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Tumor metastasis is the leading cause of death in cancer patients. From a series of tumor
cohort studies, low expression of Nm23/NDP kinase has been correlated with poor patient
prognosis and survival, lymph node infiltration, and histopathological indicators of high meta-
static potential in a number of cancer types, including mammary and ovarian carcinomas and
melanoma. In other tumor types, no correlation has been established. Transfection of Nm23/
NDP kinase cDNA into highly metastatic breast, melanoma, prostrate and squamous cell
carcinomas, and colon adenocarcinoma cells significantly reduced the metastatic competency
of the cells in vivo. In culture, cell motility, invasion, and colonization were inhibited, whereas
tumorigenicity and cellular proliferation were not affected, indicating that Nm23/NDP kinase
acts as a metastasis suppressor.
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Tumor metastasis is a complex network of cellular With the complexity of the metastatic process,
there are many potential levels of regulation. One suchevents leading to the spread of cancerous cells from

the site of origin to distant sites where they establish level is gene expression, in which the expression of
certain genes are either “turned on” or “turned off,”secondary lesions. In order for the cells within the

primary tumor to move beyond its borders into the resulting in miscommunication within the cell. In a
differential hybridization experiment comparing asurrounding tissue, alterations in cell–matrix attach-

ment and cell–cell communication must ensue. This group of highly metastatic murine melanoma cell lines
with their related low metastatic counterparts, Nm23/occurs by the cells overproducing or overactivating

proteases to degrade extracellular matrix components, NDP kinase was identified as a gene that was quantita-
tively underexpressed in metastatic cells at the RNAby changing the presence of adhesion molecules on

the cell surface to reduce cell–cell attachments, by the and protein levels. Since the initial isolation, the Nm23/
NDP kinase family has grown to contain eight homo-misregulation of growth factors, and by the alteration

in genes that usually keep the cell immobile. An accu- logs (Lacombe et al., 2000); however, only Nm23-H1
(Nm23/NDP kinase-A) and Nm23-H2 (Nm23/NDPmulation of these changes result in cells that can leave

the primary tumor site and invade the surrounding kinase-B) have been extensively studied in human can-
cers and will, therefore, be the focus of this chaptertissue and circulatory or lymphatic system. The cells

are then passed through the body to distant organs (note: when the isoform is not specified, Nm23/NDP
kinase refers to either Nm23/NDP kinase-A or towhere they extravasate and recolonize. In order to

obtain the nutrients needed for survival, the cells Nm23/NDPkinase-A and -B).
secrete molecules that stimulate angiogenesis; after
which, they colonize into secondary tumors.

EXPRESSION PATTERNS IN TUMOR
COHORTS
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correlation of its expression with tumor metastatic tumors and were inadequate for multivariate analysis,
so confirmation of this possibility is still awaited.potential in actual human cancers was a subject of great

interest. Expression of Nm23/NDP kinase-A and -B A number of factors are potentially significant
when analyzing the data listed in Table I, includingat the protein level by immunohistochemistry or at the

RNA level by in situ hybridizations, Northern blots, the size of the cohort, as previously mentioned. A
second important variable is antibody specificity. Yearsor RT-PCR has been extensively reported. This section

will not be a comprehensive review of all the cohort ago, questions were raised as to the specificity of the
anti-Nm23/NDP kinase antibodies with regard to rec-studies, but it will provide key information about the

significance of the expression patterns of Nm23/NDP ognition of higher molecular weight (non-Nm23/NDP
kinase) bands on western blots. It is also noteworthykinases in human cancers.

Breast carcinoma and melanoma are the two that, to date, eight Nm23/NDP kinase family members
have been identified and it is not known which antibod-tumor types most studied in this context. In both

instances, a majority of reports cited an inverse rela- ies cross react to which subsets of this family. One
trend is suggested herein: The antibody to NDPKA, antionship of Nm23/NDP kinase-A protein and/or RNA

expression with metastatically aggressive disease. The erythrocyte produced Nm23/NDP kinase preparation,
produced no significant associations to patient clinicallatter can be defined many ways, by patient survival

(overall, disease free, metastasis free), lymph nodal course (survival) in three of three studies, in contrast
to many other antibodies cited. This antibody shouldstatus (metastasis of primary tumor cells to the draining

lymph nodes), or by primary tumor histopathological not be used further in prognostic studies and investiga-
tion into its recognition pattern may permit the devel-characteristics (nuclear or differentiation grade,

expression of particular hormone receptors, etc.). opment of hypotheses concerning the biologically
relevant Nm23/NDP kinase proteins. Another variableThe breast cancer Nm23/NDP kinase cohort stud-

ies that we could identify by a database search are of interest is the manner in which “high-” and “low”-
expressing tumors were discriminated. Most systemssummarized in Table I as an example of the trends

observed. Overall, 18 studies found a statistically sig- argued, on a biological basis, that an area of low-
staining cells may designate a metastatically competentnificant correlation between reduced Nm23/NDP

kinase-A expression and one of the aspects of meta- population, which could go on to kill the host. There-
fore, in many studies, tumors with focal or diffuse low-static aggressiveness mentioned above. In cases where

multiple aspects of aggressiveness were examined and staining areas were assigned to the “low”-expression
category. When one eliminates studies with few tumorsdifferent associations were found [(for instance, no

significant difference in disease-free survival (DFS), (, 50) and those IHC studies using the anti-NDPKA
antibody, there are actually 13 studies which indicatebut a significant difference in nodal status), the nonsig-

nificant (NS) parameters are also listed. Two general a significant correlation of reduced Nm23/NDP kinase
expression to either poor clinical course or nodalconclusions are evident: (1) The majority of studies

confirm a trend between reduced Nm23/NDP kinase- metastases (the two strongest predictors of metastati-
cally aggressive disease), as opposed to two studiesA expression and some aspect of metastatic aggres-

siveness; and (2) Nm23/NDP kinase-A expression does which do not—a convincing trend.
In melanoma, those patients that developednot represent an independent prognostic factor in most

studies reported. Independent prognostic factors may metastases during the first 2 years after diagnosis had
significantly lower levels of primary tumor expression,be capable of predicting the natural history of a disease

statistically independent of other known indices (such compared to patients with less aggressive disease
(Florenes et al., 1992). Analogous correlation betweenas, nodal status and tumor size) and are identified by

a multivariate analysis. These studies require a large low Nm23/NDP kinase-A expression and greater inci-
dence of metastases and worse disease-free survivalnumber of tumors, long clinical follow-up, and accu-

rate methodologies. It is notable that Heimann et al. were reported by all other investigators (Betke et al.,
1998; Bodey et al., 1997; Caligo et al., 1994; Greco(1998) reported that reduced Nm23/NDP kinase-A rep-

resented an independent prognostic factor in node- et al., 1997; McDermott et al., 2000; Xerri et al.,
1994), except one (Easty et al., 1996). Similar to breastnegative breast cancer (163 tumor cohort, 14 year fol-

low-up), which is a subset of breast cancer patients tumors, metastatic lesions extracted from melanoma
patients had lower Nm23/NDP kinase-A expressionneeding better prognostic information. The only other

node negative cohorts listed on Table I contained ,50 than the primary tumor.
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Table I Trends in Nm23/NDP Kinase Expression in Human Breast Carcinoma Cohort Studiesa

Reference N Associations Methodology

Significant associations between reduced expression and increased aggressiveness

Midulla (1999) 71 Grade ,0.05 IHC
Yoshida (1998) 82 Nodes 0.001 IHC, 1M2162 mAB (1 vs. focal low)
Charpin (1998) 168 MFS 0.012, OS, NS IHC, Nm23-H1mAB (CAD)
Heimann (1998) 163N- DFS 0.008, multivariate 0.03 (1 vs. focal low) IHC, Nm23-H1mAB
Yamaguchi (1998) 102 DFS ,0.01, nodes ,0.01, multivariate 0.032b IHC, mAB H1-229 (%1 and int.)
Bertheau (1998) 112 Nodes 0.007, young grade 0.011 IHC, antipeptide (%1 and int.)
Mao (1998) 101 OS 0.05, nodes 0.05 IHC
Han (1997) 100 DFS 0.0433, nodes 0.0036, multivariate 0.051 IHCc (.10%1 vs. ,10% 1)
Duenas Gonzalez (1996) 33 Nodes 0.00001 IHC, Nm23-H1mAB (1 vs. focal low)
Toulas (1996) 59 OS 0.001, MFS 0.001, ER 0.001 Western, chicken AB
Noguchi (1994b) 144 AX nodes 0.035, IM nodes 0.0146 IHC, antipeptide (intensity)
Tokunaga (1993) 130 OS 0.014, nodes ,0.01 mAB H1-229 (.40%1 vs. ,40%1)
Barnes (1991) 39 OS 0.03 Antipeptide (1 vs. focal low)
Nakopoulou (1999) 191 Stage NS, PgR 0.001 IHC, NDPKA
Russo (1996) 76 Differentiation ,0.02, DFS, NS IHC, NDPKA (%1 and int.)
Caligo (1997) 128 Nodes 0.007, RNA, Northern
Hennessy (1991) 71 OS 0.003, DFS 0.002, nodes 0.02 RNA, Northern
Bevilacqua (1989) 17 Nodes 0.05 RNA, in Situ

No Significant Associations

Russell (1997) 40N- DFS, NS IHC, antipeptide (.40%1 vs. ,40%1)
Kapranos (1996) 44N- DFS, NS IHC, mAB
Sawan (1994) 197 OS, NS Grade, NS IHC, NDPKA (intensity)
Noguchi (1994a) 124 Nodes, NS IHC, antipeptide (intensity)
Albertazzi (1998) 47 Nodes, NS RNA
Goodall (1994) 153 Nodes, NS RNA

a Abbreviations: N, number of tumors analyzed. Also noted are any special characteristics of the tumor cohort: Grade, tumor grade; nodes,
lymph nodal status; OS, overall survival; DFS, disease-free survival; MFS, metastasis-free survival; Multivariate, Cox’s proportional
hazards model of survival; ER, estrogen receptor expression; PgR, progesterone receptor expression; NS, not significant; IHC, immunohisto-
chemistry; CAD, computer-assisted diagnosis, 3% surface area 1 vs. 2; %1 and int., percentage of positively staining cells and intensity
of stain; 1 vs. focal low, diffuse positive staining versus areas of low staining; AX, axillary; IM, internal mammary; N-, lymph node negative.

b Conducted with Nm23-H1 and Sialyl Lewis X antigen.
c Designates anti-Nm23/NDPK antibody, which could be either anti-NDPKA or anti-Nm23-H1mAB 301 from Novocastro laboratories.

Other types of cancer in which the majority of been reported in testicular, prostrate, thyroid, endome-
trial and renal cell carcinomas, myeloid leukemia, andthe evidence suggests an association between low

expression of Nm23/NDP kinase and tumor aggres- pulmonary adenomas.
As stressed above, the expression loss of Nm23/siveness and patient mortality are ovarian (Mandai et

al., 1994; Qian et al., 1997; Scambia et al., 1996; NDP kinase is not a significant factor in all tumor
types, which is not unexpected, since cancers are notedSrivatsa et al., 1996; Veil et al., 1995), hepatocellular

(Iizuka et al., 1995; Nakayama et al., 1992; Shimada for their genetic instability and heterogeneity. Never-
theless, reduction in Nm23/NDP kinase-A expressionet al., 1998; Yamaguchi et al., 1994), laryngeal (Gun-

duz et al., 1997; Lee et al., 1996), nasopharyngeal has consistently been connected to aggressive, meta-
static disease and poor patient prognosis in melanoma,(Guo et al., 1998), esophageal squamous cell (Iizuka

et al., 1999b), and oral squamous cell (Lo Muzio et breast, ovarian, and hepatocellular carcinomas.
al., 1999; Otsuki et al., 1997) carcinomas. Colon and
gastric cancers have also been widely studied; how-
ever, there is still no consensus on the importance of MUTATIONS OF NDP KINASES
Nm23/NDP kinase expression. In addition, either no
correlation or a positive association between tumor From all of the cohorts examined, only one tumor

type has been found to convey overexpressed, mutatedaggressiveness and Nm23/NDP kinase expression has
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Nm23/NDP kinase proteins. Elevated levels of Nm23/ ined exhibited allelic deletion of NME1 (Futreal et al.,
1992; Watatani et al., 1993).NDP kinase-A detected in neuroblastomas were ascer-

tained to be a consequence of gene amplification. Although LOH of NME1 was correlated, in one
report, to metastatic status in breast tumors (WatataniNm23/NDP kinase-B gene amplification was not

detected (Leone et al., 1993b). Furthermore, Nm23/ et al., 1993), there was no association between LOH
and poor prognosis among breast cancer survivorsNDP kinase A overexpression was indicative of poor

patient prognosis and disease-free survival (Leone et (Cropp et al., 1994). Similarly, no correlation was
observed between LOH of NME1 in renal tumors andal., 1993b). Upon single-strand conformation poly-

morphism analysis of the tumors, a subpopulation of patient survival (Bosnar et al., 1997). In contrast, colo-
rectal carcinoma studies conflict. Lamb et al. (1996)Nm23/NDP kinase-A and -B cDNAs that contained

mutations was disclosed in late-stage tumors. Nm23/ noted no evidence to link NME1 LOH in colorectal
carcinoma with any clinical or pathological featuresNDP kinase-B, sequenced from a stage IV tumor,

exhibited a leucine to valine mutation at amino acid or metastatic potential; whereas, a comparison of 30
primary and matched liver secondary lesions found48 (Leone et al., 1993b) and, in an independent study,

a serine to glycine point mutation at amino acid 120 concordant genomic alteration in 72% of the cases
(Berney et al., 2000), implying that there may be awas detected in Nm23/NDP kinase-A (Chang et al.,

1994). Mutations of the Nm23/NDP kinase proteins correlation between LOH and prognosis. Regardless,
LOH status has not been found to predict Nm23/NDPwere only detected in advanced neuroblastoma; they

were not observed in early stage disease or with other kinase-A protein levels (Bosnar et al., 1997; Cropp et
al., 1994; Sauer et al., 1998), which has been associ-types of tumors. In general, mutated Nm23/NDP

kinase proteins are rare occurrences in tumors, whereas ated with poor patient survival and metastatic potential
(see Table I). Thus, the inconsistent deletion of NME1expression differences are very common.
that is observed is most likely a cause of concurrent
deletion of other tumor-regulating genes within the
17.q21 region. Therefore, a mechanism other thanNME GENES/LOSS OF HETEROZYGOSITY
LOH (i.e., RNA stability or transcriptional regulation)
is responsible for controlling Nm23/NDP kinase-AThe genes that encode Nm23/NDP kinase-A and

Nm23/NDP kinase-B, NME1 and NME2, respectively, protein expression. In an attempt to ascertain the dis-
parity between low- and high-Nm23/NDP kinase-Ahave been colocalized to chromosome 17 position q21

(Backer et al., 1993). This region, which also contains expressing breast carcinoma cells, we have cloned the
NME1 promoter region and have begun to examinethe early-onset familial breast–ovarian cancer

(BRCA1) gene, is altered or deleted frequently in the machinery essential for transcription regulation.
breast and many other cancers (Narod et al., 1991;
Spurr et al., 1993). Consequently, it is possible that
the decrease in Nm23/NDP kinase expression is the FUNCTION OF NDP KINASE AS A

METASTASIS SUPPRESSOR:result of gene deletion.
Two polymorphism variants of NME1 were iden- TRANSFECTION STUDIES

tified by RFLP analysis of human chromosomal DNA
from a normal population, indicating that there are two In multiple tumor cohorts, low protein and mRNA

expression of Nm23/NDP kinase within the tumoralleles of this gene (Yague et al., 1991). In one study,
allelic deletion of NME1 was analyzed in 109 paired specimens correlated with poor patient prognosis and

survival, lymph node infiltration, and other histopatho-normal vs. cancer samples. Deletion of at least one of
the NME1 alleles was detected in 64% of human breast logical indicators of high metastatic potential. In addi-

tion, mutations of Nm23/NDP kinases were verycarcinomas, 42% of non-small cell lung carcinomas,
20% renal carcinomas, and 22% of invasive colon infrequently observed. Taken together, the data pro-

pose that the amount of Nm23/NDP kinase is the lack-carcinomas. Tumors without detectable NME1 allelic
deletions were squamous cell carcinomas, large cell ing component within metastatic cells. Thus, to

determine whether Nm23/NDP kinase fulfills a causalcarcinomas, and other adenocarcinomas (Leone et al.,
1991b). Corroboration of NME1 loss of heterozygosity role (i.e., decreased expression induces metastasis),

transfection experiments were performed; the results(LOH) in breast carcinomas was reported in two other
studies, in which 22–29% of the breast tumors exam- of these studies are summarized in Table II.
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Table II. Comparison of Nm23/NDP Kinase Transfectants to Control Transfectants in Tumor Cell Linesa

NDPK Primary Decrease in
Cell type Cell line isoform tumor size Metastases In Vitro effects Reference

Breast Human MDA-MB-435 A Same 50–90% ↓Colonization Leone (1993a)
↓motility
↑differentiation
5 proliferation

Human MDA-MB-435 A,B Same 90–100% ↑Phospholipid metabolism Bhujwalla (1999)
↓ pHi, ↑ pHe

Human MDA-MB-231 A,B Same 44–46% ↓Motility Russell (1998)
Rat MTLn3 B ↑13% 48% N/A Fukuda (1996)

Melanoma Murine K-1735-TK A Same 52–96% ↓Colonization Leone (1991a)
5 proliferation

Murine B16-FE7 A,B Same 83% 5 Proliferation Baba (1995)
Murine B16-F10 A N/A 93% ↓ICAM, Parhar (1995)

↓invasion
Murine MelJuSo A Same 40–80% N/A Miele (1997)

Colon Rat colon 26 B N/A 94% 5 Proliferation Tagashira (1998)
Prostrate Human DU145 A N/A N/A 5 Proliferation Lim (1998)

↓colonization
↓invasion

Oral squamous Human LMF4 B N/A 73–98% ↑Proliferation Miyazaki (1999)

a Percentage decrease in the incidence of metastases formed in the lungs of mice from cells transfected with nm23/NDP kinase cDNA
measured by a metastasis assay; NDPK, NDP kinase; N/A, data not available; ICAM, intercellular adhesion molecule-1, pHi, intracellular
pH; pHe, extracellular pH.

Metastasis can be measured in immune-compro- process can be tested in vitro. Several of these events,
cell motility, colonization (measured in a soft agarmised mice either by subcutaneous or orthotopic trans-

plantation of the cells to form a primary tumor, which assay), and invasion of cells through extracellular
matrix, were significantly inhibited by Nm23/NDPsubsequently metastasizes (spontaneous metastasis), or

by injecting cells into the tail vein, by-passing the kinase re-expression, without altering cellular prolifer-
ation. Hence, in all of studies, Nm23/NDP kinase over-formation of a primary tumor (experimental metasta-

sis). Lesions detected in the lungs and/or other organs expression decreased events leading to metastasis,
subsequently reducing the metastatic competency ofare the metastases (reviewed in Welch, 1997). To date,

10 in vivo metastasis studies have been reported, 4 in the cells without altering tumor proliferation. Nm23/
NDP kinase is, therefore, not a tumor suppressor, butbreast carcinoma cell lines, 4 in melanoma cell lines,

1 in a colon carcinoma cell line, and 1 in an oral a metastasis suppressor gene, in that the formation of
a tumor will occur regardless of Nm23/NDP kinasesquamous carcinoma cell line (Table II). Transfection

of either Nm23/NDP kinase-A or -B into these highly expression, but metastasis is significantly hindered
with the presence of the gene product, suggesting ametastatic cells reduced the number of lesions found

within the lung 40–100%. In 6 of the 10 studies, no causal relationship.
How does Nm23/NDP kinase suppress metasta-difference in primary tumor size among Nm23/NDP

kinase transfectants and vector-control transfectants sis? This question has yet to be completely answered;
however, there have been several clues providedwas observed. Fukuda et al. (1996) noted a slight

increase (13%) in Nm23/NDP kinase-transfected through the years. For example, normal mammary epi-
thelial cells when grown in basement membrane com-tumor size; however, this was insignificant to the out-

come. The remainder of the studies used experimental ponents exhibit several aspects of the differentiation
and development process, whereas breast carcinomametastasis assays and did not measure primary

tumor size. cells fail to recapitulate the process. When MDA-MB-
435 human breast carcinoma cells were transfectedWhereas in vivo mouse studies measure overall

tumorigenicity and metastatic competency of cells, the with nm23/NDP kinase-A cDNA and reconstituted on
extracellular matrix components, the overexpressingindividual cellular events comprising the metastatic
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Nm23/NDP kinase-A transfectants, unlike the vector- compromise or side effects from therapy, are the major
contributors to patient mortality. It is, therefore, criticaltransfected controls, regained several normal differen-

tiation functions, such as formation of ductal morphol- to define genes that contribute to or regulate the metas-
tasis process in order to fully understand the diseaseogy, deposition of laminin and type IV collagen,

expression of milk protein sialomucin, and inhibition and to develop effective treatments.
We know that reduced Nm23/NDP kinase expres-of cellular growth (Howlett et al., 1994). Similarly,

transfection of nm23/NDP kinase-A cDNA into human sion is exhibited in a proportion of aggressive breast
and ovarian carcinomas, melanoma, and some otherpheochromocytoma cells induced growth arrest and

initiated neurite differentiation (Gervasi et al., 1996; cancers and that reintroduction of Nm23/NDP kinase
to highly metastatic cells significantly reduced theirIshijima et al., 1999). Thus, the normal function of

Nm23/NDP kinase-A may be in the regulation of dif- metastatic proclivity. This occurred concurrently with
reduction of cell motility, invasion, and colonization—ferentiation. The grade of differentiation has been cor-

related with aggressiveness in the histopathology of all necessary events for establishing metastatic lesions.
Thus, one could hypothesize that enhancing the expres-many tumor types and metastasis suppression may

result from the acquisition of a differentiated sion of Nm23/NDP kinase in these cancer types,
thereby suppressing many of the functions essentialphenotype.

Through what mechanism does Nm23/NDP for successful completion of the metastatic series,
would be of significant therapeutic benefit. We are,kinase induce differentiation? Although it is very

unclear in what signaling pathways Nm23/NDP therefore, in the process of studying the promoter
region of the NME1 gene to determine what treatmentskinases are involved, mutations within Nm23/NDP

kinase-A at proline 96 and serine 120 inactivated the would stimulate the endogenous up-regulation of the
gene product.histidine-dependent phosphotransfer kinase activity of

the protein and reversed the motility suppression Another therapeutic potential is to utilize Nm23/
NDP kinase expression as a marker. For example, ele-observed with wild-type Nm23/NDP kinase upon

transfection into breast carcinoma cells, thus linking vating Nm23/NDP kinase-A in human breast and
esophageal squamous carcinoma cells was found toa specific biochemical function of the protein with the

metastasis suppressive capability (Freije et al., 1997a; induce an increase in sensitivity to cisplatin treatment,
a common alkylating chemotherapeutic agent, in cul-MacDonald et al., 1996). Furthermore, primary tumors

attained from MDA-MB-435 breast carcinoma cells ture as well as tumors grown in mice (Ferguson et al.,
1996; Iizuka et al., 1999a). Moreover, Freije et al.transfected with nm23/NDP kinase-A or -B cDNA

acquired an increase in both phospholipid metabolism (1997b) discovered a compound that differentially
inhibited growth and motility of metastatic cells con-(higher amounts of phosphodiester compounds relative

to phosphomonoester compounds) and extracellular taining low Nm23/NDP kinase-A protein expression.
Hence, it may be possible to translate Nm23/NDPpH and a decrease in intracellular pH, when compared

to control tumors (Table II) (Bhujwalla et al., 1999). kinase-A tumor levels into the decision process of
choosing what therapeutic agents would be most bene-Although not proved, it is possible that the involvement

of the phospholipid signaling and a microenvironmen- ficial for the patient.
In conclusion, there is still much to be learnedtal pH-related mechanism may facilitate the Nm23/

NDP kinase-dependent signaling pathway, through the about metastasis; however, the identification of the
metastasis suppressor function of Nm23/NDP kinasephosphotransfer kinase activity, to mediate cell

motility. has greatly impacted and advanced the cancer field,
as well as paved the way for the discovery of other
metastasis suppressor genes. Increasing Nm23/NDP
kinase protein expression within tumors characteristicPOTENTIAL IMPORTANCE OF Nm23/NDP

KINASES TO CANCER THERAPY for low expression may be extremely helpful in halting
or eradicating the progression of the disease. Neverthe-
less, further research focusing on defining the Nm23/In many instances, when patients are diagnosed

with cancer, they also present with occult metastases. NDP kinase signal transduction pathway involved in
controlling the metastatic behavior of the cell isPrimary tumors, which can be surgically resected, are

not usually the cause of death for these patients; needed. In this way, further agents can be designed to
“by-pass” the expression loss of Nm23/NDP kinaseinstead, metastatic lesions, whether by direct organ



Nm23/NDP Kinase in Human Cancers 307

Futreal, P. A., Soderkivist, P., Marks, J. R., Iglehart, J. D., Cochran,by stimulating downstream events, providing a second
C., Barrett, J. C., and Wiseman, R. W. (1992). Cancer Res.

level of potential therapy. 52, 2624–2627.
Gervasi, F., D’Agnano, I., Vossio, S., Zupi, G., Sacchi, A., and

Lombardi, D. (1996). Cell Growth Different. 7, 1689–1695.
Goodall, R., Dawkins, H., Robbins, P., Hahnel, E., Sarna, M.,REFERENCES Hahnel, R., Papadimitriou, J., Harvey, J., and Sterrett, G.

(1994). Pathology, 26, 423–428.
Greco, I., Calvisi, G., Ventura, L., and Cerrito, F. (1997). MelanomaAlbertazzi, E., Cajone, F., Leone, B. E., Naguib, R. N. G., Lakshmi,

M. S., and Sherbert, G. V. (1998). DNA Cell Biol. 17, 335–342. Res. 7, 231–236.
Gunduz, M., Ayhan, A., Gullu, I., Onerci, M., Hosal, A. S., Gursel,Baba, H., Urano, T., Okada, K., Furukawa, K., Nakayama, E.,

Tanaka, H., Iwasaki, K., and Shiku, H. (1995). Cancer Res. B., Hosal, I. N. N., andFirat, D. (1997). Eur. J. Cancer 33,
2338–23341.55, 1977–1981.

Backer, J. M., Mendola, C. E., Kovesdi, I., Fairhurst, J. L., O’Hara, Guo, X., Min, H. Q., Zeng, M. S., Qian, C. N., Huang, X. M., Shao,
J. Y., and Hou, J. H. (1998). Intern. J. Cancer 79, 596–600.B., Jr, R. L. E., Shows, T. B., Mathew, S., Murty, V. V. V. S.,

and Chaganti, R. S. K. (1993). Oncogene 8, 497–502. Hah, S., Yun, I-K., Noh, D.-Y., Choe, K.-J., Song, S.-Y., and Chi,
J. (1997). J. Surg. Oncol. 65, 22–27.Barnes, R., Masood, S., Barker, E., Rosengard, A. M., Coggin, D.

L., Crowell, T., King, C. R., Porter-Jordan, K., Wargotz, E. Heimann, R., Ferguson, D., and Hellman, S. (1998). Cancer Res.
58, 2766–2771.S., Liotta, L. A., and Steeg, P. S. (1991). Amer. J. Pathol.

139, 245–250. Hennessy, C., Henry, J., May, F. E. B., Westly, B., Angus, B., and
Lennard., T. W. J. (1991). J. Natl. Cancer Inst. 83, 281–285.Berney, C. R., Fisher, R. J., Yang, J.-L., Russell, P. J., and Crowe,

P. J. (2000). Intern. J. Cancer 89, 1–7. Howlett, A. R., Petersen, O. W., Steeg, P. S., and Bissell, M. J.
(1994). J. Natl. Cancer Inst. 86, 1838–1844.Bertheau, P., Steinberg, S., and Merino, M. (1998). Human Pathol.

29, 323–329. Iizuka, N., Oka, M., Noma, T., Nakazawa, A., Hirose, K., and
Suzuki, T. (1995). Cancer Res. 55, 652–657.Betke, H., Korabiowska, M., Brinck, U., Trybus-Graluszka, H.,

Kellner, S., Okon, K., Stachura, J., and Droese, M. (1998). Iizuka, N., Hirose, K., Noma, T., Hazama, S., Tangoku, A., Hayashi,
H., Abe, T., Yamamoto, K., and Oka, M. (1999a). Brit. J.Pol. J. Pathol. 49, 93–96.

Bevilacqua, G., Sobel, M. E., Liotta, L. A., and Steeg, P. S. (1989). Cancer 81, 469–475.
Iizuka, N., Tangoku, A., Hayashi, H., Yosino, S., Abe, T., Morioka,Cancer Res. 49, 5185–5190.

Bhujwalla, Z., Aboagye, E., Gilles, R., Chack, V., Mendola, C., T., and Oka, M. (1999b). Cancer Lett. 138, 139–144.
Ishijima, Y., Shimada, N., Fukada, M., Miyazaki, H., Orlov, N.,and Backer, J. (1999). Magnetic Res. Med. 41, 897–903.

Bodey, B., Jr, Groger, A. M., Siegal, S. E., and Kaiser, H. E. (1997). Orlova, T., Yamada, T., and Kimura, N. (1999). FEBS Lett.
445, 155–159.Anticancer Res. 17, 505–11.

Bosnar, M. H., Pavelic, K., Hrascan, R., Zeljko, Z., Krhen, I., Kapranos, N., Karaiossifidi, H., Kouri, E., and Vasilaros, S. (1996).
Anticancer 16, 2987–2990.Marekoyic, Z., Krizanac, S., and Pavelic, L. (1997). J. Cancer

Res. Clin. Oncol. 123, 485–488. Lacombe, M.-L., Milon, L., Munier, A., Mehus, J. G., and Lambeth,
D. O. (2000). This issue.Caligo, M. A., Grammatico, P., Cipollini, G., Varesco, L., Porto,

G. D., and Bevilacqua, G. (1994). Melanoma Res. 4, 179–184. Lamb, R. F., Going, J. L., Pickford, I., and Birnie, G. D. (1996).
Cancer Res. 56, 916–920.Caligo, M., Cipollini, G., Berti, A., Viacava, P., Collecchi, P., and

Bevilacqua, G. (1997). Intern. J. Cancer 74, 102–111. Lee, C. S., Redshaw, A., and Boag, G. (1996). Cancer 77,
2246–2250.Chang, C., Zhu, X-X., Thoraval, D., Ungar, D., Rawwas, J., Hora,

N., Strahler, J., Hanash, S,. and Radany, E. (1994). Nature Leone, A., Flatow, U., King, C. R., Sandeen, M. A., Margulies, I.
M. K., Liotta, L. A., and Steeg, P. S. (1991a). Cell 65, 25–35.(London) 370, 335–336.

Charpin, C., Garcia, S., Bonnier, P., Martini, F., Andrac, L., Leone, A., McBride, O. W., Weston, A., Wang, M. G., Anglard,
P., Cropp, C. S., Goepel, J. R., Lidereau, R., Callahan, R.,Horschowski, N., LaVaut, M. -N., and Allsia, C. (1998). J.

Pathol. 184, 401–407. Linehan, W. M., Rees, R. C., Harris, C. C., Liotta, L. A., and
Steeg, P. S. (1991b). Cancer Res. 51, 2490–2493.Cropp, C., Lidereau, R., Leone, A., Liscia, D., Cappa, A., Campbell,

G., Barker, E., Doussal, V. L., Steeg, P., and Callahan, R. Leone, A., Flatow, U., VanHoutte, K., and Steeg, P. S. (1993a).
Oncogene 8, 2325–2333.(1994). J. Natl. Cancer Inst. 86, 1167–1169.

Duenas Gonzalez, A., Abad-Hernandez, M. M., Garcia-Mata, J., Leone, A., Seeger, R. C., Hong, C. M., Hu, Y. Y., Arboleda, M.
J., Brodeur, G. M., Stram, D.,Slamon, D. J., and Steeg, P. S.Paz-Bouza, J. I., Cruz-Hernandez, J. J., and Gonzalez-Sar-

miento, R. (1996). Cancer Lett. 101, 137–142. (1993b). Oncogene 8, 855–865.
Lim, S., Lee, H.-Y., and Lee, H. (1998). Cancers Lett. 133, 143–149.Easty, D. J., Maung, K., Lascu, I., Veron, M., Fallowfield, M.

E., Hart, I. R., and Bennett, D. C. (1996.) Brit. J. Cancer Lo Muzio, L. L., Mignogna, M.D., Pannone, G, Staibano, S., Pro-
caccini, M., Serpico, R.,Rosa, D. D., and Scully, C. (1999).74, 109–114.

Ferguson, A., Flatow, U., MacDonald, N. J., Larminant, F., Bohr, Oncol. Rept. 6, 747–751.
MacDonald, N., Freije, J., Stracke, M., Manrow, R., and Steeg, P.V., and Steeg, P. (1996). Cancer Res. 56, 2931–2935.

Florenes, V. A., Aamdal, S., Myklebost, O., Maelandsmo, G. M., (1996). J. Biol. Chem. 271, 25107–25116.
Mandai, M., Konishi, I., Koshiyama, M., Mori, T., Arao, S., Tashiro,Bruland, O. S., and Fodstad, O. (1992). Cancer Res. 52,

6088–6091. H., Okamura, H., Nomura, H., Hiai, H., and Fukumoto, M.
(1994). Cancer Res. 54, 1825–1830.Freije, J. M. P., Blay, P., MacDonald, N. J., Manrow, R. E., and

Steeg, P. S. (1997a). J. Biol. Chem. 272, 5525–5532. Mao, H., Liu, H., Li, S., Fu, X., and Feng, Y. (1998). Eur. J. Cancer
34(Suppl. 5), 487.Freije, J. M. P., Lawrence, J. A., Hollingshead, M. G., Rosa, A. D.

L., Narayanan, V., Grever, M., Sausville, E. A., Paull, K., and McDermott, N. C., Milburn, C., Curran, B., Kay, E. W., Walsh, C.
B., and Leader, M. B. (2000). J. Pathol. 190, 157–162.Steeg, P. S. (1997b). Nature Med. 3, 395–401.

Fukuda, M., Ishii, A., Yasutomo, Y., Shimada, N., Ishikawa, N., Midulla, C., Iorio, P. D., Nagar, C., Pisani, T., Cenci, M., Valli,
C., Nofroni, I., and Vecchione, A. (1999). Anticancer Res.Hanai, N., Nagara, N., Irimura, T., Nicolson, G., and Kimura,

N. (1996). Intern. J. Cancer 65, 531–537. 19, 4033–4037.



308 Hartsough and Steeg

Miele, M. E., Rosa, A. D. L., Lee, J. H., Hicks, D. J., Dennis, J. Scambia, G., Ferrandina, G., Marone, M., Panici, P. B., Giannitelli,
C., Piantelli, M., Leone, A., and Manusco, S. (1996). J. Clin.U., Steeg, P. S., and Welch, D. R. (1997). Clin. Exp. Metastasis
Oncol. 14, 334–342.15, 259–265.

Shimada, M., Taguchi, K., Hasegawa, H., Gion, T., Shirabe, K.,Miyazaki, H., Fukuda, M., Ishijima, Y., Negishi, A., Hirayama, R.,
Tsuneyoshi, M., and Sugimachi, K. (1998). Liver 18, 337–Ishikawa, N., Amagasa, T., and Kimura, N. (1999). Clin. Can-
342.cer Res. 5, 4301–4307.

Spurr, N. K., Kelsell, D. P., Black, D. M., Murday, V. A., Turner,Nakayama, T., Ohtsuru, A., Nakao, K., Shima, M., Nakata, K.,
G., Crockford, G. P., Solomon, E., Cartwright, R. A., andWatanabe, K., Ishii, N.,Kimura, N., and Nagataki, S. (1992).
Bishop, D. T. (1993). Amer. J. Hum. Genet. 52, 777–785.J. Natl. Cancer Inst. 84, 1349–1354.

Srivatsa, P. J., Cliby, W. A., Keeney, G. L., Dodson, M. K., Suman,Nakopoulou, L. L., Tsitsimelis, D., Lazaris, A. C., Tzonou, A.,
V. J., Roche, P. C., and Podratz, K. C. (1996). Gynecol. Oncol.Gakiopoulou, H., Dicglou, C. C., and Davaris, P. S. (1999). 60, 363–372.

Cancer Detect. Prev. 23, 297–308. Tagashira, H., Hamazaki, K., Tanaka, N., Gao, C., and Namba, M.
Narod, S. A., Feunteun, J., Lynch, H. T., Watson, P., Conway, T., (1998). Intern. J. Mol. Med. 2, 65–68.

Lynch, J., and Lenoir, G. M. (1991). The Lancet 338, 82–83. Tokunaga, Y., Urano, T., Furakawa, K., Kondo, H., Kanematsu, T.,
Noguchi, M., Earashi, M., Ohnishi, I., Kinoshita, K., Thomas, M., and Shiku, H. (1993). Intern. J. Cancer 55, 66–71.

Fusida, S., Miyazaki, I., and Mizukami, Y. (1994a). Oncol. Toulas, C., Mihura, J., Balincourt, C. D., Marques, B., Marek, E.,
Rept. 1, 523–528. Soula, G., Roche, H., and Favre, G. (1996). Brit. J. Cancer

Noguchi, M, Earashi, M., Ohnishi, I., Kitagawa, H., Fusida, S., 73, 630–635.
Miyazaki, I., and Mizukami, Y. (1994b). Oncol. Rept. 1, Veil, A., Dall’Agnese, L., Canzonieri, V., Sopracordevole, F.,

Capozzi, E., Carbone, A., Visentin, M., and Boiocchi, M.795–799.
(1995). Cancer Res. 55, 2645–2650.Otsuki, K., Alcalde, R. E., Matsumura, T., and Kimura, N. (1997).

Watatani, M., Nagayama, K., Imanishi, Y., Kurooka, K., Wada, T.,Oncology 54, 63–68.
Inui, H., Hirai, K., Ozaki, M., and Yasutomi, M. (1993). BreastParhar, R. S., Shi, Y., Zou, M., Farid, N. R., Ernst, P., and Al-
Cancer Res. Treat. 28, 231–239.Sedairy, S. (1995). Intern. J. Cancer 60, 204–210.

Welch, D. (1997). Clin. Exp. Metast. 15, 272–306.Qian, M., Feng, Y., Xu, L., Zheng, S., and Zhou, X. (1997). Chin.
Xerri, L., Grob, J. J., Battyani, Z., Gouvernet, J., Hassoun, J., andMed. J. 110, 142–144.

Bonerandi, J. J. (1994). Brit. J. Cancer 70, 1224–1228.Russell, R., Geisinger, K., Mehta, R., White, W., Shelton, B., and
Yague, J., Juan, M., Leone, A., Romero, M., Cardesa, A., Vives,Kute, T. (1997). Cancer 79, 1158–1165.

J., Steeg, P. S., and Campo, E. (1991). Nucleic Acids Res.Russell, R., Pedersen, A., Kantor, J., Geisinger, K., Long, R., Zbiera- 19, 6663.
nski, N., Townsend, A., Shelton, B., Brunner, N., and Kute, Yamaguchi, A., Urano, T., Goi, T., Takeuchi, K., Niimoto, S.,
T. (1998). Brit. J. Cancer 78, 710–717. Nakagawara, G., Furukawa, K., and Shiku, H. (1994). Cancer

Russo, A., Bazan, V., Morello, V., Valli, C., Giarnieri, E., Dardanoni, 73, 2280–2284.
G., Cucciarre, S., Carreca, I., Bazan, P., Tomasino, R., and Yamaguchi, A., Ding, K., Maehara, M., Goi, T,. and Nakagawara,
Vecchione, A. (1996). Oncol. Rept. 3,183–189. G. (1998). Oncology 55, 357–362.

Sauer, T., Beraki, K., Jebsen, P. W., Ormerod, E., and Naess, O. Yoshida, H., Kijima, H., Terasaki, Y., Takeshita, T., Omiya, H.,
(1998). APMIS 106, 921–927. Shimojima, K., Shimbori, M., Sato, T., Sato, S., Onoda, N.,

Sawan, A., Lascu, I., Veron, M., Anderson, J. J., Wright, C., Horne, Yamazaki, H., Tamaoki, N., Ueyama, Y., and Nakamura, M.
(1998). Intern. Oncol. 13, 1141–6.C., and Angus, B. (1994). J. Pathol. 172, 27–34.


