (Fig. 7B).

Transcriptional Rate of the DR-nm23 Gene. To determine
whether DR-nm23 expression is regulated at the transcriptional level,
the transcription rate of this gene was evaluated in a high-expressing
(K562) and low-expressing (CCRF-CEM) cell line by nuclear run-on
experiments. Radiolabeled nascent RNA was isolated from both cell
lines as described in â€œMaterialsand Methodsâ€•and used to probe a
nitrocellulose filter containing 10 ,.tg of the pBluescript vector (neg
ative control), the GAPDH eDNA (positive control), and the
DR-nm23 eDNA. As indicated by the representative autoradiograph
and densitometric plot of Fig. 8, there is no significant difference in

. .@
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â€”1517CTTTCCTCGCTTCCGGCCGCGACCG@@ACACTTTAGCCTGGGACACCGGCCâ€”1467TCTTCCGGTGACTTCCGGCCGGACTCGCTGAGGACGCGGANCTCTCCATGâ€”1417GCGCGGAAGANGGTGCGTACCGGGNCTGATCGCGGAGCTGAACCNCCGCGâ€”1367TGCNCNCCTTGCGGGAGCAACTGAACAGCCCGCGCGACTTCCCAGTTTAAâ€”1317CGCGGTGGATTACGAGACCTTGACGCGGCCGTTGCTCTGGACGCCGGCTGâ€”1267CCGGTCCGGGCCTGGGCCGACGTGCGCCGCGAGAGCCGCTTCTTGCAGCTâ€”1217GTTCGGCCGCCTCCCGTTCTTCGGCCTGGGCCGCCTGGTCACGCGCAAGTâ€”1167CCTGGCTGTGGCAGCACGACGAGCCGTGCTACTGGCGCCTCACGCGGGTGâ€”1117CGGCCCGACTACACGGCGCAGGTGCGTGCACCCCGTCCGCACCCCGCCCGâ€”1067TGCAGCCGCCTGGTCTCCCCGCCTCCCCTCCTCCCTGCAGGTTTGCGTGG

â€”1017 CTGAGGCTCC CACCTCCTGA CCTCGGGGGC CGAGAGCTTT GCGAGCTGAC

â€”967

â€”917

â€”867

â€”817

â€”767

â€”717

â€”667

â€”617

â€”567

â€”517

CCCGCTTCCT TCTGGCTTTG

ATCCTGACCT TCAAAGGTAA

ATGCCGACCG CCGACGGCAC

CATCAGGGAAGACTGAGAGC

CATGACTGGC GGCTGGTGCC

CACGCCGGCGCCGGAAGACA

TCCGGGCCAT GATTATCGCA

GAGGAGCCCA TGCTGAATGT

CCCTGCAAAA CAGGAAGACA

ATGCCAGAAC

A?- 2
CAGAACTTGG ACCACGGGAA GCCCTGGGGC

GGCTCGGGAGAGCGGGTGCCCGGCAGTTCG

AGCAAGTGTGTGCAGACGCC TCTTTTTTTT

GAGGCGCGGGAGATCGAACACGTCATGTAC

CMtGCACGAG GAGGAGGCCT TCACCGCGTT

GCATGCCTCC GTGCCGTACC CCGCCTCTCC

GAACGACAGAAAAATGGAGACACAAGCACC

GCAGAGGATA CGCATGGAAC CTTGGGATTA

AP- 2
AAGGAAGGGC_CAAGGGCACC CCCGTCTAGA

CTTAGGGGCT GTGAGGCAGT GGGGACCTTA

A

B

â€”467 TTGATGAAAGAAACCGTCTTTGCGTTACACCCGAGTCTGCCTCTCGGACC

â€”417 AGGGAGCTCA CCTTCCGCGA CGTGTTGTGA GGGTCTGCAT CTTAGGGGGG

â€”367 AGGGCTGGGG CAAATCGCCA CCTGTGCCTT TCCTGTGGCC GTGCTGCCCC

-317 CACACCCAAC TCCGAGGGCC CACGCTGGGG AAAGCGGGAA GCGCTCGCTC

â€”267 CCTTTCCCCC ATTAGTGCTC TCTCTGCCTG GATCCCGGCA GAAGCTATGA

â€”217 AAGGGAATAAAGAG@AAAGAAGTACCCAGGGTCGTGGTGTCTTTGCGCTC

-167 TGTCTTTAGGACCGGGGAGAGAAGGGGCTGACGCTGTGGTCGTGGCCCTG

â€”117 GCCGGGGGGG CGCGGGGGGG GCGGGGTTCG GGCGGTGCGG AGCAGGACAC

â€”67 CGCGTGGGTG GAACCANCTG GGCGGATTGT GGGGGATACA GNTAGTATCC
+1

â€”17 GANCTGCTGG AGGAGACTTG GCCTTCCGCA GCTACCCACC GGCCCCCCAC

+34 GGCTACCGGGTTCCGGGGTACAAGTGAAGCAGCCTCCCCACGGAGGCCGC

+84 AGCGCCCCGA ACCAGACCTC TTTAAGCGC1@ GGCCCCGCCC CGGGCACCAC
mr

+134 GCCCCACCCCGCGGATCCCGCTCCCGCACCGCCATCATGATCTGCCTGGTG

Fig. 5. DR-nm23 promoter sequence. Nucleotides are numbered on the left. The
transcription initiation site is indicated as + I, with the translation start site shown in bold.
AP-2 binding sites and an Inr element are underlined.
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123456 123456

I
C, the promoter activity of the various promoter regions was essen
tially identical in both cell lines. Of interest, the PstIpCAT construct
gave consistently the highest activity. The XbaIpCAT construct,
which, in comparison to the PstIpCAT construct, lacks the region
spanning from nucleotides â€”1028 to â€”523, had lower promoter
activity. This suggests that the segment from nucleotides â€”1028 to

1 2 3 4 56 1 2 3 4 5 6

TICtsl3 K562

Fig. 6. Promoter activity of DR-nm23 gene deletion plasmids in K562 and TK-tsl3
cells. A, schematic representation of deletion promoter constructs used for CAT assays in
transiently transfected K562 and TK-tsl3 cells. B, comparative CAT activity and densi
tometric analysis ofDR-nm23 promoter plasmids in K562 and TK-tsl3 cells. Plasmids are
pRSVCAT, pCAT-Basic, SmaIpCAT, PstIpCAT, XbaJpCAT. and DpnIpCAT (1-6,
respectively).
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the rates of DR-nm23 transcription in these two cell lines. Thus, the
regulation of DR-nm23 expression might not occur at the level of
transcription but may occur at posttranscriptional and/or translational
levels.

Chromosomal Localization of the DR-nm23 Gene. A panel of
hybrids was screened by Southern blotting, using a radiolabeled
segment of DR-nm23 eDNA for the presence of a human-specific
hybridizing band. SstI-cleaved DNA from a large hybrid panel coy
ering most chromosome regions was fractionated by electrophoresis,
blotted to a filter membrane, and hybridized to the DR-nm23 probe.
Human DNA exhibited two strongly hybridizing bands of about 4.6
and 1.5 kb with a more weakly hybridizing band of about 6.7 kb. A
fragment of about 8 kb was detected in murine DNA (data not shown).

Most hybrid DNAs were negative for human-specific bands; one
hybrid retaining a partial chromosome 16 was positive for the two
strongly detected fragments (4.6 and 1.5 kb), which most likely

12345

A

-936 -909 -648

wtAp2b.s

Fig. 7. A,AP-2 transactivationofthe 5'-flankingregionofthe DR-nm23gene.CAT assays
were performedaftertransfectionofTK-tsl3 cellswith 10 @gofSmaIpCAT, 2 @gof pSAP-2,
and 2 @xgof pSV*gal, as described in â€œMaterialsand Methods.â€•Results are representative
of three independentexperiments.B, Electrophoreticmobility retardation assay of purified
AP-2 and 32P-labeleddouble-StrandedoligonucleotideAP2a (-936 to -909 bp) ur AP2b
(-548 to -519 bp). A 200-foldexcess ofunlabeled AP2 or SpI oligonucleotidewas used as
specificor nonspecificcompetitor,respectively.Two AP-2 sequence-specificshifts are mdi
cated by arrows. wtAP2 b.s, wild-typeAP-2 binding site. rAP2, recombinantAP-2 protein.
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4

pBluescript@ t@ 3

DR-nm23 @â€œ@â€œ 12

GAPDH r@@ _______
CCRF-CEM K562@@

Fig. 8. DR-nm23 transcription rate in CCRF-CEM and K562 cells. Nuclear run-on
transcription assay was performed as described in â€œMaterialsand Methods.â€•Left, auto
radiograph of the nuclear run-on. Right, relative densitometric plots on the rates of
transcription of DR-nm23 in both cell lines.

represent the cognate locus. Thus, when the presence of the human
specific band was correlated with the presence of human chromo
somes, the DR-nm23 gene segregated with chromosome region
l6ql3â€”t@qter(Fig. 9A). To refine the location on chromosome 16, a
hybrid retaining a complete chromosome 16 and a hybrid retaining the
region 16q22â€”l6qter were also tested; results are illustrated in Fig.
9A, which shows that the DR-nm23 gene maps to l6ql3â€”@22.

To confirm and refine the location to chromosome l6ql3â€”*q22, in
situ hybridization of a biotin-labeled clone 1 phage to human met
aphase preparations was detected by reaction with fluorescent-tagged
avidin as described previously (24). On 25 metaphases, 18 fluorescent
spots were observed at l6q12.l and 8 spots at 16q13 (Fig. 9B). The
clone 1 probe also hybridized to the heterochromatic regions on lq,
9q, and 16q, where 16 fluorescent spots were observed on each. Thus,
in agreement with results of hybrid and FISH analysis, the DR-nm23
gene maps to l6q13.

DISCUSSION

The identification of the nm23-HI gene as a putative metastasis
suppressor has prompted numerous investigations of the mecha
nism(s) involved in this activity. Thus far, such mechanisms remain
elusive, because the NDPK activity, which is best characterized for
the protein nm23-H1, does not seem essential in this process (1 1).
nm23-H2, a second member of the family, appears also to act as a
regulator of c-myc transcription via a DNA binding-dependent mech
anism (14). The significance of this biochemical activity, if any, for
the biological function(s) of the nm23-H2 gene remains unknown. We
have recently reported the isolation of DR-nm23, a third member of
the human nm23 gene family. In the hematopoietic system, in which
DR-nm23 is apparenfly involved in the process of myeloid differen
tiation and in the induction of apoptosis, there is a preferential
expression in myeloid cells at the early stages of differentiation.
However, DR-nm23 expression is not restricted to hematopoietic cells
but was also found in many epithelial and nonepithelial tumor lines
(Fig. 1).

The DR-nm23 gene is about 1.5 kb in length and contains six exons
separated by five introns. In contrast, the nm23-HI and -H2 genes
both contain five exons with relatively similar exon-intron junctions
(25). Data of primer extension and RNase protection analyses (Fig. 3)
are consistent with the results of Northern blot experiments (Fig. 1)
that indicate the existence of two DR-nm23 transcripts. The smaller
transcript is initiated at a T residue 167 bp upstream of the translation
start codon, whereas the larger transcript is approximately 200 bp
longer but was not isolated as an independent eDNA clone (16).
Overexpression of the smaller eDNA sequence perturbs the differen
tiation of 32Dcl3 cells (16). A polyadenylation signal, AATAAA, was
found at an identical position (224 bp downstream of the translation
stop codon) in DR-nm23 eDNA and in the genomic clone I.
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Fig. 9. A, presence of the DR-nm23 locus in a panel of 16 rodent-human hybrids. A

filledsquareindicatesthatthehybridnamedin theleftcolumncontainsthechromosome
indicated in the top row; a squarefilled at the bottom (right) indicates the presence of the
long arm of the chromosome or part of the long arm represented by a smaller fraction of
stippling; a square filled at the top (left) indicates the presence of the short arm (or a
partial short arm) of the chromosome; an open square indicates the absence of the
chromosome listed above the column. The column for chromosome 16 is boldly outlined
and stippled to highlight correlation of presence of this chromosome (or region of the
chromosome) with the presence of the DR-nm23gene. The pattern of retention of the gene
in the panel is shown to the right of the figure. where the presence of the locus in a hybrid
is indicated by afilled square with a plus sign, and the absence of the locus is indicated
by an open square with a minus sign. B, Regional localization of the DR-nm23 gene in
rodent-humanhybridscarryingpartialchromosome16.Hybridscarryingchromosome16
or a region of 16are illustrated to the right of the ideogram. These hybrids were tested for
the presence of the DR-nm23 gene by filter hybridization using a radiolabeled probe; the
presence (+) or absence (â€”)of the DR-nm23 gene is indicated below the lines repre
senting specific hybrids. The FISH results are shown to the left of the chromosome 16
ideogram; â€¢,one fluorescent signal. The grains in l6ql 1.2 are signals due to hybridiza
tion to the heterochromatic region of l6q.

Using a chimenc construct in which the DR-nm23 gene was fused
in frame to nucleotide sequences coding for the GFP product, we have
shown that the gene contains all the genetic information required for
appropriate processing and that the DR-nm23-GFP-tagged protein
localizes to the cytoplasm. Most likely, this localization corresponds
to that of endogenous DR-nm23, because the GFP product itself
should not interfere with the appropriate localization of a tagged
protein (28). It is of interest to compare the localization of the
DR-nm23-GFP protein to that of nm23-H1 and nm23-H2 proteins.
Urano et a!. (29) have suggested that nm23-Hl and nm23-H2 proteins
have surface localization in a variety of cells, including those of the
hematopoietic system. Additional studies by Biggs et a!. (30) have
indicated that the nm23 homologue in Drosophila, AWD, colocalizes
with microtubules. In this regard, Lombardi et al. (31) have found that
the nm23-M1 protein is associated with tubulin, forming a complex
the abundance of which correlates with the process of terminal dif
ferentiation. In addition, Postel et a!. (14) have provided evidence for
a functional link between nm23-H2 and the c-myc oncogene, whereby

the nm23-H2 protein can function, at least in vitro, in the transcrip
tional regulation of c-myc expression. This implies that nm23-H2 has
a nuclear localization; however, no evidence has been reported yet for
such a localization. We have shown here that the DR-nm23 protein
exhibits a punctate cytoplasmic localization, but its exact location in
the cytoplasm is at present unclear. The polyclonal a-GFP-antisera
should help in investigating if and with which proteins the chimenc
DR-nm23-GFP protein interacts and whether such potential interac
tions might provide mechanistic explanations for the effects of con
stitutively expressed DR-nm23 in 32D cell differentiation (16).

Inspection of the genomic sequence surrounding the transcription
initiation site indicates the absence of a canonical TATA box or
CAAT sequence. A putative Ins element is located at position + 135.
This sequence fits the consensus 5'-PyPyCAPyPyPyPyPy-3' origi
nally identified in the terminal deoxynucleotidyltransferase gene (32).
The Ins elements have been found both in TATA-contaiing and
TATA-less genes (32â€”34),and mutation of this element might provide
information on its involvement, if any, in the regulation of DR-nm23
expression. The 5'-flanking region is G+C rich and has numerous
putative binding sites for several transcription factors including Spi,
a ubiquitous nuclear protein that can initiate transcription of TATA
less genes (33). Putative AP-2 binding sites were also identified. AP-2
is a developmentally regulated trans-acting factor (34) without a
demonstrated role in nm23 family gene regulation.

The promoter region of the nm23-H1 gene is quite different from
that of DR-nm23. Both are TATA-less, but the nm23-H1 promoter
contains a CAAT box (Ref. 35; at position â€”313upstream of the
translation start codon) not found in the corresponding region of the
DR-nm23 gene. Furthermore, the former has putative binding sites for
AP-l and cytotoxic factor/nuclear factor I , not seen in the DR-nm23
promoter. Hence, the expression of DR-nm23 in hematopoietic cells
might reflect specific features of the 5'-flanking region of the DR
nm23 gene.

However, the promoter activity of four different CAT constructs,
including segments of decreasing length of the DR-nm23 5'-flanking
region, was essentially the same in the high-expressing K562 and in
TK-tsl3 nonexpressing cells, respectively. As compared to the basal
promoter activity of the PstIpCAT construct, that of the longer Smal
CAT construct was lower, consistent with the possibility that negative
regulatory elements might exist in the â€”1676 to â€”1028 5'-flanking
segment. As indicated by comparing the promoter activity of the
PstIpCAT (nucleotides â€”1028 to + 123) and the XbaIpCAT (nude
otides â€”522to + 143) constructs, the region from nucleotides â€”1028
to â€”523might be important in regulating DR-nm23 gene expression.
In addition to apparently nonfunctional putative binding sites for Myb,

PU1, and ets, this region contains putative binding sites for the
transcription factor AP-2.

Indeed, transactivation assays with the AP-2 eDNA under the
control of the SV4O promoter showed a 3-fold increase in the CAT
activity of the SmaIpCAT promoter (Fig. 7A). Furthermore, mobility
retardation assays revealed that recombinant AP-2 binds strongly to
the AP-2 binding site included in the â€”936to â€”909oligomer but with
much lower affinity to the â€”548to â€”519site. Of note, nuclear run-on
experiments using DR-nm23 high-expressing (K562) and low-ex
pressing (CCRF-CEM) cells revealed similar transcription rates, sug
gesting that the regulation of DR-nm23 involves other mechanisms at
posttranscriptional and translational levels.

Using FISH analysis and rodent-human cell hybrids, the DR-nm23
gene was localized to chromosome 16ql3, a location distinct from that
of nm23-Hl and nm23-H2, which, instead, map to chromosome
17q21â€”22(36, 37). Most genes on the long arm of chromosome 16,
including region l6q13, that have been mapped in the mouse have
been localized on murine chromosome 8. Thus, the DR-nm23 gene
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may map to mouse chromosome 8 near the metallothionein genes. The
fact that the DR-nm23 genomic clone 1 contains sequences that
hybridize to the pericentromeric heterochromatic region of several
chromosomes, including 16, prompts speculation that the DR-nm23
gene may map very near the border of the heterochromatic region so
that the genomic clone contains some of the heterochromatic region.
This would suggest that the hybrid GM111O2, which is positive for
the DR-nm23 gene but reportedly retains a der 3 from a t(3;l6)(q 13.2;
ql3), should actually have its translocation break in l6q12 at the
border of the heterochromatic region.

In conclusion, the cloning of the DR-nm23 gene and its promoter
region will now enable us to further study its expression pattern and
the mechanisms of its regulation in processes such as hematopoietic
differentiation, development, and leukemogenesis.
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