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DR-nn23 - MICL V L T IFANLFPAAC T G A H TFLAVKPDGVQRRLVGE 43
Human nm23 HI - - - - - - - - - - - - - - - - - - - C E R T F I A IK P D G V QR G L V G E I I 26
Mouse n23 - - - - - - - - - -Q S Q P AVKPCHLGT A S E R T F I A IK P D G V Q R G L V G E I IK 40
Human nm23 H2 RPRG GIPSALPAQR RRPAPPASRT ANL E R T F IA IK P D GV Q R G L V G E I IK 50
Mouse nm23 H2 - - - - - - - - - - - - - - - S E R T F IA IK P D G V Q0R G L V G E I I 26

Consensus - - - - - - - - - - - - - - - - - - - - - - - - M A N -E R T F IA IK P D G V Q R G L V G E I I K 50

DR-nm23 RFERKGF ALIV K YN A S G P V V A M 93
Human nm23 HI RFE KGFR L GLKF M Q A S E D L L K EH YAVD L K D RPF FA G L V K Y HHS G P V V A M 76
Mouse nm23 HI RFEQ KGFR LIGLK F L A S E D L L K EH YTIDL D R PF FT G L V K Y H S G P V V A M 90
Human nm23 H2 F E Q K G F R L VA H K F L A S E j1L KH Y I D L K D R PF FP G L V K Y N S G P V V AM 100
Mouse nm23 H2 RFE KGFRLVGLKF L Q ASED L LK E HYT DL K D R PF FT G L V K Y H S G P V V A M 76

Consensus RFEQKGFRLV-LKF LQASEDLLKE HY - D L K D R PF F- G L VK Y M - S G PV V A M 100

DR-nm23 VIH GSDSVK E S A 142
Human nm23 HI VHEGLHV VKTGR VH LGETNPADSK PG T IR G D F CI QV G R N I I H G S D S V E S A 126
Mouse nm23 HI VWEG LNVVKTGRVH LGETNPADSK PG T I R G D F CI QV G R N I IH G S D S V K S A 140
Human nm23 H2 VREG LNVVKTGRVM LGETNPADSK PG T I R G D F CIQV G R N I IH G S D S V K S A 150
Mouse nm23 H2 VHEG LNVVKTGR VM LGETNPADSK PG T IR G D F CIQV G R N I I H G S D S V K S A 126

Consensus V EKG LNVVKTGRVMLGETNPADSK PG T IlRGD F CI QV G R N I I H G S D S V - S A 150

DR-nm23 RA5LJWFRAr1.ETJC LCEDGHX|I 168
Human nm23 HI EK E IGI LHFHIPE E L V DYTSCAAQ N I Y E 152
Mous nm23 HI EK E I SLHFQ P E E L V EYIKSCAQ N I Y E 166
Human nm23 H2 EKE I SLHFK P E E L V DYKSCAHD W V Y E 176
Mous nm23 H2 EKE I SL FQP E E L V EYKSCAQN W I Y E 152

Consensus EKE I -LHF-P E E L V -Y-SCA-- H I Y E 176

T-cell line CCRF-CEM as the probe led to the identification nm23-H2 proteins have
of several clones preferentially expressed in CML-BC cells. A similar leucine zipper
Sequence analysis of one such clone revealed an approximately protein spans from am
70% sequence similarity to the mRNA sequence of the 45.8% sequence ident
nm23-HJ and nm23-H2 genes, postulated to act as metastatic proteins, respectively.
suppressor genes (14, 15). This clone was named DR-nm23. attachment to fibronec
The originally identified clone was only 652 bp long, did not adhesion (18), is consei
contain an ATG initiation codon in the context of the canon- and the surrounding ai
ical consensus sequence for translation initiation (16), and DR-nm23 protein (Fig
hybridized to 0.8- to 1.0-kb mRNA species. Thus, primer at position 44 in the ni
extension analysis performed on RNA derived from CML-BC site found to correlat(
and CCRF-CEM cells revealed two extension products in the potential (19), and a h
RNA of expressor cells, in agreement with the existence of two nm23 protein that is (

mRNA transcripts of 0.8-1.0 kb (data not shown). The full- kinase activity (19) arn
length DR-nm23 cDNA, obtained as described in Materials and sequence of DR-nm23
Methods, is 849 bp long and contains an open reading frame for DR-nm23 Expressioi
a predicted protein of 168 amino acids (Fig. 1). The nucleotide Vitro. To determine the
sequence around the first ATG was CCATCATGT, similar to hematopoietic differ(
the consensus sequence [CC(A/G)CCATGG] for eukaryotic CD341 cells obtained
mRNA translation initiation (16). In vitro translation of DR- differentiate toward th
nm23 into the transcription/translation vector pcDNA3 gen- 3, 5, 7, 9, 12, 14, and
erated a protein of approximately 18,000 Da (data not shown). were collected and asst
Amino Acid Sequence Comparison Among DR-nm23, nm23- clsnd mReA was

Hi, and nm23-H2. The DR-nm23 protein has 66.9% and cells and readilytncreaft
64.9% amino acid sequence identity, respectively, to the
human nm23-H1 and nm23-H2 proteins. The nm23-H1 and
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FIG. 2. Amino acid sequence
comparison among human and
mouse DR-nm23 and nm23-H1
and nm23-H2. Sequence compari-
son was made by using the Swiss-
Prot data base from the Genetics
Computer Group (Madison, WI)
Sequence Analysis Software Pack-
age. The consensus sequence rep-
resents residues present in at least
three members of the nm-23 fam-
ily. The RGD motif is highlighted
in boldface type.

a putative leucine-zipper domain (17).
r-like structure present in the DR-nm23
iino acid 60 to 84 and shares 54% and
tity with the nm23-H1 and nm23-H2
An RGD motif, implicated in cell

-tin and other proteins involved in cell
rved in the nm23 proteins; such a motif
Lmino acids are also maintained in the
2, in boldface type). A serine residue

im23 protein, a major phosphorylation
:e with suppression of cell metastatic
istidine residue at position 118 of the
critical for its nucleoside-diphosphate
e present in the predicted amino acid
>at residues 61 and 134, respectively.
n During Myeloid Differentiation in
pattern of DR-nm23 expression during
entiation, human peripheral blood
from healthy donors were induced to
e myeloid pathway. At day 0 and after
16 days of in vitro differentiation, cells
essed for DR-nm23 expression (Fig. 3).
detectable in undifferentiated CD34+
ased on day 3 of differentiation; such
ter and were barely detectable by day 12.
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FIG. 3. Kinetics of DR-nm23 mRNA expression during myeloid
differentiation of human CD34+ progenitor cells. Reverse. transcrip-
tion-PCR was performed before (day 0) and after the indicated times
in culture with IL-3 (100 units/ml), and G-CSF (10 ng/ml). Specificity
of the PCR products was confirmed by Southern blot analysis using an

oligonucleotide probe included with the amplified fragment. 132-

Microglobulin levels were measured as control. Each lane is repre-

sentative of three independent experiments with similar results.

P-actifn

FIG. 4. DR-nm23 expression in transfected 32Dc13 cells. (A)
Northern blot analysis of DR-nm23 mRNA levels in parental, pLXSN-
transfected, and DR-nm23-transfected 32Dc13 cells. (B) Western blot
analysis of HA-tagged DR-nm23 protein in transfected 32Dc13 cells
detected with the 12CA5 anti-HA epitope monoclonal antibody.
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This pattern of expression is consistent with a function for
DR-nm23 during early stages of hematopoiesis.

Expression of DR-nm23 in 32Dc13 Cells Blocks G-CSF-
Induced Granulocytic Differentiation and Causes Apoptosis.
32Dc13 cells were derived from normal mouse bone marrow
progenitors and undergo terminal myeloid differentiation
when cultured in the presence of G-CSF (19). 32Dc13 cells
were transfected with the pLXSN parental vector or with
pLXSN-DR-nm23, linked or unlinked to an in-frame HA
epitope, allowed to proliferate, and assessed for DR-nm23
expression (Fig. 4). Northern blot analysis with a 32P-labeled
DR-nm23 cDNA insert revealed the expected transcripts of the
DR-nm23-containing retrovirus vector in transfected cells
(Fig. 4A, lane 3). Endogenous DR-nm23 transcripts were
barely detectable only after a 5-day exposure of the blot,
perhaps reflecting low levels of expression in parental cells
and/or sequence heterogeneity between mouse and human
mRNAs. Use of anti-HA monoclonal antibody 12CA5 allowed

LXSN LXSN-DR-nm23

FIG. 5. Morphology ofpLXSN-
and DR-nm23-transfected 32Dc13
cells cultured in G-CSF-containing
medium. Cells, cultured in G-CSF-
containing medium for 0, 3, or 9
days, were cytocentrifuged onto
slides. Slides were air dried and
stained with Giemsa. The arrow
indicates one of the numerous apo-
ptotic bodies visible after 3 days of
culture. By day 9, the large majority
of DR-nm23-transfected cells had
become ghost-like.

detection of a protein with the expected size for DR-nm23 and
the in-frame triple HA epitope (Fig. 4B, lanes 1 and 2).

Parental and pLXSN-transfected 32Dc13 cells, when cul-
tured with G-CSF, retained viability during the initial days of
incubation in differentiation medium; like parental cells,
pLXSN-transfected 32Dc13 cells underwent terminal differ-
entiation to morphologically recognizable granulocytes (Fig.
5). In contrast, DR-nm23-transfected 32Dc13 cells lost viability
at early times in differentiation medium and failed to termi-
nally differentiate upon treatment with G-CSF (Fig. 5).

Myeloperoxidase transcripts were detected in G-CSF-
treated 32Dc13 cells transfected with pLXSN after 3-4 days of
culture (Fig. 6). In contrast, these transcripts were undetect-
able in DR-nm23-transfected 32Dc13 cells for up to 4 days of
G-CSF treatment, after which time no viable cells were
recovered for RNA extraction. DR-nm23-transfected cells
appeared to die of apoptosis, as revealed by morphology and

1375

831

504
267

0 24 48 72 84 96 0 24 48 72 84 96

FIG. 6. Myeloperoxidase (MPO) mRNA levels in parental LXSN-
and DR-nm23-transfected 32Dc13 cells cultured in G-CSF containing
medium. Reverse transcription-PCR analysis was performed as de-
scribed in Materials and Methods on pLXSN- and DR-nm23-
transfected 32Dc13 cells. Endogenous ,B-actin mRNA levels were also
measured as a control for RNA amounts. Time in culture (in h) is
indicated at the bottom. Each lane is representative of three indepen-
dent experiments with similar results.

3 4 5

FIG. 7. DNA gel electrophoresis of nontransfected and LXSN- and
DR-nm23-transfected 32Dc13 cells after a 72-h exposure to G-CSF.
DNA was analyzed by gel electrophoresis as described (14). Lanes 1
and 2, molecular weight markers; lane 3, DR-nm23-transfected 32Dc13
cells; lane 4, pLXSN-transfected 32Dc13 cells; and lane 5, parental
32Dc13 cells. Left, size markers in bp.

MPO

,B-actin
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DNA gel electrophoresis evidence of a typical DNA fragmen-
tation pattern (Fig. 7).

DISCUSSION
By differential screening of a CML-BC cDNA library, we have
isolated a gene with sequence homology to nm23-HJ and
nm23-H2, originally identified as putative metastatic suppres-
sor genes. The encoded protein has -65% amino acid simi-
larity to nm23-Hl and nm23-H2. A putative leucine-zipper
domain and the RGD domain implicated in integrin recogni-
tion in proteins involved in cell attachment (18) are conserved
among the different proteins. Their relevance for nm23 func-
tion is unknown, in part because the precise role of nm23 in
normal processes, such as proliferation, differentiation, and
neoplastic transformation, is still controversial.

It was originally reported that nm23 mRNA levels were
uniformly reduced in rodent cell lines with high metastatic
potential and in lymph-node metastases of human infiltrating
ductal breast carcinomas (14). Of greater importance, nm23-
transfected, highly metastatic melanoma cells exhibited re-
duced incidence of primary tumor formation, significant re-
duction in tumor metastatic potential, and altered response to
transforming growth factor 31 compared with untransfected
parental cells (15). However, metastatic phenotype and nm23
expression are positively correlated in pancreatic, prostatic,
and ovarian carcinomas (21-23) and in neuroblastomas (24),
thus raising the possibility that nm23 exerts distinct functions
in different tissue types. nm23 levels correlated with prolifer-
ation in mitogen-stimulated peripheral blood lymphocytes and
decreased during terminal differentiation of HL-60 cells (25).
In agreement with these observations, a differentiation-in-
hibiting factor for mouse myeloid leukemic Ml cells was
identified as the nm23 protein (26) and constitutive expression
of a full-length nm23 cDNA inhibited differentiation of MEG-
01, but not K562, cells (27).
The kinetics ofDR-nm23 mRNA expression during myeloid

differentiation of CD34+ cells (Fig. 3) supports a role for this
gene during early stages of hematopoietic differentiation and
is consistent with its identification by differential screening of
a CML-BC cDNA library. In this regard, comparison of
DR-nm23 levels in chronic phase and blast crisis samples
consistently revealed higher expression levels in the blast crisis
group (data not shown). Of greater importance, constitutive
expression of DR-nm23 in 32Dc13 cells prevented G-CSF-
induced granulocyte differentiation and caused apoptosis of
these cells (Figs. 5-7). The phenotype ofDR-nm23-transfected
32Dc13 cells is reminiscent of that described for Evi-l-
transfected 32Dc13 cells (28). In both cases, transfected cells
require IL-3 for their growth, manifest a block in differenti-
ation upon IL-3 removal and addition of G-CSF, and rapidly
undergo cell death. This phenotype is distinct from that
induced by constitutive expression of v-abl or p2lObcr/abl,
which, instead, involves both IL-3 independence and the
inability to differentiate in response to G-CSF (29, 30). As
differentiation arrest is a feature of CML-BC, the phenotype
of DR-nm23-transfected 32Dc13 cells might be relevant to
explain the alteration of the hematopoietic differentiation
program typical of that disease stage. In contrast, in chronic
phase, CML progenitor cells retain the ability to differentiate,
despite the expression of the BCR-ABL protein, consistent
with the limited leukemogenic potential of BCR-ABL pro-
teins (31, 32). Since BCR-ABL expression prolongs the sur-
vival of CML myeloid cells by inhibiting apoptosis (20), it is
tempting to speculate that coexpression of BCR-ABL and of
a gene like DR-nm23 generates a cell phenotype resembling
that of CML-BC blast cells.

The mechanism(s) associated with the differentiation arrest
and induction of apoptosis in DR-nm23-transfected 32Dc13
cells is, at the moment, unknown. Thus far, we could not find
evidence of changes in the expression of genes, such as p53,
bcl2, and c-myc, that negatively or positively regulate the
induction of apoptosis. Analysis of the effects associated with
mutation of the putative nm-23 functional domains is expected
to provide relevant information on the pathway involved in the
DR-nm23-induced phenotype.
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