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Abstract Nucleoside diphosphate kinases (NDPK) are

encoded by the NME genes, also called NM23. They cat-

alyze the transfer of c-phosphate from nucleoside triphos-

phates to nucleoside diphosphates by a ping-pong

mechanism involving the formation of a high energy

phospho-histidine intermediate [1, 2]. Besides their known

functions in the control of intracellular nucleotide

homeostasis, they are involved in multiple physiological

and pathological cellular processes such as differentiation,

development, metastastic dissemination or cilia functions.

Over the past 15 years, ten human genes have been dis-

covered encoding partial, full length, and/or tandemly

repeated Nm23/NDPK domains, with or without N-or

C-terminal extensions and/or additional domains. These

genes encode proteins exhibiting different functions at

various tissular and subcellular localizations. Most of these

genes appear late in evolution with the emergence of the

vertebrate lineage. This review summarizes the present

knowledge on these multitalented proteins.
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Introduction

In human 10 genes have been identified to be a part of the

Nm23/NDPK family (Fig. 1). In this review, the genes will be

named NME and proteins Nm23-H1 to -H9 (H stands for the

human isoforms). NDPK A to D will be used as synonyms for

Nm23-H1 to H4, for which NDPK activity has been

unequivocally demonstrated. The tenth gene, RP2 encoding a

truncated Nm23/NDPK named XRP2, is not included. NME

genes encode one (NME1 to NME6 and NME9) or several

(NME7 and NME8), conserved NDPK domains, either full

length or truncated. The NDPK domain occurs individually or

associated with extra-domains (NME5, NME7 to NME9, and

RP2). In addition, a pseudogene encoding a Nm23-H2

homologue was located on chromosome 12q24.31 [3]. All the

rodent orthologues have been found in mouse (except for

NME9) and rat (except for NME5) at synthenic positions.

A phylogenetic tree with the Nm23/NDPK family members

divides into two distinct groups [4] (Fig. 2). Group I includes

four genes encoding proteins sharing 58 to 88% identity and

endowed with NDPK activity (NDPK A to D). Group II

includes genes encoding more divergent proteins sharing only

22% to 44% identity with group I enzymes and between each

other (Table 1). Most of group II genes are essentially

expressed in ciliated structures such as primary cilia and

sperm flagella. The only exception is NME6, which is also the

only group II member whose gene product has NDPK activity

[5]. The Nm23/NDPKs have been shown to be involved in

major cellular events such as proliferation, differentiation,

development, apoptosis, and metastasis dissemination,

through mechanisms still largely unknown.
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This review will focus on (1) group I family members,

essentially the A and B isoforms, their main known part-

ners and the various pathways in which they are involved,

(2) the properties specific to the group II family members,

(3) data recently released on mitochondrial NDPK, (4) an

update on the structural properties of the mammalian

NDPKs, and (5) the mouse transgenic models.

Materials and methods

The gene symbols conform the HUGO nomenclature

(http://www.genenames.org). The ID numbers of the human

NME gene products are from the SwissProt/TrEMBL data

base (http://expasy.org/sprot): for NME1: P15531; NME2:

P22392; NME3: Q13232; NME4: O0746; NME5: P56597;

NME6: O75414; NME7: Q9Y5B8; NME8 (=TXCDN3):

Q8N427; TXCDN6 (=TXCL2=NME9): Q86XW9 and for

RP2: O75695. The Nm23/NDPK sequences of other

organisms can be found within the same website or at

http://www.ncbi.nlm.nih.gov. Alignments were performed

using the ClustalW2 program (http://www.ebi.ac.uk/Tools/

clustalw2/index.html) and the percentages of identity were

obtained using BLAST programs of the ncbi and expasy

sites. The tree was drawn according to a program available

at: http://www.phylogeny.fr [6]. Expression data can be

obtained at: http://symatlas.gnf.org/SymAtlas.

The Nm23/NDPKs family members (group I)

Within group I, all the proteins are enzymatically active

(Fig. 3) and hexameric [4]. NDPK A and B, which are 88%

identical at the protein level, are the most abundant and, by

far, the most studied, especially because NDPK A is a

metastasis suppressor [7, 8]. Both are mainly cytoplasmic

enzymes, but they can be also found, at least transiently,

associated to membranes and in nuclei (Herak-Bosnar, this

issue). Transcripts encoding a longer form of Nm23-H1

(Nm23-H1B; [9]) and a read-through transcript encoding

part of NDPK A and the complete NDPK B [10] have been

reported but with no specific localization or function of the

Fig. 1 The Nm23/NDPK family members. The official gene symbols

are from the HUGO Gene Nomenclature Committee. The domain

organization in the proteins are indicated as follows: : NDPK; :

hydrophobic peptide; : mitochondrial targeting signal; : dpy-30; :

DM10; : thioredoxin and : tubulin-specific chaperone protein co-

factor C (TBCC). Alternate gene names are indicated in parentheses.

TXNDC6 should be named NME9

Fig. 2 Phylogenetic tree for the isoforms of the human Nm23/NDP

kinase family. It includes NDPK domains of all isoforms except the

truncated ones (domain A of the NME8 gene product and XRP2).

Information for the tree was obtained from a ClustalW alignment of

the common part of the protein sequences. The various isoforms are

indicated as H1 to H9

Table 1 Human Nm23/NDP kinases (% identity)

Group I Group II

H2 H3 H4 H5 H6 H7A H7B H8A H8B H8C H9

H1 88 67 58 32 31 31 29 NS 22 28 30

H2 100 65 59 34 33 30 29 NS 22 28 29

H3 100 61 30 37 29 29 28 25 26 30

H4 100 32 31 29 28 NS 25 24 26

H5 100 40 44 27 31 35 34 38

H6 100 38 29 31 32 32 35

H7/A 100 29 33 36 31 34

H7/B 100 NS 22 33 34

H8/A 100 NS 22 38

H8/B 100 26 33

H8/C 100 31

Group I and II Nm23/NDPKs are represented in bold and italic val-

ues, respectively.Values represent the % identity between the NDPK

domains of each protein. XRP2 protein, which possesses one partial

NDPK domain missing the catalytic histidine and presenting 25 and

21% identity with Nm23-H2 and Nm23-H6, respectively, and no

significant homology with the other isoforms, was not included in the

table. The various isoforms are indicated as H1 to H10. NS: non

significant
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corresponding proteins. NDPK C (also named Dr-Nm23) is

involved in differentiation and apoptosis of myeloid and

neuroblastoma cells [11, 12]. It was reported to be, at least

partly, located to mitochondria [13] but only NDPK D

possesses the canonical mitochondria targeting sequence

and is exclusively located in this organelle [14, 15] (details

further below). Besides their role in nucleoside triphos-

phate synthesis, a variety of other functions have been

attributed to Nm23/NDPKs. These include DNA binding,

transcription modulation, and DNA cleavage [16–18]. It

has also been reported that the high-energy phosphate of

the intermediate in the NDPK reaction could be transferred

to other proteins suggesting a role as a ‘‘histidine kinase’’

[19–22]. Identifying partners of the Nm23/NDPK proteins

should provide new insight into the cellular functions of

these multi-faceted proteins.

GTP-binding proteins-dependent pathways

Among the multiple proteins interacting with the NDPK/

Nm23 family members, many are related directly or indi-

rectly to the small and heterotrimeric G-proteins, to their

exchange factors or to their regulatory factors. Because

group I Nm23 proteins are NDP kinases responsible for

GTP synthesis, it was hypothesized that these proteins

might activate G-protein [23]. A mechanism involving the

direct phosphorylation of the GDP bound to the G-protein

to form G-protein-GTP by the NDPKs has been proposed

but was never proven and was sterically unlikely [24].

Another mechanism would be the GTP channeling by

NDPKs in close vicinity of the G-proteins and their acti-

vation through the GDP–GTP exchange reaction. An

effective channeling would require an interaction between

NDPK and G-proteins. However, the different reports in

the literature are paradoxically more related to an inhibi-

tory role of Nm23 on small G-protein activity, due to a

sequestration of the G-protein itself or of its exchange or

regulatory factors, for example Rad [25, 26], Tiam1 (Rac1)

[27], KSR (Ras) [28], Lbc (RhoA) [29], Dbl-1 (cdc42)

[30]. Dynamin, a GTPase playing a critical role in endo-

cytic coated vesicle formation, has been shown to directly

interact with Nm23 ([31]; see below).

Nm23-H1/H2 were proposed to play a nucleotide-

charging role for tubulin during the process of microtubule

assembly. Indeed, several studies reported the Nm23 co-

purification with microtubules. However, no direct inter-

action with Nm23-H1/H2 could be observed [32–34].

Interestingly, the group II members, Nm23-H8 [35] and

Nm23-H9 [36], were shown to directly bind microtubules.

Considering heterotrimeric G-proteins, in addition to the

receptor-induced GDP/GTP exchange, G protein alpha

subunit can be activated by phosphate transfer via a plasma

membrane-associated complex of NDPK B and G protein

beta–gamma dimers. NDPK B acts as a histidine kinase

phosphorylating Gb at a histidine residue [21]. It should be

mentioned that it is a NDPK dimer, which transfer its

phosphate to a surface-located histidine on the Gbc. The

phosphate can then be transferred to GDP forming GTP

subsequently activating Gas and Gai (for review: [22]).

A phosphohistidine phosphatase, which is capable to spe-

cifically dephosphorylate the Gbc dimer, is also a potential

regulator of this pathway. The heterotrimeric G-protein

activation by NDPK B, independent of the classical G

protein coupled receptor (GPCR) induced GDP/GTP

exchange, contributes to the regulation of basal cAMP level

in the cell [37]. Interestingly, the observed increase in

NDPK content of plasma membranes in hearts from patients

suffering of congestive heart failure [38, 39] could be of

pathophysiological importance. Concerning an other group

I NDPK isoform, a yeast two-hybrid screen of a human

brain cDNA library identified Nm23-H3 as an interacting

partner of the (5-HT)2A serotonin receptor, a GPCR [40].

Regulation of vesicular trafficking and cell adhesion

Several data point to a role of Nm23 in the secretory and

endocytic pathways to regulate vesicle trafficking. Nm23-

H2 interacts with COPII, the cytosolic coat protein com-

plex II that mediates vesicle formation from the endo-

plasmic reticulum (ER) and which is essential for ER to

Golgi trafficking [41]. Accordingly, the involvement of

NDPK in vesicle movement was evidenced in lower

organisms. Indeed, a proteomic approach with the Dicty-

ostelium discoideum amoeba identified a NDPK associated

to secretory vesicles typical of the prespore differentiation

stage [42, 43]. Genetic studies have shown that the

drosophila homolog of Nm23, Awd, regulates dynamin-

dependent internalization processes such as synaptic vesi-

cle endocytosis [44] and vesicle transport-mediated

Fig. 3 Expression, subcellular localization and enzymatic activity of

the various human Nm23/NDPKs. Group I and II Nm23/NDPKs are

in black and gray letters, respectively. (-) indicates that the purified

recombinant protein was devoid of catalytic activity. ND: not

determined
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turnover of homologs of FGF and PDGF/VEGF receptor

[45, 46]. Facilitation by Nm23-H1 of dynamin-based

endocytosis, in particular of E-cadherin, was also reported

in epithelial mammalian cells during the disassembly of

adherens junctions [47]. This result is not in accordance

with the metastasis suppressor role of Nm23-H1 since

E-cadherin internalization is expected to disrupt cell–cell

contacts. Possibly, maintenance of E-cadherin at the cell

surface is a dynamic process where Nm23 regulates the

endocytosis/recycling balance. A role of Nm23 in endo-

cytosis may explain Nm23 functions in metastasis sup-

pression through the downregulation of cell surface

receptors involved in cell motility and angiogenesis and the

arrest in signaling pathways. Recently, the lysophospha-

tidic acid receptor EDG2 was found to be overexpressed in

metastatic cancer cells expressing low levels of Nm23-H1

[48]. It would be interesting to determine whether a similar

endocytic mechanism by Nm23 is applicable to EDG2

regulation.

Nm23-H2 was found to bind to ICAP1-a, a negative

regulator of cell adhesion mediated by b1 integrin sup-

porting cell migration [49]. Thus, Nm23 could exert its

metastatic suppressor activity by sequestering ICAP1-a and

antagonizing its function.

Other interactions

Nm23-H1 and -H2 were identified as DNA binding factors

involved in the control of transcription [16] and possessing

DNAse activity ([50]; Kaetzel, this issue). These Nm23

isoforms were also reported to interact with nuclear

receptors such as estrogen receptors and members of the

ROR/RZR nuclear orphan receptor family [51–53]. More-

over, the interaction between viral antigens of the Epstein-

Barr virus such as EBNA-3C and EBNA1 with Nm23-H1

suppresses the ability of Nm23-H1 to inhibit tumor cell

migration, therefore promoting metastasis [54, 55]. Both

viral antigens overcome the anti-metastatic activity of

Nm23-H1 in nude mice [56]. Similarly, the E7 oncoprotein

of human papilloma virus binds Nm23-H1 and regulates

tumor cell motility [57]. A link with apoptosis has been

established by the study of Fan et al. [17], who demon-

strated that Nm23-H1 is a granzyme A-activated DNase

during T lymphocyte-mediated apoptosis and that the

nucleosome assembly protein SET binds to and inhibits

Nm23-H1.

Nm23-H1 interacts with STRAP, a TGF-b receptor-

interacting protein, and inhibits TGF-b signaling [58].

Nm23-H1, when unbound to STRAP under DNA damage

or other stress conditions, interacts with p53 and positively

regulates its function, including p53-induced apoptosis and

cell cycle arrest. p53 activation by Nm23-H1 is mediated

by decreasing the association between p53 and mdm2, a

negative regulator of p53 [59]. In addition, a very recent

report describes a direct interaction between Nm23-H1 and

the macrophage migration inhibitory factor (MIF). This

interaction is critical for alleviation of MIF-mediated

suppression of p53 activity by promoting the dissociation

of MIF from MIF–p53 complex [60]. The interaction

between Nm23-H2 and Diva, a member of the Bcl-2

family, suggests another mechanism by which Nm23 could

regulate apoptosis [61]. An additional partner of Nm23 is

h-prune, which belongs to the superfamily of phosphoes-

terases [62]. The Zollo group (see this issue) has shown

that Nm23-H1 forms a complex with h-prune. This inter-

action results in a decrease in the level of free Nm23-H1

and promotes metastasis [63].

In addition, the Skolnik group demonstrates a new role

of NDPK in the control of the Ca?? activated K? channel

KCa3.1 activity by direct histidine phosphorylation of the

channel alpha subunit and its dephosphorylation by a his-

tidine phosphatase [64, 65]. This is another example, in

addition to the heterotrimeric G proteins, of histidine

phosphorylation/dephosphorylation influencing a biologi-

cal process in mammals.

In conclusion, the complexity of the described interac-

tions identifies Nm23 proteins as multifunctional proteins.

Moreover, these interactions modulate biological functions

of either Nm23 isoforms or their binding partners. This

hints at the multiple ways by which Nm23 could affect cell

signaling and cell functions. In particular, interactions with

binding partners are thought to sequester bioavailable

Nm23, thereby antagonizing biological properties of Nm23

such as its metastasis suppressive function.

The Nm23/NDPKs family members (group II)

In group II, NDPK enzymatic activity has been demon-

strated only for the product of NME6 [5] (Fig. 3). Two

other members can now join this group. TXNDC6 (thio-

redoxin domain containing 6) is also named TXL2 (thio-

redoxin-like 2) [36]. This gene is not yet mentioned as

NME9 in data banks, but according to the nomenclature

agreed in the NM23 scientific community, it should be

named NME9. Like Nm23-H8, it possesses a N-terminal

thioredoxin domain (46% identical), but is followed by

one, instead of three, NDPK domain containing the cata-

lytic histidine. The 10th family member is the RP2 gene,

which encodes the XRP2 protein involved in X-linked

retinitis pigmentosa, an inherited affection of the retina due

to photoreceptor degeneration [66].

No additional information on NME6 and NME7 gene

products has been provided since our previous review [4].

Despite their thioredoxin domain, no thioredoxin activity

could be detected in Nm23-H8 and TXCDN6. Importantly,
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all the members of group II, except for NME6, encode

proteins mainly located in cilia and/or spermatozoa fla-

gella. Nm23-H5 was located in the flagella of spermatids

and spermatozoa, adjacent to the central pair and outer

doublets of axonemal microtubules [67]. The Nm23-H5

NDPK domain is fused at its C terminus to a Dpy-30

domain, shown to be a member of the histone H3 meth-

ylation complex in yeast and to be involved in the reg-

ulation of X chromosome dosage compensation in

C. elegans [68]. Nm23-H7 possesses a DM10 domain

followed by two tandemly repeated full-length NDPK

domains [4]. The DM10 domain might act as a flagellar

NDPK regulatory module or as a unit involved specifi-

cally in axonemal targeting or assembly [69]. NME8 was

first reported to be exclusively expressed in testis, mainly

in primary spermatocytes and the protein was reported to

be an integral component of the fibrous sheet of sper-

matozoa [70]. The organization into three NDPK domains

found in Nm23-H8 was also found in dynein intermediate

chains of sea urchin sperm and Ciona intestinalis flagel-

lum axoneme [71, 72]. Since no orthologs have been

found in higher organisms, it was suggested that during

evolution, the NME8 ancestor shifted from an axonemal

to a periaxonemal localization [73]. Recently, NME8

mRNA was also detected in human trachea and nasal

cells suggesting a role in other ciliated structures [35].

Indeed, a mutation in the gene was found in primary

ciliary dyskinesia, a genetic disease characterized by

failure in cilia movement resulting in chronic respiratory

tract infection, left–right asymmetry randomization and

male infertility. This finding discloses a key role of

NME8 in ciliary functions [35]. Curiously, single-nucle-

otide polymorphisms (SNP) in the 50 region of the NME8

gene were associated with osteoarthritis [74]. NME9 is

highly expressed in testis but also in lung and other

ciliated cell containing tissues. The protein is associated

with microtubular structures such as lung airway epithe-

lium cilia and the manchette and axoneme of spermatids.

Both NME8 and NME9 encode proteins possessing an

N-terminal thioredoxin domain with the conserved resi-

dues of the active site (CGPC) but thioredoxin activity

has not been demonstrated and their function is unknown

in flagella [70].

XRP2 contains two major domains. The N-terminal

domain shares amino acid sequence similarity with the

tubulin-specific chaperone protein co-factor C (TBCC).

This domain acts as a GTPase-activating protein (GAP) for

beta-tubulin [75] and is also an efficient GAP for the small

G protein Arf-like 3 [76]. The C-terminal domain of XRP2

is about 25% identical with the N terminal half of NDPK B

and is lacking the catalytic histidine. Most of the reported

disease linked RP2 mutations are expected to result into

truncated proteins with loss of the C-terminal domain.

Interestingly, XRP2, like Nm23-H1 [50] and Nm23-H5,

-H7, and -H8 [77], exhibits DNA exonuclease activity [78].

Remarkably, among group I protein, NDPK A and B are

differently expressed and located in postmeiotic maturating

germinal cells with a transient nuclear localization of

NDPK A in round spermatids. Both proteins are present in

mature sperm flagella [67] and in primary cilia [79].

Therefore, members of both NDPK groups could play a

role in the flagellar motility and in the ciliary functions.

They could also be involved in intraflagellar transport

(IFT), the motor-dependant movement of particles along

the axoneme [80].

The mitochondrial NDPKs

A NDPK activity specific to mitochondria was described in

1955 [81], two years after the discovery of the enzyme. The

activity was reported in both the matrix and the extra-matrix

compartments, and also associated with the contact sites

connecting the inner and outer membranes [82]. The sub-

mitochondrial localization was greatly variable, depending

on the species and the tissue examined. In mammals, a

prominent matrix activity was found in the heart while in the

liver the activity was mainly associated with an extra-matrix

compartment [83]. The membrane-bound or soluble state of

the enzyme remained often undefined.

Many functions have been proposed for mitochondrial

NDPK. In the matrix, the enzyme can provide NTP for

protein and nucleic acid synthesis or can be associated to

the Krebs cycle to synthesise ATP at the expense of GTP

provided through succinylthiokinase [84]. A matrix NDPK

was also proposed to be involved in short chain fatty acid

catabolism, and very recently to play a role in iron

homeostasis by furnishing GTP [85]. In the intermem-

brane/cristae space, NDPK was proposed to supply cellular

NTP at the expense of NDP, freely diffusible from cyto-

plasm through the outer membrane, and of ATP, synthe-

sized by oxidative phosphorylation [86].

In mammals, the NME4 gene encodes an exclusive

mitochondrial isoform, NDPK D, possessing a specific

organelle targeting sequence [14, 87]. Two other human

genes, NME3 (encoding NDPK C) and NME6, have been

reported to encode proteins that are, at least partly, located to

mitochondria [5, 13]. However, no specific mitochondrial

targeting sequence could be detected in these proteins and no

submitochondrial localization was reported, although

NDPK C possesses a 17 aa N-terminal hydrophobic peptide

which could anchor the protein to membranes [88]. NDPK D

is bound to the inner membrane through an electrostatic

interaction between a basic motif (Arg89-Arg90-Lys91),

unique to NDPK D and located at the surface of the hexamer,

Mol Cell Biochem (2009) 329:51–62 55
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and cardiolipin, a phospholipid specific of the mitochondrial

inner membrane. Mutation of the central arginine (R90D)

strongly reduces the phospholipid interaction in model lip-

osomes containing anionic phospholipids or with mito-

chondrial membranes in HeLa cells in vivo. In

mitochondria, NDPK D exhibits a preferred orientation

toward the intermembrane space. However, a subpopulation

of proteins is only accessible to substrates or antibodies if the

inner membrane is lysed by detergent, indicating that the

enzyme can also face the matrix or may be hidden within

complexes or cristae structures. In HeLa cells, with naturally

almost undetectable NDPK-D, stable expression of wild

type but not of R90D mutant led to membrane-bound

enzyme in vivo. Respiration was significantly stimulated by

the NDPK substrate TDP in mitochondria containing wild-

type NDPK-D, but not in those expressing R90D mutant yet

catalytically equally active. This indicates local ADP

regeneration in the mitochondrial intermembrane space and

a tight functional coupling of NDPK-D with oxidative

phosphorylation, which depends on its membrane-bound

state [15]. Corroborating such a model, plant mitochondrial

NDPK was found associated with the adenine nucleotide

translocator (ANT) [89].

NDPK-D was also able to cross-link anionic phospho-

lipid-containing liposomes in vitro, owing to its symmet-

rical hexameric structure exposing three R90 on two

opposite faces, suggesting that NDPK-D could promote

intermembrane contacts. This may be the structural basis

for another new and unexpected property of NDPK D,

which is facilitating intermembrane lipid transfer [90].

Using different in vitro liposome model systems, lipid

transfer between two bilayers occured as soon as cardio-

lipin was present in the membranes, i.e., NDPK was in its

membrane-bound state. These data shed a new light on yet

undescribed functions of a mitochondrial NDPK.

Structural basis of Nm23 regulatory mechanisms

Since the last review on the Nm23 structure [91], little

progress has been made. All group I mammalian NDPKs

solved in crystal were found to be hexameric and no

structure of group II proteins have been reported. The

crystal structure of NDPK A/Nm23-H1 has been obtained

by three groups (PDB code 1JXV, [92]; PDB code 1UCN,

complexed with ADP, Ca2? and Pi, [93]; PDB code

2HVD complexed with ADP, [94]). In addition, structures

of Nm23-H3 (PDB code 1ZS6; no publication) and that of

the Nm23-H1 S120G mutant (PDB code 2HVE) found in

neuroblastoma [95] have also been solved [94]. The Nm23-

H3 structure has been anticipated in a model published by

Erent et al. [96] based on the crystal structure of the

Nm23-H2 [97]. From these data, it can be concluded that

all group I NDPKs possess almost identical 3D structures.

Nm23-H3 contains a hydrophobic 17 aa N-terminal

extension (as compared to Nm23-H1 and -H2) which could

not be modeled and is, therefore, not present in the PDB

files. Structure and function of this unique N-terminal

extension, possibly responsible for targeting Nm23-H3 to

membranes has not been addressed yet.

The crystal structures of the wild type and S120G

mutant of Nm23-H1 are identical, except for the absence of

the serine side-chain in close vicinity of the catalytic his-

tidine (His118). No water molecule is present in the mutant

protein in the position of the serine c-oxygen of wild type

protein. The absence of a sizeable structural effect of the

mutation in the native state would explain their similar

catalytic parameters. The differential cellular effects could

be due to the presence of the mutated protein in a partially

unfolded form. As it has been shown earlier through

denaturation–renaturation experiments in vitro, the mutant

protein accumulated as a ‘‘molten globule’’ folding inter-

mediate rather than native monomer [98]. We can assume

that this form accumulated within the cell and induced

deleterious effects. However, it crystallized as an hexamer

with correctly folded monomer, due to the stabilizing effect

of the quaternary structure [99]. Recently, Zhou et al. [100]

studied the effect of the double mutant P96S/S120G of

Nm23-H1. This mutant combines the folding defect of

S120G mutation with the Killer-of-prune mutation, which

destabilizes the hexamer [101]. The authors showed that

the protein was present in cells upon transfection of the

mutant cDNA, but was enzymatically inactive, had lost the

migration inhibitory effect observed with the wild type

enzyme and was therefore non-native. This interesting

double mutant might be useful for studying the effects of

the protein in a non-native state (probably a folding inter-

mediate) in cells. It also demonstrates the importance of the

hexameric structure to maintain the S120G mutant protein

in its native state.

Finally, it was puzzling to observe that the phosphoryla-

tion of the active site of the S120G mutant stabilizes the

native hexamer [102]. A detailed analysis of the quaternary

structure of Nm23 and of its mutants in vivo is still missing.

Transgenic mouse models

The human and murine NDPKs are highly homologous

[103]; human NDPK A and B share 94 and 98% identity

with their mouse counterparts, respectively. In the mouse,

NDPK B protein displays high levels of expression in most

tissues while NDPK A protein expression is more restricted

to tissues originating from the ectoderm such as the
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nervous system and the epithelia of tissues developing

through mesenchymal/epithelial interactions followed by

branching morphogenesis such as the lungs, the kidneys,

and the mammary gland [103]. The mouse NME1 gene

invalidation was carried out to provide a powerful model

for studying the functions of NDPK A [104]. Absence of

NDPK A did not affect the overall embryonic development

and the animals reached adulthood viable and fertile. A

modest negative impact on body weight was observed and

NDP kinase activity was decreased accordingly to NME1

gene expression in several tested tissues, suggesting that

the loss of enzymatic activity was not compensated by

other isoforms. Interestingly, NME1-/- females were not

able to feed their litters since the pups died of dehydration

within the first 3 days of life. This trait is dependent on the

genetic background since the severity of postnatal death

was higher in congenic strains as compared to that

observed in litters from mixed genetic backgrounds. Fur-

ther analysis showed that NME1 expression was detected

in the early anlagen of the mammary gland epithelium and

was maintained throughout the maturation of the gland.

Macroscopic analysis of whole mount glands showed

delayed ductal branching and elongation in the mutant

glands, which became normal upon gestation and parturi-

tion, suggesting that the lack of NDPK A slows down the

growth of the mammary gland. Despite a normal milk

production, and apparent secretion of the milk in the lac-

tiferous ducts, the absence of NDPK A leads to deficiency

in the final ejection at the level of the nipples (SAD, EP,

unpublished data), through unknown mechanisms. This

observation is under current analysis.

The NME1-deficient mouse strain allowed to study

in vivo the impact of the absence of NDPKA protein on

metastatic dissemination. Double transgenic animals were

produced by crossing NME1-/- mice with the ASV strain,

displaying SV40 large T antigen expression in the liver and

prone to hepatocellular carcinomas (HCC) [105]. In parallel,

HCC in WT or mutant mice were induced by diethylnitros-

amine injection. In both models of HCC, the lack of NDPK A

had no effect on the number or amplitude of growth of pre-

neoplastic and neoplastic lesions despite an increase in

NME1 and/or NME2 gene expression during hepatocellular

carcinogenesis. Very interestingly, in the ASV HCC model,

the metastasis incidence to the lungs was increased in mutant

mice and was associated with a loss of NME1 expression in

the WT. This study was proving for the first time in vivo the

anti-metastatic activity of the NME1 gene [105]. However,

the mechanisms involved are still largely unsolved.

Interestingly, genes identified by differential transcrip-

tomic analyses of carcinoma cell lines, overexpressing or

not NME1, were also shown to be deregulated in the

tumoral liver of NME1-/- mice (see reviews of the group of

P. Steeg in the same issue). The invalidation of NME2 gene

has not been reported. However, the double knock out of

NME1 and NME2 genes was obtained, facilitated by the

localization of both genes on the same chromosome about

5 kbp apart [106]. This strain is currently analyzed by the

group of Edith Postel. The double NME1/NME2 knock-out

mice are severely hypotrophic and die at birth probably due

to severe anemia resulting of major defects in erythropoeisis

(Postel et al., personnal communication and this issue).

Concluding remarks

The multiplicity of the Nm23/NDPK family members

suggests that Nm23/NDPK proteins possess different and

specific functions within the cell, depending on their tis-

sular and subcellular localization. Over the past 15 years,

ten human genes of the Nm23/NDPK family have been

discovered that can be separated into two groups based on

the analysis of their sequences. Members of group I are

ubiquitous. It is fascinating to observe how they regulate

complex cell signaling pathways from development to

metastasis dissemination, requiring or not the nucleoside

diphosphate kinase activity. It was shown that, in networks

with other nucleotide metabolizing enzymes such as

adenylate kinases, creatine kinases and glycolytic enzymes,

NDPKs participate in high energy phosphoryl transfer and

signal communication in the cell [107].

The abundant list of Nm23 binding proteins illustrates

the multifunctionality of group I members, being much

more than « house keeping enzymes » . All the group I

recombinant isoforms can form heterohexamers (I. L., M.L.

L., unpublished data). If this is also the case in vivo, for-

mation of such heteropolymers could introduce a supple-

mentary level of regulation within the cell. It is noteworthy

to mention here that the heterohexameric state as well as the

intracellular oligomeric state (monomer, dimer, hexa-

mer,…) of NDPKs are still open issues. Interestingly, a

GTP-dependent organization of NDPK B into ordered fil-

aments in vitro was reported very recently [108]. The

physiological relevance of this polymer formation deserves

further investigation. In addition, many examples in the

literature suggest that Nm23-H1 and Nm23-H2 may be

present but functionally inactivated by interacting proteins.

This is particularly relevant for the anti-metastatic activity

of the Nm23-H1 isoform that is lost, even in the presence of

this isoform as soon as it is sequestered by different binding

partners. To date, only two mouse gene knock-out models

are available, invalidating either NME1 or both, NME1 and

NME2. Transgenic murine models for the other NME genes

would be of great interest to decipher their functions.

Group II includes proteins that are, except Nm23-H6,

mainly related to ciliary functions. Importantly, a mutation in

the NME8 gene was found responsible of a primary ciliary
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dyskinesia [35] demonstrating that a NME gene mutation

could be responsible for a genetic disease. Interestingly, only

proteins of the group II are associated with extra-domains

such as Dpy-30, DM10, and thioredoxin. These domains

could regulate Nm23 localization and/or functions possibly

by modulating their interaction with various partners.

Another remark of great interest is the recent identifi-

cation of a charged motif at the surface the hexameric

NDPK [15, 109]. This motif is composed of three basic

residues (R-R-K) in NDPK D and is responsible for the

NDPK D binding to mitochondria inner membrane phos-

pholipids, especially cardiolipin. In NDPK A to C, this

motif is composed of one acidic residue surrounded by two

basic residues (K/R-D/E-R) and was shown, very recently,

to be responsible for NDPK B binding to phosphatidyl i-

nositols and phosphatidic acid of model liposomes and ER

[109]. This interaction could scaffold extended membrane

networks, and suggest a possible role for NDPK B, as well

as phosphoinositides and/or acidic phospholipids, in mod-

ulating ER membrane network morphogenesis. NDPK A

possesses the same motif (K-D-R), which could be

involved in its nucleotide dependent binding to membrane

phospholipids, as very recently reported [110]. This finding

could provide new research fields for the future.

In conclusion, over the past couple of decades, extensive

analysis has been done to decipher the roles of NME genes

in the physiopathological aspects of the cell. Data have

been accumulated showing how complex and versatile this

family of genes was. We started from one enzymatic

activity to 10 different isoforms with specific features. The

roles of these different isoforms undoubtedly require spe-

cific targeting or location within the cell. Major advances

have been made since P. Steeg’s pioneering first assump-

tion [7] on the anti-metastatic potential of the NME1 gene.

However, the precise mechanisms are still under question

and more work is needed to obtain a clear model of the role

of Nm23 proteins in cell physiology.

Acknowledgments The authors are greatly indebted to Pr. J. Y.

Daniel, who created the first NM23 transgenic mice, for his continued

interest in these works. We thank Yves Chrétien for assistance in

figure preparation and C. Mailleau for technical assistance. This work

was supported by the Germaine de Stael program for Franco-Swiss

collaboration (U.S.; M.L.L.), the Agence Nationale de la Recherche

(chaire d’excellence to U.S.), the Institut National de la Santé et de la
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