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Abstract Substantial effort has been directed at elucidating the
functions of the products of the Nm23 tumor metastasis suppres-
sor genes over the past two decades, with the ultimate goal of
exploring their translational potentials in changing cancer pa-
tients’ outcomes. Much attention has been focused on the better-
known Nm23-H1, but despite having high sequence similarity,
Nm23-H2 functions differently in many aspects. Besides acting
as a metastasis suppressor, compelling data suggest that Nm23-
H2 may modulate various tumor-associated biological events to
enhance tumorigenesis in human solid tumors and hematological
malignancies. Linkage to tumorigenesis may occur through the
ability of Nm23-H2 to regulate transcription, cell proliferation,
apoptosis, differentiation, and telomerase activity. In this review,
we examine the linkages of Nm23-H2 to tumorigenesis in terms
of its biochemical and structural properties and discuss its poten-
tial role in various tumor-associated events.

Keywords Cancer - Nm23-H2 - Tumorigenesis - Protein
interaction

Introduction

The human Nm23 (non-metastatic 23, also known as NME) is
a family of genes that are involved in diverse physiological
and pathological processes ranging from cell proliferation,
differentiation, development, and ciliary functions, to

Y. Li- Y. Tong - Y. H. Wong

Division of Life Science and the Biotechnology Research Institute,
Hong Kong University of Science and Technology, Clear Water Bay,
Kowloon, Hong Kong, China

Y. H. Wong (><))

State Key Laboratory of Molecular Neuroscience, Hong Kong
University of Science and Technology, Clear Water Bay, Kowloon,
Hong Kong, China

e-mail: boyung@ust.hk

metastasis (Steeg 1991; Boissan et al. 2009). Ten Nm23
homologues (H1-H10) have been discovered in humans thus
far and they are classified into two major groups by phyloge-
netic analysis (Lacombe et al. 2000). Among the different
members, Nm23-H1 and Nm23-H2 have been extensively
studied in the context of cancer metastasis. Both Nm23 iso-
forms exhibit similar level of NDPK activity and they can also
act as nucleases. However, observations from murine mela-
noma metastasis suggest a dissociation of the NDPK activity
from the anti-metastasis phenotype (MacDonald et al. 1993).
Nm23-H1 is regarded as the prototypical metastasis suppres-
sor ever since the demonstration of its ability to reduce me-
tastasis in a variety of cancer models (Steeg et al. 1988, 1993).

Like Nm23-H1, Nm23-H2 can also act as a metastasis
suppressor (Arnaud-Dabernat et al. 2003). However, com-
pared to the numerous studies emphasizing on anti-
metastasis function, it has often been overlooked that expres-
sion of Nm23-H2 is positively correlated to primary tumor
incidence in a number of cancer types (Lee et al. 2012; lizuka
et al. 2006; Manavi et al. 2007). Nm23-H2 was firstly identi-
fied as a transcription factor that may activate the c-Myc
proto-oncogene (Postel et al. 1993), but this view has been
challenged (Steeg et al. 2011). Nevertheless, overexpression
of Nm23-H2 in hepatocellular carcinoma cell lines results in
an upregulation of c-Myc and tumor formation in athymic
mice (Lee et al. 2012). Although the inverse relationship
between the expression of Nm23-H2 and metastasis is
generally accepted, its role in regulating tumorigenesis
remains unresolved. In this review, we will examine the
role of Nm23-H2 in tumorigenesis of different types of
human tumors with regard to its regulation of gene ex-
pression, protein-protein interaction, signaling pathways,
cellular proliferation, and differentiation. Although
Nm23-H1/2 proteins share 88 % sequence identity, they
have more distinct interacting partners than common ones.
Functional multiplicity of Nm23-H2 will be described in
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the context of its interaction with different signaling mol-
ecules that are linked to tumorigenesis.

Structural features and localization of Nm23-H2

Within the Nm23 family, the most studied isoforms Nm23-H1
and Nm23-H2 share 88 % identity in their primary structures.
Like Nm23-H1, the structure of Nm23-H2 is rather simple
with six o-helices partially covering a four-stranded antipar-
allel 3-sheet (Fig. 1a; Webb et al. 1995; Chen et al. 2003). It is
rather surprising that these small 17-kDa proteins are capable
of forming homohexamers as well as heterohexamers at all
ratios of H1 to H2 (Gilles et al. 1991; Urano et al. 1992).
Formation of hexamers would allow Nm23-H1/2 to create
new surface areas for protein-protein interaction, and this
might explain the diverse range of associated proteins. One
unresolved issue pertaining to tumor-related biological func-
tions by Nm23-H2 is whether hexamer formation is an abso-
lute requirement. The hexameric structure of Nm23-H2 is
typically viewed as a trimer of dimeric subunits (Fig. 1b).
The residues forming the interface within (V16, V21, G22,
E23, K26, E29, L/M38 K39, and F40; Fig. 1c) and between
dimers (L81, V89, P101, G106, and 1110) are identical in
Nm23-H1 and Nm23-H2, with one exception of a conserved
substitution at position 38. Early mutagenesis studies of sev-
eral of the subunit contact sites on Nm23-H1 (K26G/Q,
K39A, and P101S/G) indicate that point mutations may not
be sufficient to effectively prevent hexamer formation (Freije
et al. 1997; Postel et al. 1996). It is interesting that Nm23-H1
and Nm23-H2 differ by only 18 amino acids and, excluding
the two residues that form part of the multimer contact sites,

they are all located on exposed surfaces of the hexamer
(Fig. 1d). As a result, the surface nature of Nm23-H2 is basic
in contrast to the acidic character of Nm23-H1 (Webb et al.
1995), which may also explain the differences of their
interacting partners and functions. Both Nm23-H1 and
Nm23-H2 are mainly present in the cytoplasm, but they can
also be found, at least transiently, associated to membranes
and in nuclei. Interestingly, a recent study has shown that
Nm23-H2 binds efficiently to liposomes via an anionic phos-
pholipid partner, while Nm23-H1 may require a non-lipidic
partner for membrane attachment (Francois-Moutal et al.
2014). This indicates that although these two isoforms share
highly identical sequences and similar secondary structures,
the 12 % structural difference is likely to constitute molecular
determinants for interaction with specific protein partners.
Given the ability of Nm23-H2 to form numerous complexes
with other Nm23 isoforms as well as different partners that
range from proteins, lipids, to DNA, elucidating the biological
functions of Nm23-H2 represents one of the most complicated
and demanding tasks imaginable.

Clinical evidence linking Nm23-H2 to tumorigenesis

Despite its similarity to Nm23-H1, the relationship between
Nm23-H2 and tumorigenesis is far from clear. Sporadic in-
vestigations over the past two decades have examined Nm23-
H2 from different perspectives, ranging from in vitro and
in vivo experiments to clinical studies. The targeted tumor
types varied from study to study with some arriving at rela-
tively solid conclusions. It has been shown that Nm23-H2 is
involved in several kinds of human cancers including

Fig. 1 Structural models of Nm23-H2 in monomeric and hexameric
forms. The molecular modeling using Swiss-model and Pymol is based
on a published Nm23-H2 crystal structure (PDB code: 1JXV). a Nm23-
H2 monomer is shown in white with residues that are different from
Nm23-H1 highlighted in magenta; residues involved in multimer binding
are shown in green. b Schematic representation of the Nm23-H2 hexamer
as the product of three pairs of dimers. ¢ Residues involved in the
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formation of the hexamer are shown as space-filled spheres in green,
orange, or red; orange and red are used to highlight the two major
clusters of interactive residues in the lower pair of dimers. d Structure
ofthe Nm23-H2 hexamer with Nm23-H2-specific residues highlighted in
magenta and as space-filled spheres; residues involved in nucleoside
binding are highlighted in cyan. All Nm23-H2-specific residues are on
exposed surfaces of the hexamer
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hepatocarcinoma, endometrial, cervical, leukemia, breast, gas-
tric, pleural mesothelioma, colorectal, lung, sarcoma, and
giant cell tumor (Table 1).

Perhaps the most compelling evidence revealing the in-
volvement of Nm23-H2 in tumorigenesis is from examining
hepatocellular carcinomas (HCCs). Analysis of clinical sam-
ples uncovers a positive correlation of Nm23-H2 expression
and primary tumor incidence in HCCs from different aspects
(Table 1). With the ability to function as a NDPK and a
positive association with higher tumor telomerase activity,
Nm23-H2 is apparently linked to cell proliferation, tumorous

cell immortal state, and abnormal cell apoptosis in the tumor-
igenesis of HCCs (lizuka et al. 2003). Using DNA microarray
to compare HCCs and non-tumorous livers associated with
genotype-C HBV infection, lizuka and colleagues pinpointed
Nm23-H2 (but not Nm23-H1) as one of the top 35 upregulat-
ed genes in primary HCCs (lizuka et al. 2006). Besides
Nm23-H2, the same study also found that expressions of
many c-Myc-regulated genes were altered in HBV-
associated HCCs. Several genes such as MCM7, PARPI1,
YWHAH, HSPB1, and MSH2 were upregulated, while others
like MT1A and MT3 (belonging to the metallothionein

Table 1 Overview of Nm23-H2 expression level in human carcinoma cohort studies
Tumor type Characteristics® Association Methods References
Breast Patients with invasive breast Nm23 negatively associates HC Cubukcu et al. 2013
cancer, N=81 with survival
CML PBMCs from CML with 1H2 in Ber-Abl CML IHC, FISH, WB Tschiedel et al.
Bcl-Abl (+), N=29 2012, 2008
Colorectal TNM stage 0-1V, N=35 1H2 relates to the initial tumor IHC, IB, RT-PCR Martinez et al. 1995
CsccC HPV+/— cervical pap-smear, 1tH1/2 in HPV+CSCC patients [HC, RT-PCR Manavi et al. 2007
N=6
HPV+/— cervical pap-smear, TH1/2 in HPV+CSCC patients DNA microarray, IB  Hudelist et al. 2005
N=3
Stage IB1, N=27 TtNm23 with adverse prognosis IHC, RT-PCR Chen et al. 2001
Dupont and Page classification, INm23 in malignant breast lesions HC Bal et al. 2008
N=93
N=71 TH1/2 in primary tumor HC Sarris and Lee 2001
Endometrial FIGO classification, N=40 tH1/2 in invasive endometrial IHC, WB, NB Marone et al. 1996
carcinoma
Gastric Classical clinical-pathological, |H1/2 expression in gastric HC Radovic et al. 2013
WHO, Lauren, Goseki, cancer tissue than
Ming classification, N=56 non-neoplastic mucosa
TNM, UICC-stage, N=116 No correlation between HC Monig et al. 2007
Nm23-H1/2 and gastric cancer stages
or prognosis
GCT N=16 TmRNA expression in GCTSCs IHC, RT-PCR Weelling et al. 2004
compared to MSCs
HCC HBV/HCV+, Edmondson-Steiner’s TNm23 mRNA in primary HCCs IHC, RT-PCR Lee etal. 2012
classification, N=38
Lung TNM, N=27 TH1/2 in primary tumor IB Sato et al. 2000
adenocarcinomas
MPM Bronchial lavage, N=20 1H1/2 in bronchial lavage WB Huwer et al. 1997
fluid of SCLC
N=40 TH2 in transcript and protein IHC, WB, RNA Gordon et al. 2005
levels microarray
NSCLC TNM, N=37 TH1/2 transcript levels in RT-PCR Engel et al. 1993
tumors
STS N=46 1H2 in high-grade tumor HC D'Souza et al. 2003
HBV+, N=15 TH2 in HCCs compared DNA microassay, lizuka et al. 2006
to normal liver RT-PCR

FISH fluorescence in situ hybridization, /B immunoblotting, /HC immunohistochemistry, NB northern blot, WB western blot, AML acute myelogenous
leukemia, CML chronic myeloid leukemia, CSCC cervical squamous cell carcinoma, GCT giant cell tumor, HCC hepatocellular carcinoma, NSCLC non-
small cell lung cancer, MPM malignant pleural mesothelioma, PBMCs peripheral blood mononuclear cells, SCLC squamous cell lung cancer, STS soft

tissue sarcoma

The comparison is between primary tumor/cancer patients and normal non-tumorous tissue/healthy control

# Characteristics of the sample such as specificities, classifications, and grades. N numbers of tumor samples analyzed
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family) were downregulated. These observations are in keep-
ing with the ability of Nm23-H2 to transactivate the c-Myc
proto-oncogene (Postel et al. 1993). As MCM7, MSH2, and
PARP1 are involved in DNA repair/maintenance and tumor
progression, while metallothionein proteins are involved in
the epigenetic alteration in cancer, it is plausible that the
genomic instability caused by the upregulation of Nm23-H2
and c-Myc may promote tumorigenesis (Fernandez et al.
2003). Upregulation of Nm23-H2 mRNA level was similarly
detected by the Bead Chip DNA microarray method in HCC
samples, although the Nm23-H1 transcript level was also
elevated (Lee et al. 2012). Detailed comparison between nor-
mal liver, cirrhotic liver, and graded HCC tissues indicated a
positive relationship of Nm23-H2 expression and the malig-
nancy of HCCs. Nm23-H2 protein expression is over-
expressed in 75 % of the HCC tissues as well as in
hepatoma cell lines (Lee et al. 2012). These observations
clearly suggest a role of Nm23-H2 in the tumorigenesis of
HCC associated with the major pathogen HBV, and its
expression level appears to correlate positively with the
pathological grading of HCC.

In cervical squamous cell carcinoma (CSCC), a similar
trend of Nm23-H2 and the malignant tumor pathology has
been found with DNA microarray, RT-PCR, and immuno-
staining methods (Table 1; Manavi et al. 2007; Hudelist
et al. 2005). When cervical squamous cells from women with
high-risk human papillomavirus (HPV) positive cervical car-
cinoma and normal ectocervical cells from HPV-negative
women were analyzed by cDNA microarray, a significant
increase in Nm23-H1/2 along with several other genes such
as EGFR, ERBB2, K-Ras, BCL2-like 2, cyclin D1, and N-
Myc (located in the nucleus) were detected in CSCC. Such
correlations serve as indirect evidence of Nm23-H2 playing a
role in ovarian tumorigenesis. Nevertheless, it should be noted
that some of the reports were based on a small sample size
(e.g., N=6) or they lacked supporting immunohistological
data. Besides, contradictory evidence remains a big issue
especially between early reports concerning the role of
Nm23 genes in tumorigenesis and the prognosis of cervical
cancer. It has been suggested that low Nm23 gene expression
levels are associated with negative prognostic markers
such as lymph node involvement or myometrial invasion
(Mandai et al. 1995; Marone et al. 1996). In another study
of stage IB1 cervical cancer, the survival rate of patients
decreased significantly when Nm23 overexpression was
observed, indicating that the expression of Nm23 might
be one of the unfavorable indicator in cervical cancer
prognosis (Chen et al. 2001).

There is also evidence linking the upregulation of Nm23-
H2 to the initial stage of colorectal cancer (Table 1). By means
of immunoblotting, immunohistochemistry, and RT-PCR, it
has been shown that both the mRNA and protein levels of
Nm23-H1/2 are elevated in colorectal tumors as compared
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with adjacent mucosa specimen (Martinez et al. 1995; Sarris
and Lee 2001). Unlike Nm23-H1, high levels of Nm23-H2
expression are sustained across early to late stages of
colorectal cancer (Martinez et al. 1995). Although the
significance of the differential regulation of Nm23-H1
and Nm23-H2 expression in stage III-IV tumors is
unclear, elevated Nm23 expression appears to be impor-
tant in early colorectal carcinoma. In contrast, the ex-
pression level of Nm23-H2 does not appear to be cor-
related with other cancer types such as breast, gastric,
lung, pleural mesothelioma, sarcoma, and giant cell
tumor (Table 1).

Contrary to the vague oncogenic role of Nm23-H2 in
CSCC, considerable evidence points to a positive correlation
of Nm23-H2 with hematopoietic carcinomas, especially for
chronic myelogenous leukemia (CML) and acute myeloge-
nous leukemia (AML) (Table 1). The protein expression level
of Nm23-H2 is increased in mononuclear cells of peripheral
blood from pre-transplant Philadelphia chromosome-positive
CML patients compared with the control HLA-identical do-
nor, with an interesting co-localization of Nm23-H2 and (3-
actin in the cytoplasm (Tschiedel et al. 2008). Furthermore,
Nm23-H2 overexpression correlates closely with the activity
of the oncogenic Ber-Abl fusion protein, a tyrosine kinase
which acts as a GTPase-activating protein for Racl and
Cdc42, independent of HLA type (Tschiedel et al. 2012).
The expression of Nm23-H2 is high in peripheral blood cells
of tyrosine kinase inhibitor imatinib-resistant patients with
CML and low in cells of responding patients. Nm23-H2
overexpression is therefore regarded as a common character-
istic of CMLs and is potentially relevant to both the molecular
basis and immune therapy of the disease. Moreover, the
overexpression of either of the closely related Nm23-H1/2
genes in AML has been reported to be associated with a lower
survival rate (Okabe-Kado et al. 1998, 2002). Early studies
have investigated the relative levels of Nm23-H1/2 and c-Myc
transcripts in bone marrow and peripheral blood samples from
110 patients with AML using the RT-PCR (Okabe-Kado et al.
1998). The expression levels of Nm23-H1/2 in the AML
samples were significantly higher than in normal blood
cells, and an elevated level of Nm23-H2 expression was
correlated with adverse prognosis for AML patients in a
subtype-specific pattern (Okabe-Kado et al. 1998). A sub-
sequent study further characterized cell surface Nm23-H1/
2 proteins as a marker of leukemia cells derived from
various cellular lineages and differentiation stages
(Okabe-Kado et al. 2002).

Intriguingly, extracellular Nm23-H1/2 proteins have been
detected in conditioned medium of cell lines and body fluids
from cancer patients with malignant hematologic malignan-
cies, breast, colon, pancreas, or lung tumors (Anzinger et al.
2001; Rumjahn et al. 2007; Niitsu et al. 2000, 2001; Okabe-
Kado and Kasukabe 2003). It has been reported that one of the
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differentiation inhibitory factors present in the conditioned
medium and the membrane fraction of a non-differentiating
mouse myeloid leukemia M1 cell line is Nm23-M2 (Okabe-
Kado et al. 1992). It was subsequently demonstrated that
exogenously added recombinant proteins of different Nm23
isoforms (Nm23-H1/2 and Nm23-M1/2) are able to inhibit the
induction of erythroid differentiation in several human leuke-
mia cell lines (Okabe-Kado et al. 1995a). These studies sug-
gest that Nm23-H1/2 can inhibit hematopoietic differentia-
tion. This inhibitory activity of Nm23-H1/2, however, is ap-
parently independent of the NDPK activity (Okabe-Kado
et al. 1995b). In line with this notion, endogenous gene
expressions of Nm23-H1 and Nm23-H2 are downregulated
during in vitro differentiation of AML cells (Yamashiro et al.
1994 Caligo et al. 1996), and Nm23-H1 and Nm23-H2 are
highly expressed in normal hematopoietic progenitors but are
downregulated during normal hematopoietic maturation
(Willems et al. 1998). Besides hematopoietic cells, Nm23
protein can be detected in the conditioned medium of other
tumor cell lines. As Nm23-H2 is secreted as a phosphoprotein,
it may perform transphosphorylation in the absence of an
extracellular phosphoryl donor to generate NTP which can
then activate cell surface receptors (e.g., purinergic P2Y re-
ceptors) to regulate cellular functions. In this regard, extracel-
lular Nm23 protein secreted by human breast cancer cells has
been shown to promote in vitro angiogenesis via P2Y receptor
activation (Rumjahn et al. 2007). Despite these efforts, there is
little experimental data supporting a possible mechanism
which can correlate the upregulation of Nm23-H2 with leu-
kemia, or the dynamic changes in mRNA/protein levels of
Nm23-H2 with the different phases of CML/AML.

In vivo/vitro study of Nm23-H2
in tumorigenesis-associated processes

In the absence of a clearly defined mechanism, it is hard to
assess the contribution of Nm23-H2 in the tumorigenesis of
human malignancies, although there are multiple attempts to
clarify this issue using human cancer cell lines and xenograft
nude mice models (Table 2). In cell lines such as HLK3
hepatocytes and NIH3T3 fibroblasts, ectopic expression of
Nm23-H2 leads to a transformed morphology, enhanced focus
formation, and anchorage-independent growth (Lee et al.
2012). Athymic mice injected with NIH3T3 fibroblasts and
HLK3 hepatocytes stably expressing Nm23-H2 produced tu-
mors with elevated c-Myc and cyclin D1 expression. In line
with these observations, lentiviral delivery of shRNA against
Nm23-H2 inhibited tumor growth of xenografts produced
from HLK3 hepatocytes stably expressing Nm23-H2 (Lee
et al. 2012). Both c-Myc and cyclin D1 have been suggested
to be closely related to the tumorigenesis of HCC. In partic-
ular, c-Myc appears to be a frequently activated oncogene in

HCC (Murakami et al. 1993), while protein microarray anal-
ysis has revealed an upregulation of cyclin D1 in HCC com-
pared with normal liver (Tannapfel et al. 2003). Collectively,
these results tend to indicate a pro-oncogenic role of Nm23-
H2 in hepatocarcinogenesis which appears to involve c-Myc
expression. As discussed below, Nm23-H2 can indeed act as a
transcriptional activator of oncogenic c-Myec.

Although Nm23-H2 is generally believed not to exert any
tumorigenic effect in human melanoma, there is evidence to
suggest its involvement in early or pro-metastasis cascade. In
mouse models of UV radiation or phorbol ester-induced mel-
anomas, expression of murine Nm23-M2 is upregulated rela-
tive to adjacent normal skin (Wei et al. 2004). Functional
studies further suggest that the Nm23-M2 overexpression
enhances neoplastic transformation in mouse epidermal cells
(Wei et al. 2004). In another study focusing on human mela-
noma metastasis, the growth rate of tumors derived from
transfectants expressing a functionally defective Nm23-H2
mutant (NDPK B/T) was roughly twice that of tumors
established from Nm23-H1 expressing lines (Hamby et al.
2000). Likewise, the tumorigenic potential of Nm23-H2 has
been demonstrated in murine models and cell lines for mam-
mary and oral squamous cell carcinoma (Table 2).

Contrastingly, Nm23-H2 appears to act as a negative reg-
ulator in ovarian cancer. Nm23-H2 was identified by cDNA
microarray as one of several genes that were upregulated by
progesterone and exhibited anti-ovarian cancer action
(Table 2; Syed et al. 2005). As compared to immortalized
non-tumorigenic human ovarian surface epithelial (HOSE)
cell lines, Nm23-H2 is downregulated in ovarian cancer
(OVCA) cell lines buts its level can be restored upon proges-
terone treatment for 5 days (Syed et al. 2005). Moreover,
ectopic expression of Nm23-H2 caused growth inhibition
and suppression of neoplastic transformation in OVCA cell
cultures, but not in HOSE cell cultures. These observations are
in agreement with earlier reports that showed reduced Nm23-
H2 expression in ovarian cancer tissues from patients with
metastatic lymph node (Mandai et al. 1995), as well as an
association of higher levels of Nm23-H2 expression with better
prognosis in ovarian cancer patients (Tas et al. 2002). However,
contradictory results from breast/mammary, colorectal, and oral
squamous carcinoma imply complicated function of Nm23-H2
in different cellular backgrounds (Table 2). Additional studies
are needed to further illustrate the importance of Nm23-H2 in
tumorigenesis-related biological processes.

Nm23-H2 interaction partners in various biological
processes
Although several interaction partners of Nm23-H1 (e.g.,

plakoglobin, KSR1, MUCI1*, HPV 16E7, see Table 3) appear
to have similar interplay with Nm23-H2, many components
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Table 2 Trends of the tumorigenic effect by Nm23-H2 expression in tumor cell lines

Cell types Cell lines Association Methods References
In vivo®
Breast/mammary ~ MTLn3, MTC MTLn3-H1/2 were WB, xenograft assay Fukuda et al. 1996
tumorigenic in
syngeneic rats
Liver NIH3T3, HEK293T, H2 overexpression results in Nude mice xenograft, Lee etal. 2012
Hep3B, PLC/PRE/S, tumor in mice IHC, soft agar
HepG2, SK-HEP-1,
Huh7, Rat-1
Melanoma Murine B16-FE7 No change in primary tumor Xenograft, proliferation assay Baba et al. 1995
size
Line IV CI 1 Nm23-H2/T® significantly Xenograft, WB, RT-PCR Hamby et al. 2000
promotes primary tumor
growth
Skin JB6 Cl41-5a, JB6 Cl UV/TPA-induced Nm23-H2 Animal model, transformation Wei et al. 2004
30-7b, Rat-1, HaCaT, leads to epidermal neoplastic assay, RT-PCR
A431, Tg-AC43, transformation
FVB/N217, NIH/3 T3
In vitro
Colorectal Rat colon 26 No change in proliferation Proliferation assay Tagashira et al. 1998
of H2-stable line
Leukemia AML-M6 Expression of H2 in AML FACS analysis, Complement- Okabe-Kado et al. 2002

Oral squamous

HSC-2, HSC-4, LMF4,

cell lines
H2-stable line increases

LMF5 cell growth
Ovarian OVCA, HOSE Ectopic expression of H2
inhibit OVCA growth

SKOV3, SKOV3.ipl

CAL 27

More aggressive line has
lower Nm23-H2 gene
expression

H2 might have an important
role in oral squamous cell
carcinoma

dependent cytotoxicity
WB, [HC

Proliferation assay, soft agar

DNA microarray, Matrigel, WB

DNA microarray

Miyazaki et al. 1999
Syed et al. 2005

Bai et al. 2006

Herak Bosnar et al. 2008

FACS fluorescence-activated cell sorting, 443/ human epidermoid carcinoma, AML-M6 acute myelogenous leukemia-M6 subtype, B16-FE7 highly
metastatic mouse melanoma, CAL 27 oral squamous cell carcinoma of the tongue, FVB/N217 FVB/N carcinoma, HEK293T human embryonic kidney
293, HaCaT human keratinocyte, HepG2 human hepatocellular carcinoma, Hep3B human hepatocellular carcinoma, HOSE human ovarian surface
epithelial, HSC-2, HSC-4, LMF4, LMF5 human oral squamous, Huh7 human hepatocarcinoma, JB6 Cl 41-5a, JB6 CI 30-7b, TPA-susceptible/resistant
mouse epidermal cells, Line IV CI I human melanoma, MSCs Mesenchymal stem cells, MTC, MTLn3 rat mammary-adenocarcinoma cell lines of poor
and high metastatic potential, respectively, NIH373 mouse embryonic fibroblast, OVCA ovarian cancer, PLC/PRF/5 Homo sapiens liver hepatoma, Rat-
1 hepatoma/glioma, SK-HEP-1 Homo sapiens liver/ascites adenocarcinoma, SKOV3 human ovarian cancer, 7g-4C43 TPA-induced Tg.AC squamous

cell carcinoma

*Xenograft in mice with cancer cell lines
"NDPK inactive form of Nm23-H2

that are known to interact with Nm23-H1 either fail to recog-
nize Nm23-H2 or such interaction have yet to be explored
(Table 3). For example, the guanine nucleotide exchange factor
(GEF) Dbl-1 can interact with Nm23-H1 and as a consequence
inhibits the small GTPase Cdc42-mediated cytoskeleton reor-
ganization, while the same situation does not apply to Nm23-
H2 (Murakami et al. 1993). On the other hand, only Nm23-H2
appears to bind with MDM2 (an E3 ubiquitin-protein ligase)
specifically and this binding inhibits the Nm23-H2 anti-motil-
ity effect in a p53-independent manner (Polanski et al. 2011).
To appreciate the diversity of interacting partners unique to
Nm23-H2 as well as those shared with Nm23-H1, a list of
known protein partners for Nm23-H2 is shown in Table 3.
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Several of these interacting partners are indeed involved in the
anti-metastasis function (e.g., Lbc) while others appear to
regulate different physiological/pathological processes (e.g.,
Kca3.1 and PRE). However, accumulating evidence has
linked a number of proto-oncogenes, oncogenes, and tumor
suppressor genes with Nm23-H2. A prime example is
MDM2, a proto-oncogene known for its ability to downregu-
late p53 tumor suppressor. H1299 cells expressing high levels
of MDM2 are non-responsive to Nm23-H2-mediated suppres-
sion of motility, suggesting a role of MDM2 to override the
motility suppressing activity of Nm23-H2 (Polanski et al.
2011). MDM2 displays oncogenic effect and serves as an
adverse prognosis indicator in a range of common human
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Table 3 Nm23-H2 interaction partners and phenotypes in physiological/pathological processes

Partners Assays Cell lines Functions References
DNA-protein
TRF1 Y2H, EMSA, Co-IP HeLa Telomerase Nosaka et al. 1998
TRF2 Ch-IP, Co-IP A549, HT-1080 Telomerase Kar et al. 2012
Protein-protein
Diva Y2H, IF, IP SKOV3, 293T, Apoptosis; differentiation Kang et al. 2007,
HeLa, PC12 Lim et al. 2012
ERP Y2H, pull-down HeLa, MCF-7 Transcription; cell migration Rayner et al. 2007, 2008
Gfpy/caveolae IF, IB, Co-IP TEA4/6 Zebrafish Danio rerio Signal transduction Wieland 2007, Hippe et al.
2009, 2011
HPV 16E7* Y2H, Co-IP PC12 Transcription; protein degradation Mileo et al. 2006
Icap-1x Co-IP ES, iPS Cell migration Fournier et al. 2002,
Miyamoto et al. 200
KCa3.1 Y2H, WB, flow cytometry CD4 T cells Channel activation Srivastava et al. 2006.
Ohya et al. 2014
KSR1* Co-IP HEK293 Signaling inhibition Tso et al. 2013 (Fig. S2)
Lbe Co-IP COS7 Cell skeleton Iwashita et al. 2004
MDM2 Y2H, Co-IP H1299, MCF7, HEK293, UOK117 Metastasis Polanski et al. 2011
MUC1** SPR ES, iPS Cell proliferation; differentiation =~ Mahanta et al. 2013,
Smagghe et al. 2013
PIWIL2 Co-IP, IF HeLa, HepG2, HEK293 Gene expression Yao et al. 2014
Plakoglobina  IF, Co-IP SK-OV3, HEK293T, HeLa Metastasis Aktary et al. 2010
ROR«* Y2H, pull-down Y190 Unknown Paravicini et al. 1996
RZRf Y2H, pull-down Y190 Unknown Paravicini et al. 1996
TPB Y2H, Co-IP, IF HEK293 Receptor regulation Rochdi et al. 2004

Co-IP co-immunoprecipitation, Ch-IP Chromatin immunoprecipitation, EMSA electrophoretic mobility shift assay, /F° immunofluorescence, SPR
surface plasmon resonance, Y2H yeast two-hybrid, 4549 human lung adenocarcinoma epithelial cell line, COS7 monkey kidney fibroblast-like cell
line, £S Embryonic stem cells, /7299 human non-small cell lung carcinoma cell line, HeLa human cervical carcinoma cell line, HEK293 human
embryonic kidney 293 cell line, H7-1080 human fibrosarcoma cell line, iPS Induced-pluripotent stem cells, MCF-7 human breast adenocarcinoma cell
line, PC12 rat adrenal medulla cell line, SK-OV'3 human ovarian carcinoma cell line, UOK 117 renal cell carcinoma cell line, Y790 yeast strain

# Also acts as an interacting partner of Nm23-H1

cancers including prostate, bladder, esophageal and renal can-
cers (Haitel et al. 2000). In addition, various reports (see
Table 3) have shown that the RhoA family member associated
regulatory factors such as Lbc and ICAP-1« (integrin cyto-
plasmic domain-associated protein 1o) are capable of
interacting with Nm23-H2 (Fig. 2). Nm23-H2 can specifically
bind to Lbc at the amino-terminal region and this interaction
has been shown to occur independently of kinase activity.
Moreover, the level of GTP-bound Rho could be downregu-
lated by the expression of Nm23-H2 and subsequently de-
crease stress fiber formation stimulated by Lbc (Iwashita et al.
2004). Yeast two-hybrid screen has identified Nm23-H2 as a
partner of ICAP-1«, and their interaction has been confirmed
by using purified recombinant ICAP-1x and Nm23-H2 in
pull-down assays. Confocal fluorescence microscopy further
demonstrated co-localization of ICAP-1oc and Nm23-H2 in
the lamellipodia during early stages of CHO cell spreading

(Fournier et al. 2002). A tertiary complex formed by Nm23-
H2, Lbc, and ICAP-1«x is thought to be critical for cell
migration and morphological changes stimulated by integrin
(Miyamoto et al. 2009). Lbc has been identified as an onco-
gene from human leukemic cells and ICAP-1« can stimulate
proliferation of epithelial cells (Toksoz and Williams 1994;
Fournier et al. 2005). Such interactions are unique to Nm23-
H2 but it remains to be determined if recognition by Nm23-
H2 results in functional enhancement or impairment of these
proliferation-related proteins.

Diva (death inducer binding to vBcl-2 and Apaf-1)/Bcl-B
is a Bcl-2 apoptosis family member with contradictory roles in
the regulation of cell cycle and apoptosis. There is evidence to
suggest that Nm23-H2, but not H1, binds to Diva directly and
the two proteins are colocalized in the cytoplasm of SK-OV3
cells (Kang et al. 2007). Moreover, coexpression of Nm23-H2
tends to lower the expression of Diva while silencing Nm23-
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Fig. 2 Schematic diagram to
illustrate Nm23-H2 and its

INTGB1

interacting partners in a variety of
cellular events. Nm23-H2 (pink)
is able to directly bind to or
indirectly affect a wide range of
proteins or genes highlighted with
different colors, which are mainly
involved in signal cascading
(green), adhesion (brown),
motility (cyan), gene transcription
(gray), endocytosis (deep blue),
as well as the cell cycle (red).
Nm23-H2 may play an indirect
role in activating the transcription
of c-Myc gene (gold). Dashed
lines indicate indirect crosstalk of
inhibition or activation. See text
for detailed information on
different Nm23-H2 interacting
partners

Pro-oncogene MDM2-
related cell motility and

metastasis

H2 effectively rescues Diva expression. This suggests that
Nm23-H2 may modulate the Diva-associated apoptosis via a
complex mechanism involving protein-protein interaction
(Fig. 2). In addition, Nm23-H2 can downregulate the expres-
sion of Bcl2L 10, a human ortholog of Diva (Xu et al. 2011).
Another study has shown that the Diva/Nm23-H2 complex
arrests cell cycle progression in PC-12 cells, whereas the
overexpression of Diva had an opposite effect (Lim et al.
2012). Further investigations are needed to test if Nm23-H2
can indeed facilitate tumorigenesis by inhibiting apoptosis.

It is well established that estrogen can stimulate the growth
of some tumors including endometrial cancer. Nm23-H2 was
identified as an ER 3-associated protein in a yeast two-hybrid
screen in the context of vascular atheromas disease (Rayner
etal. 2007, 2008). Some evidence indicates close relationship
between ERf3 and Nm23-H2. Firstly, treatment with ER(3-
selective agonist increases expression of Nm23-H2 in human
coronary smooth muscle cells, while this effect is not seen
with ERo-selective agonist (Rayner et al. 2007). Secondly,
Nm23-H2 and ERf3 consistently co-localize in a variety of
human tissues including breast tissue, whereas ER« and
Nm23-H2 do not seem to co-localize. Estrogen also prompted
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nuclear localization of Nm23-H2 protein in smooth muscle
cells (Rayner et al. 2008). More importantly, Nm23-H2 over-
expression synergizes with estrogen treatment in suppressing
MCF-7 cell migration, which suggests a regulatory role of
Nm23-H2 and estrogen-associated response in cell migration.
ERf is downregulated and is associated with good clinical
outcome in ovarian but not in endometrial cancer (Haring
et al. 2012). It is worthy to further investigate the relationship
of ER3 and Nm23-H2 in estrogen-related cancers such as
ovarian and breast carcinomas.

Ras/ERKs signaling play a critical role in various biolog-
ical processes including cell proliferation, differentiation, mo-
tility, and survivals (Shaul and Seger 2007). Many abnormal
cellular compositions and microenvironment can lead to tu-
morigenesis by altering Ras signaling. Like Nm23-H1,
Nm23-H2 is evidently linked to the suppression of Ras-
related pathways (Lee et al. 2009; Masoudi et al. 2013). In
both NIH3T3 and HEK293 cells, knockdown of Nm23-H2
significantly enhances the activity of ERK whereas overex-
pression of Nm23-H2 reverses this trend (Lee et al. 2009).
These observations imply that Nm23-H2 may serve as a
negative regulator of the RassMEK/ERK pathway which is
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typically stimulated by growth factors and mitogens. The
mechanism by which Nm23-H2 (as well as Nm23-H1) sup-
presses Ras signaling is via the phosphorylation and inactiva-
tion of a scaffolding protein known as KSR1 (kinase suppres-
sor of Ras 1). KSR1 has been identified as a common binding
partner of Nm23-H1 and Nm23-H2 (Hartsough et al. 2002;
Tso et al. 2013) is essential for the assembly of the Raf/MEK/
ERK kinase cascade upon Ras activation. Overexpression of
Nm23-H1 results in higher histidine protein kinase activity,
which phosphorylates KSR and eventually leads to its degra-
dation, thus suppressing its ability to facilitate Ras activation
(Hartsough et al. 2002). Given that Ras-related growth signals
is a common mechanism across different cellular back-
grounds, KSR/Nm23-H2 interaction is likely to exert a growth
inhibitory effect in many cell types. Yet, Nm23-H2-induced
growth inhibition is not generally observed. This tends to
suggest that Nm23-H2 may also elicit growth promoting
actions (e.g., induction of c-Myc) to counter balance the
suppression of Ras signaling. Lastly, a number of studies have
described the ability of Nm23-H2 to interact with G protein-
related partners (Table 3). These include the formation of
caveolin/G[3-subunit/Nm23-H2 complex in the maintenance
of intracellular membrane compartments, and a TP (throm-
boxane A2 receptor (3)-Nm23-H2 complex in receptor endo-
cytosis though Racl signaling (Hippe et al. 2011, 2011;
Rochdi et al. 2004). Apart from direct interaction, Nm23-H2
(also Nm23-H1) could be upregulated by regulator of G
protein signaling 19 (RGS19) via an unknown mechanism,
leading to the inhibition of Ras signaling (Tso et al. 2013).
Although these interplays are not directly associated with
tumorigenesis, G protein signals are known to modulate cell
growth and cell cycle progression (New and Wong 2007).

Transcriptional regulation of the c-Myc oncogene

It has long been known that Nm23-H2 can activate c-Myc
transcription independently of its catalytic function, and this
ability is surprisingly not shared by Nm23-H1 (Postel et al.
1993; Berberich and Postel 1995). Nm23-H2 is a major reg-
ulator of c-Myc transcription since its knockdown leads to the
downregulation of c-Myc (Dexheimer et al. 2009). RNA
silencing experiments showed that Nm23-H2 binds to both
the single-stranded guanine- and cytosine-rich strands of the
c-Myc NHE III, but not to the duplex form. A nuclease
hypersensitive element (NHE) located in the promoter region
of'the Myc gene appears to be critical for the transactivation of
c-Myc by Nm23-H2, as demonstrated by a Myc-CAT reporter
plasmid with this element deleted (Berberich and Postel
1995). And mutagenesis of Nm23-H2 has identified several
residues on the equator of the hexameric protein for sequence-
dependent DNA binding (Postel et al. 2002). Further research
attempting to illustrate this transcriptional regulation on c-

Myc focused on a G-quadruplex structure (G4 motif) and
concluded that the changed G4 motif by Nm23-H2 increases
the transcription of c-Myc (Postel et al. 2000). However, it
was then suspected that the proposed DNA cleavage activity
of Nm23-H2 was related to a contaminant during protein
purification (Dexheimer et al. 2009). Moreover, at least one
major publication on the issue of G-quadruplex element and
Nm23-H2 have been retracted, so there remains a lot of
controversies and uncertainties in the regulation of c-Myc
transcription by Nm23-H2 (Steeg et al. 2011). From this
perspective, reports linking Nm23-H2 to c-Myc and G4 motif
may need to be re-examined carefully, such as the G4-related
CNBP/Nm23-H2 interaction (Chen et al. 2013) and compet-
itive DNA binding effect of Nm23-H2/IF116 (Egistelli et al.
2009). Considering the close relationship between c-Myc and
tumorigenesis, any future study regarding the role of Nm23-
H2 in tumorigenesis via c-Myc activation should be conduct-
ed more prudently.

Nm23-H2 in multi-potent stem cell differentiation
and hematopoietic maturation

The concept of cancer stem cells driving tumorigenesis has
received considerable support in recent years. In this regard, it
is fascinating to note that Nm23-H1 has been shown to main-
tain the “stemness” of pluripotent stem cells (Smagghe et al.
2013). Dimeric extracellular Nm23-HI1 in a fully defined
xeno-free medium can apparently allow serial passaging of
both human embryonic stem (ES) cells and induced-
pluripotent stem (iPS) cells (Hikita et al. 2008). Gene expres-
sion profiling further indicates that stem cells cultured in the
presence of Nm23-H1 can easily maintain a “naive” state
(Smagghe et al. 2013). As a putative stem cell growth factor,
extracellular Nm23-H1 is presumed to act on a cell surface
component. This putative receptor has been suggested to be
MUCIT*, a transmembrane cleavage product of Mucin 1
(MUC1) which is aberrantly expressed in around 75 % of all
human solid tumors. Binding of extracellular Nm23-H1 to
MUCT* stimulates the growth of human ES cells (Hikita
et al. 2008). Although these studies did not address whether
Nm23-H2 can similarly support the proliferation of ES cells,
Nm23-H2 has been shown to bind MUCI* as efficiently as
Nm23-H1 (Mahanta et al. 2008). It remains to be determined
if Nm23-H2 and MUCI1* can cooperate to control stem cell
self-replication, promote growth, and maintain pluripotency.
An indirect line of evidence supporting the involvement of
Nm23-H2 in the maintenance of pluripotency has been ob-
tained through high-content screening of novel factors that
control lineage commitment in ES cells. Stauprimide, a small
molecule which facilitates differentiation of mouse and human
ES cells, is found to interact with NM23-H2 and inhibits its
nuclear translocation (Zhu et al. 2009). Although the
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mechanism remains unclear, this represses c-Myc expres-
sion and leads to a reduction in the level of c-Myc. Since
c-Myc is a key factor in self-renewal of ES cells, its
downregulation enhances the efficiency of directed differ-
entiation of ES cells. Collectively, these studies point to
an important role of Nm23-H2 in the maintenance of the
undifferentiated state. It is noteworthy that Nm23-H2 is
highly expressed in undifferentiated ES cells, but its ex-
pression decreases upon differentiation.

As accumulating evidence suggests that malignant trans-
formation of hematopoietic stem cells is the main cause in
leukemogenesis, comparative studies on Nm23 protein ex-
pression in hematopoietic cells may provide insightful clues
on the involvement of Nm23-H2 in leukemogenesis. By flow
cytometric analysis and enzymatic assays, an early study has
indeed noted changes in the expression of Nm23 isoforms
during bone marrow maturation (Willems et al. 1998). Nm23-
H2 is downregulated during maturation of CD34" bone mar-
row cells and recombinant Nm23-H2 is able to inhibit the
differentiation of human leukemia cell lines as well as normal
hematopoietic cells (Okabe-Kado et al. 1995a; Willems et al.
2002). However, it should be noted that other isoforms of
Nm23 can also inhibit differentiation in a human erythroid
leukemia model (Yokoyama et al. 1996). Evidence from an-
other study focusing on the translational control of Nm23-M2
showed that the expression of endogenous Nm23-M2 de-
clined via a panel of altered cytokines during erythroid pro-
genitor differentiation (Joosten et al. 2004).

By means of serum-free colony-forming unit assays, it has
been shown that Nm23-H1, Nm23-H2, and Nm23-H3 can
alter the differentiation of more mature bone marrow progen-
itor CD34 CD38 cell lineage than the immature
CD34'CD38™ population (Willems et al. 2002). This effect
is independent of the NDPK activity since the enzymatically
inactive H1 18N mutant of Nm23-H1 produces a similar result.
A recent study using Nm23-H1~/Nm23-H2™~ double
knockout mice has further documented the abnormal hemato-
poiesis and defect in erythroid development (Postel et al.
2009). These mice show a series of hematological phenotypes
that are indicative of an abnormal immature state in erythro-
poiesis. The significance of these findings lies in the fact that
the level of Nm23-H2 is upregulated in human hematological
malignant leukemic cells and in abnormal erythropoiesis. The
correlation of high levels of Nm23-H1/2 in the plasma of
leukemia patients has prompted the pursuit of Nm23-H1/2
as a prognostic factor in hematological malignancies (Okabe-
Kado et al. 1998; Niitsu et al. 2001).

Nm23-H2 may also be involved in neuronal differentiation.
Overexpression of Nm23-M1 protein induces neurite out-
growth and expression of neurofilament, whereas its down-
regulation inhibits neuronal differentiation (Gervasi et al.
1996). A recent study proposes that the Diva/Bcl-B complex
competes against [3-tubulin for Nm23-H2 and prevents the
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latter from translocating to the nucleus (Table 3; Lim et al.
2012). Overexpression of Nm23-H2 promotes PC-12 neuro-
nal differentiation by increasing neurite outgrowth and arrest-
ing cell cycle progression. During differentiation, Diva/Bcl-B
expression and Nm23-H2 level display an inverse relationship
with the former decreasing while the latter increases (Lim
et al. 2012). Interestingly, high Nm23-H1 levels have been
reported to correlate with disease aggressiveness and survival
reduction for patients with neuroblastoma (Hailat et al. 1991)
and a mutation at a conserved serine (S120G), which prevents
histidine-dependent protein phosphotransfer reactions, is
found in advanced stages of the disease (Chang et al. 1994).
As aresult, Nm23-H1 has become one of three genes adopted
for risk stratification of patients with neuroblastoma (Garcia
et al. 2012). Because early studies were primarily focused on
Nm23-H1, it remains unclear if Nm23-H2 is similarly associ-
ated with neuroblastomas. The observation that N-Myc is
upregulated in advanced neuroblastoma (Hailat et al. 1991)
tends to suggest the involvement of Nm23-H2 because Nm23-
H1 does not induce transcription of the Myc gene. However, it
should also be noted that Nm23-H1 and Nm23-H2 represent
strongly upregulated downstream targets of N-Myc, and the
combined elevation of N-Myc and Nm23-H1/2 appears to
inhibit neuronal differentiation by suppressing the function
of Cdc42 (Valentijn et al. 2005).

Modification of telomerase activity by Nm23-H2

One mechanism by which cancer cells acquire immortaliza-
tion is through the activation of telomerase to maintain the
telomere length (van Steensel and de Lange 1997). Cell se-
nescence can be effectively circumvented by preventing the
loss of genetic information upon shortening of the telomeres
following repeated DNA replication. The regulation of telo-
merase activity is highly complex and involves multiple com-
ponents. Telomere repeat binding factor 1 (TRF1) is a double-
stranded telomeric binding protein which limits telomere
elongation by telomerase in immortalized human cell lines.
As a suppressor of telomere elongation, TRF1 is involved in a
negative feedback mechanism that stabilizes telomere length
in several kinds of human cancers (Donate and Blasco 2011).
In vitro binding assays using different recombinant Nm23
isoforms have shown that TRF1 predominantly binds to
Nm23-H2 rather than Nm23-H1 (Nosaka et al. 1998).
Interestingly, the in vitro affinity of telomerase for its substrate
is increased in the presence of excess Nm23-H2 (Nosaka et al.
1998). Although it is entirely plausible that the suppressive
function of TRF1 on telomerase activity is impaired upon
binding to Nm23-H2, there is no follow-up study.
Nevertheless, a recent study using Ch-IP-seq in human lung
adenocarcinoma and fibrosarcoma cells confirms that Nm23-
H2 can indeed bind to the telomeres in vivo (Kar et al. 2012).
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The presence of Nm23-H2 at telomeric ends has been vali-
dated and additional evidence indicates the association of
Nm23-H2 and TRF2 in the nucleus. Remarkably, Nm23-H2
inhibits telomerase independently of its nuclease activity
in vitro and in vivo, and sustained Nm23-H2 expression leads
to reduced telomere length in aggressive human cancer cells
(Karetal. 2012). Despite the contradicting evidence of Nm23-
H2 enhancing the formation of telomerase/substrate complex
(Nosaka et al. 1998) while reducing telomerase activity (Kar
et al. 2012), the unique ability of Nm23-H2 to associate with
TRF1/2 suggests a possible link to tumorigenesis via modu-
lation of telomerase. Given that a telomerase activator,
cycloastragenol, efficiently stimulates ERK phosphorylation
(Yung et al. 2012) and that ERK-responsive transcription
factors such as Ets2 and ER81 can upregulate telomerase
expression and activity (Maida et al. 2002; Goueli and
Janknecht 2004), the ability of Nm23-H2 to regulate tumori-
genesis via modulation of telomerase activity will be nega-
tively affected by its effect on Ras signaling. Besides, the G4
motif mentioned above has been found in the telomere end of
human genome (Neidle 2010), which makes the unclarified
relationship between Nm23-H2, G4 motif, and telomere more
confounding and fascinating. Clearly, much more effort is
needed to decipher the true significance of the binding of
Nm23-H2 to the telomeres.

Conclusion

Despite extensive efforts to unravel the biological functions of
Nm23 proteins, the ability of Nm23-H2 to regulate tumori-
genesis remains somewhat controversial. Nevertheless, con-
siderable experimental and clinical evidence are available to
support the notion that Nm23-H2 is more than just a metasta-
sis suppressor; it may be capable of promoting and modulat-
ing tumorigenesis under different cellular environments. The
major difficulty in discerning its actions on tumorigenesis is
the multifunctional nature of Nm23-H2 as well as its ability to
form heterohexamers with Nm23-H1. Nm23-H2 can regulate
numerous signaling networks and many of which have
established links to tumorigenesis. Transcriptional activation
of c-Myc is obviously pro-oncogenic and appears to underlie
the association of certain cancer types with high levels of
Nm23-H2, while suppression of Ras signaling by Nm23-H2
is expected to inhibit tumorigenesis. Nm23-H2 can potentially
modulate cell growth or differentiation by interacting with a
plethora of signaling molecules that range from cell surface
and intracellular receptors (e.g., MUC1* and ERf}) to cyto-
solic and nuclear proteins (e.g., Lbc and TRF1/2). New strat-
egies are required to tease out the different functions of Nm23-
H2 in tumorigenesis, and the use of a small number of model
systems may facilitate data interpretation by limiting or main-
taining the number of partners available to Nm23-H2.
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