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The putative tumor metastasis suppressor nm23H1 was originally
identified in murine melanomas by subtraction cloning. It displays
nucleoside diphosphate kinase activity and regulates cellular
events, including growth and development. Recently nm23H1 has
been reported to also act as a GTPase-activating protein of the
Ras-related GTPase Rad. We attempted to determine whether
nm23H1 also regulates Rho-family GTPases. Although we were
unable to detect a direct association between nm23H1 and Rho-
family GTPases, nm23H1 was shown to be associated with a
Rac1-specific nucleotide exchange factor, Tiam1, by interaction
with its amino-terminal region in extracts from the cells expressing
exogenous Tiam1 and from native tissue. Overexpression of
nm23H1 inhibited the Tiam1-induced production of GTP-bound
Rac1 and activation of c-Jun kinase. On the other hand, forced
overexpression of the wild type, but not the kinase-inactivated
mutant of nm23H1, converted the GDP-bound forms of Rac1,
Cdc42, and RhoA to their GTP-bound forms in vitro by its nucleoside
diphosphate kinase activity, but nm23H1 alone apparently did not
produce the GTP-bound form of these GTPases in vivo. These
results suggest that nm23H1 negatively regulates Tiam1 and in-
hibits Rac1 activation in vivo. Moreover, adhesion-stimulated
membrane ruffles of Rat1 fibroblasts were reduced by overexpres-
sion of nm23H1. Based on these observations, we concluded that
we had identified a function of nm23H1 as a regulator of Rac1 and
that it may be related to the effect of nm23H1 as a tumor
metastasis suppressor.

Protein nm23 belongs to a family of structurally conserved
proteins of NDP kinases that are major suppliers of NTPs,
such as GTP, where ATP is the phosphate donor (1). There are
eight known nm23 genes in the human genome, and two of them,
nm23H1 and nm23H2, have been the most widely studied.
Although nm23H1 and nm23H?2 have a highly homologous (88%
identity) amino acid sequence, their function and cellular local-
ization differ. Nm23H1 is a putative tumor metastasis suppressor
and is expressed mainly in the brain and testis of the mouse,
whereas nm23H2 is a DNA-binding protein, activates transcrip-
tion of the c-myc gene, and is present in various organs (2). Both
nm23H1 and -H2 proteins are found in the cytoplasm, but
nm23H2 has also been detected in the nucleus through the use
of an isoform-specific antibody (3, 4). A number of previous
studies have reported a correlation between nm23H1 expression
and poor prognosis for various human tumors, but the previous
data are not always consistent (5, 6). Introduction of nm23H1 has
reduced the metastatic potential and in vitro cell motility of
tumor cells (7, 8), and Kantor et al. (8, 9) reported that murine
melanoma cell lines and human breast carcinoma cells that were
stably transfected with nm23H1 lost their ability to migrate in
response to a variety of chemoattractants, including serum,
platelet-derived growth factor, and insulin-like growth factor 1.
Despite these previous studies, the basic mechanism of nm23H1
as a suppressor of tumor cell metastasis is still unclear. Zhu et al.
(10) have reported that nm23H1 interacts with Rad, converts
GDP-Rad to GTP-Rad, and acts as a GTPase-activating protein
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(GAP) for Rad, but as far as we have been able to determine,
there is still little information concerning the presumed inter-
actions between nm?23 and the Ras superfamily GTPase in
general.

The purpose of our study is to determine whether nm23H1
regulates Rho-family GTPases, which are closely related to cell
migration. Furthermore, we pursue the possibility that this
regulation may be one of the basic mechanisms of nm23H1 to
modify the metastatic potential of tumor cells.

The Rho family of low-molecular-weight G proteins consists
of the Rho, Rac, and Cdc42 subfamilies. The members of the
Rho family have been recognized as key regulators of signal
transduction pathways that mediate the distinct changes in the
actin cytoskeleton required for transformation (11). Rho family
GTPases are activated by guanine nucleotide exchange factors
(GEFs) and negatively regulated by GAPs (12) and GDP
dissociation inhibitors, which lock the GTPase in either the
active or the inactive state (13). There are several GEFs for the
Rho family GTPases, including Vav, PIX, and Tiaml, which
possess a catalytic Dbl homology domain and convert GTPases
from a GDP-bound state to the active GTP-bound state. Vavl
and PIX both are known to activate both Cdc42Hs and Racl1 (14,
15). Tiaml is a specific GEF for Racl, which originally was
identified in T lymphoma cells as an invasion- and metastasis-
inducing gene (16). Tiam1 protein is known to be highly ex-
pressed in the brain and testis of mice (17). Recent evidence has
shown that Tiam1 stimulates the kinase activity of c-Jun kinase
(JNK) via production of GTP-loaded Racl (18-20). Rac acti-
vation down-regulates Rho activity, which is required for the
Tiam1-induced epithelial phenotype (21).

In this report we address the negative regulation of Tiam1 by
nm23H1, which specifically inhibits Racl activation in Tiam1-
overexpressing cells. This report demonstrates interaction be-
tween nm23H1 and Rho-family GTPases.

Materials and Methods

Plasmids and Constructs. Full-length nm23H1 tagged with a hem-
agglutinin (HA), myc, or flag epitope at the C terminus was
cloned in pCS2 + (provided by D. Turner, Hutchinson Cancer
Research Center, Seattle, WA) for transfection into 293T cells.
To prepare a green fluorescent protein (GFP) fusion protein,
nm23H1 was subcloned into pGFP-C3 (CLONTECH). Mutants
of nm23H1, H118C and P96S, representing clones with a point
mutation of His-118 to Cis-118 and Pro-96 to Ser-96, respec-
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tively, were generated by two-step PCR mutagenesis, as de-
scribed (22). Full-length human Tiam1 cDNA was generated
from the mRNA of HL60 cells by long and accurate PCR, as
described (20). Deletion mutants of nm23H1 [AKpn; deletion of
killer of prune (Kpn) loop of nm23H1; amino acids 96-116] and
Tiaml (C1199, C682, and N392; nomenclature refers to the
number of COOH-terminal or NH,-terminal amino acids of the
encoded Tiam1 proteins) also were generated by the PCR-based
technique. Plasmids encoding full-length ¢cDNAs of human
BPIX and human Vavl were gifts from T. Nagase (Kazusa DNA
Research Institute, Kisarazu, Japan) and M. Shibuya (The
Institute of Medical Science, University of Tokyo, Japan),
respectively. Plasmids encoding human p21-activated kinase 1
(PAKI1), JNKI1, and wild-type or activated mutants of Racl,
Cdc42Hs, and RhoA were provided by B. J. Mayer, University
of Connecticut Health Center, Farmington, CT (23). Plasmid
encoding human Rho-GDP dissociation inhibitor was a gift from
W. Lu, California Institute of Technology, Pasadena, CA (24).
All constructs were cloned into pCS2+ or pGEX-2T (Amersham
Pharmacia) to prepare glutathione S-transferase (GST) fusion
proteins in bacteria. The coding regions of Racl and JNK1 were
subcloned into pEBG for production of GST-tagged proteins in
293T cells. pGEX2T p21 binding domain (pGEX2T-PBD) was
generated by cloning of a PCR-amplified fragment of putative
p21 binding domain of human PAK1 (amino acids 70-133) into
pGEX-2T for affinity precipitation as described (25).

Antibodies. The mAbs for the HA epitope tag, myc epitope tag,
and flag tag were from Berkeley Antibody (Richmond, CA),
Santa Cruz Biotechnology, and Sigma, respectively. The poly-
clonal antibodies for the HA epitope tag, Tiam1, Racl, nm23H1,
and GST were from Santa Cruz Biotechnology. Anti-mouse or
anti-rabbit Ig-conjugated or unconjugated to alkaline phospha-
tase and FITC-conjugated or tetramethylrhodamine B isothio-
cyanate-conjugated secondary antibodies were from Dako.

Cell Culture, Transfection, and Immunoprecipitation. 293T human
embryonal kidney cells and Ratl fibroblasts were cultured in
DMEM (GIBCO/BRL and Life Technologies, Rockville, MD)
supplemented with 10% FBS. For transient expression assays,
293T cells were transfected with a maximum of 12 ug of plasmid
DNA per 10-cm-diameter dish or 2.0 ug of plasmid DNA for a
3.5-cm-diameter dish by a calcium phosphate coprecipitation
method with concurrent treatment with 25 uM chloroquine,
essentially as described (26). Rat1 cells were transfected with the
use of Lipofectamine (GIBCO/BRL and Life Technologies)
with a maximum of 1.0 ug of plasmid DNA per 3.5-cm-diameter
dish. Cells were harvested 48 h after transfection, and cell lysates
were prepared with protease inhibitors in TXB buffer (10 mM
Tris, pH 7.6/150 mM NaCl/5 mM EDTA, pH 8.0/10% glycer-
ol/1 mM NazV0O4/1% Triton X-100). Whole-brain tissue from
5-week-old Institute for Cancer Research (ICR) mice was also
lysed in TXB buffer with a Dounce homogenizer. For peptide
neutralization, anti-Tiam1c antibody was combined with a 5-fold
(by weight) excess of blocking peptide in a small amount of PBS
and incubated for 2 h at room temperature. Lysates were
precleared by incubation with protein G agarose (Roche Mo-
lecular Biochemicals) for 3 h at 4°C. To purify the protein, 1 ug
of monoclonal or affinity-purified polyclonal antibody was in-
cubated with 500 ul of cell lysate for 2 h at 4°C and precipitated
with protein G agarose for 4 h at 4°C. Immunoprecipitates were
extensively washed with TXB buffer, separated by SDS/PAGE,
and immunoblotted. Rat1 cell lines overexpressing GFP-tagged
nm23H1 were established by transfection of pGFP-C3 encoding
nm23H1 as described above. Cells were cultured in DMEM
containing 0.4 ug/ml G418 (GIBCO/BRL) for 2-3 weeks.
Well-isolated colonies were characterized further.
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Determination of GTP Formation of Rho-Family GTPases. Measure-
ment of guanine nucleotides bound to Rho-family GTPases in
vivo was carried out as described (27). Briefly, pPEBG-Racl, with
or without plasmids encoding Tiam1 and nm23H1, was trans-
fected into 2 X 10° 293T cells in a 35-mm-diameter dish.
Forty-eight hours after transfection, the cells were labeled with
0.05 mCi of *?P; (NEN) in 0.5 ml of phosphate-free MEM
(GIBCO/BRL) for 2 h and lysed in lysis buffer (20 mM Tris-HCI,
pH 7.5/150 mM NaCl/20 mM MgCl,/1 mM NazV04/0.5%
Triton X-100/5 wg/ml aprotinin/1 mM PMSF). GST-tagged
Racl was purified by glutathione Sepharose, then eluted in
buffer containing 20 mM Tris (pH 7.5), 20 mM EDTA, and 2%
SDS. Eluted samples were resolved by TLC, and the results were
visualized and quantitated with a Bio Imaging Analyzer
(BAS1000; Fuji). To determine whether nm23H1 promotes the
formation of GTP-Racl in situ, GDP was immobilized on
GST-Racl by UV crosslinking with the use of Stratalinker
(Stratagene). The samples were washed, incubated with
[v-?P]ATP (10 pCi) in the absence or presence of 0.1 ug of
GST-nm23H1 at 25°C for 5 min, and resolved by SDS/PAGE
and autoradiography as described (10).

Affinity Precipitation. Affinity precipitation with the GST-tagged
p21 binding domain of PAK1 (GST-PBD) was performed as
described (25). Briefly, 293T cells were lysed in the lysis buffer
(20 mM Tris'HCI, pH 7.5/150 mM NaCl/20 mM MgCl,/1 mM
Na3zVOy4/5% Triton X-100/5 ug/ml aprotinin/1 mM PMSF),
and incubated with GST-PBD on Sepharose for 1 h at 4°C.
Precipitants were washed three times in the same buffer, and
endogenous Racl was detected by immunoblot.

In Vitro Kinase Assay of JNK1. GST-JNK1 was purified by gluta-
thione-Sepharose from 293T cells transfected with pEBG-JNK1
together with the plasmids cited. The in vitro kinase assay was
carried out as described with GST-cJun as substrate (26). The
results were visualized and quantitated with a Bio Imaging
Analyzer (BAS1000; Fuji).

Cell Staining. For immunohistochemical analysis, cells were
plated on fibronectin-coated slides (Roche Molecular Biochemi-
cals) for 15 min or 120 min, fixed with PBS containing 4%
paraformaldehyde for 20 min at 25°C, and then permeabilized
with PBS containing 0.2% Triton X-100 for 5 min. The cells were
preincubated in 1% BSA for 10 min and incubated with the
primary antibody for 1 h at 25°C. The cells then were rinsed in
PBS containing 1% BSA and incubated with anti-mouse or
anti-rabbit Ig for 1 h at 25°C to enhance the signal. After the cells
were rinsed, they were further incubated with FITC- or tetra-
methylrhodamine B isothiocyanate-conjugated secondary anti-
body for 1 h at 25°C, and filamentous F-actin was stained with
tetramethylrhodamine B isothiocyanate-conjugated phalloidin
(Sigma). Cells were examined with an Axiophot microscope
(Zeiss).

Results and Discussion

Nm23H1 Specifically Associates with Guanine Nucleotide Exchanging
Factor Tiam1. We attempted to determine, by coprecipitation
analysis, whether nm23H1 interacts with regulators of Racl,
including Tiam1, Vavl, and PIX. Fig. 2a shows that nm23H1
associated with Tiam1 in vivo (lanes 1 and 6).

To determine the location of the nm23H1 binding site in the
Tiaml protein, truncated Tiaml cDNA constructs were used
(Fig. 1). Coprecipitation analysis revealed that a truncated
Tiam1 encoding 392 amino-terminal aa (N392) tightly bound to
nm23H1 in vivo (Fig. 2a, lane 4, and Fig. 2¢, lane 2). N-terminal
deleted Tiam1 constructs (C1199 and C682), on the other hand,
did not associate with nm23H1 (Fig. 2a, lanes 2, 3, 5, and 7, and
Fig. 2c, lane 1). Previous studies demonstrated that His-118
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Fig. 1. Schematic representation of wild-type and truncated Tiam1 cDNA

constructs used in this study. Proteins are depicted to scale. M, myristoylation
signal; P, region rich in proline, glutamate, serine, and threonine; PHn and
PHc, NH-terminal and COOH-terminal pleckstrin homology domains; DHR,
Discus-large homology region; DH, Dbl homology domain; WT, wild type.

corresponds to a phosphorylated region in nm23H1 and is
essential for NDP kinase activity (28). Substitution of His-118 by
Cys in nm23H1 (H118C) abolishes the histidine kinase activity
of nm23H1. The NDP kinase activity of nm23 was not involved
in the association with Tiam1, because a mutation in nm23H1
(H118C) did not affect the results of Tiam1 interaction (data not
shown). Another mutation, Pro-96 to Ser (P96S), which is known
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Fig.2. Nm23H1 specifically associates with the guanine nucleotide exchang-

ing factor Tiam1. (a) 293T cells were transiently transfected with plasmid
encoding myc or HA-tagged nm23H1 together with the Tiam1 constructs
indicated above the lanes. Cells were lysed and immunoprecipitated (IP) with
anti-myc (lanes 1-4) or anti-Tiam1-c (lanes 5-7), which reacts with epitopes
located at the carboxyl terminus of Tiam1. Bound proteins were immunoblot-
ted (IB) with the antibodies indicated. Expression of Tiam1 and nm23H1 in
individual cell lysates (total lysate) was confirmed by immunoblotting (Bot-
tom). (b) 293T cells were transiently cotransfected with flag-tagged wild type
or AKpn nm23H1 together with Tiam1 constructs as indicated. Cell lysates
were immunoprecipitated with anti-flag and immunoblotted with the anti-
bodiesindicated (lanes 1-3). HA-tagged wild-type or AKpn nm23H1 constructs
were transiently transfected with flag-tagged wild-type or AKpn nm23H1
constructs (lanes 4-6). Immunoprecipitation and immunoblotting were per-
formed asindicated. Expression of nm23H1 and Tiam1 is shown at the bottom.
(c) 293T cells were transiently transfected with plasmid encoding myc-tagged
nm23H1 together with Tiam1, HA-tagged BPIX, or Vav1 as indicated. Cell
lysates were immunoprecipitated with anti-myc and immunoblotted sequen-
tially with anti-Tiam1-c and anti-HA antibodies. (d) Whole brains of adult
Institute for Cancer Research (ICR) mice were lysed and immunoprecipitated
with anti-Tiam1-c antibody, normal rabbit Ig fraction, or peptide-neutralized
anti-Tiam1-c antibody. Precipitants were subjected to immunoblot with the
indicated antibodies. These experiments were performed at least three times.
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as a killer of the prune mutation in the Drosophila nm23 homolog
that causes developmental defects, also was examined for ability
to bind to Tiam1. Association of nm23H1 (P96S) with Tiam1 also
was detected, at almost the same level as the wild-type nm23H1
association with Tiam1 (data not shown). X-ray crystallography
studies have shown that nm23H1 forms hexamers, and an
essential role of the Kpn loop in nm23H1 in oligomerization has
been proposed (29). We prepared a Kpn loop deletion mutant
(AKpn) of nm23H1. This mutant could not oligomerize with
wild-type nm23H1 or itself under the conditions that enabled
oligomerization of nm23H1(WT)s in vivo (Fig. 2b, lanes 4-6).
Nor could this mutant bind to Tiam1'-39? in vivo (Fig. 2b, lane
3). Considering that H118C and P96S mutants are the most
essential for known biological functions of nm23 (in particular,
mutation of Pro-96 abrogates its motility inhibitory activity upon
transfection into human breast carcinoma cells) (9), our obser-
vation is striking in terms of the independence of previously
known mechanisms. Nm23H1s (wild-type, histidine-mutated,
and P96S-mutated forms) inhibited the Racl activation via
negative regulation of Tiam1’s GEF activity in the environment
of Tiam1-activated cells in the same way. The effect of nm23H1
through protein—protein interaction (actually, interaction of
Tiam1l and nm23H1 shown here was quite an unexpected
observation) may drastically change the view of the metastasis
suppressor function of nm23H1 and will provide an alternative
interpretation of the commitment of this molecule to the bio-
logical phenomena underlying a more complex situation, i.e.,
tumor metastasis.

There are numerous possible mechanistic bases for this phe-
nomenon. The results obtained with Kpn loop deletion mutants
indicate that the oligomerization of nm23H1 is probably impor-
tant for in vivo binding to Tiam1. Alternatively, it is also possible
that the Kpn loop of nm23H1 could be bound to Tiam1. Because
we could not demonstrate any direct interaction between bac-
terially expressed nm23H1 protein and Tiam1 in vitro (data not
shown), the preferential association of nm23H1 with Tiaml
(Tiam1'-392) may require some other linking proteins. Although
it has been determined that Tiam1'-3%? contains two domains
rich in proline, glutamate, serine, and threonine (amino acids
58-92 and 100-132), which are considered to be predictors of
protein instability (16, 30), the presence of an nm?23-binding
motif in Tiam1'392 should be elucidated. On the other hand, as
shown in Fig. 2c, neither PIX nor Vavl was coprecipitated with
nm23H]1, thereby indicating that the association of nm23H1 with
Tiam1 is rather specific among the GEFs. Among native mouse
tissues, Tiam1 has been reported to be highly expressed in the
brain and the testis (16). Nm23H1 was coprecipitated with
Tiam1 from mouse brain extract by specific Tiam1 antibody.
However, nm23H1 was not detected against mouse brain extract
immunoprecipitated by normal rabbit Ig fraction or peptide-
neutralized Tiam1 antibody (Fig. 2d). This finding indicates that
physiological interaction between nm23H1 and Tiam1 occurs in
the brain, although the biological function of Tiam1 in the brain
is unclear. Further analysis, including analysis of the histological
distribution of these proteins in the brain, will be necessary.

Nm23H1 Down-Regulates Rac1 by Association with Tiam1. Next we
attempted to determine whether nm23H1 modified the GEF
activity of Tiam1 by labeling cells with 32P; in vivo. The amount
of GTP-bound Racl was markedly increased by overexpression
of wild-type Tiam1 (Fig. 3a, lane 3). Coexpression of wild-type
nm23H1 inhibited the increase in GTP-bound Racl induced by
Tiam1 in a dose-dependent manner (Fig. 3a, lanes 4 and 5), and
Tiam1-induced Racl activation also was inhibited by coexpres-
sion of kinase-inactivated nm23H1 (H118C) (Fig. 3b, lane 4).
The modification of Tiam1-induced Racl activation by nm23H1
also was examined by affinity precipitation of GTP-bound Racl
with the GST-PBD, as described (25). The PAK family of
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Fig.3. Nm23H1 down-regulates Rac1 by association with Tiam1. (a—c) 293T
cells transfected with plasmids indicated at the top were labeled with 32P; for
2 h. Lanes 4 and 5 (a): transfected with 0.5 ug and 0.2 ug, respectively, of
plasmid encoding nm23H1 tagged with myc. The total amount of transfected
plasmid DNA was equalized by adding empty vector pCS2+. The labeled
guanine nucleotides that bound GST-tagged Rac1 were separated by TLC and
visualized and quantitated with IMAGING ANALYZER (BAS 1000; Fuji). Compara-
ble expression of Tiam1, GST-Rac1, and nm23H1 was confirmed by immuno-
blotting (Bottom). ori, origin of the TLC plate.

serine/threonine kinases is activated by binding to the GTP-
bound form of Racl or Cdc42, which leads to the activation of
mitogen-activated protein kinases (31, 32). Therefore the PBD
of PAKI1 was used to pull down GTP-bound Racl in this
experiment. GTP-bound Racl precipitated with GST-PBD was
reduced by coexpression of wild-type or H118C mutant nm23H]1
(Fig. 4a, lanes 3-6). As in other proteins containing a Dbl
homology domain, N-terminal truncation of the Tiam1 protein
is known to cause it to activate itself into an oncogenic form,
establishing Tiaml as a protooncogene (33, 34). GTP-bound
Racl was markedly increased by N-terminal truncated Tiam1
(C1199), and the increase was not reduced by cotransfection with
the wild-type or H118C mutant of nm23H1 under conditions in
which wild-type Tiam1-induced Racl activation was significantly
inhibited (Fig. 3¢). This finding is also compatible with the
prediction that nm23H1 associates with N-terminal Tiam1!-3%2,
In conclusion, nm23H1 negatively regulates Tiaml, indepen-
dently of its NDP kinase activity, and interaction between Tiam1
and nm23H1 is necessary for its negative regulation. Recent
evidence has shown that Tiaml stimulates the JNK pathway
through activation of Racl (18-20). Observation of the inter-
action of nm23H1 with Tiam1 led us to investigate possible
nm23H1 modulation of Tiaml-induced JNK activation. As
shown in Fig. 4b, the expression of wild-type Tiam1 induced JNK
activation (lane 2), but the activation was abrogated by cotrans-
fection with the wild-type or H118C mutant of nm23H1 (lanes
3 and 4). In contrast, coexpression of nm23H1 did not affect the
JNK activation induced by Tiam1 (C1199) (Fig. 4b, lanes 5-7).
Although Tiam1 (N392) did not stimulate JNK activation as
expected (Fig. 4c, lane 2), coexpression of an excess of Tiaml
(N392) partially rescued the nm23H1-blocked JNK activation
(Fig. 4c, lane 5). These results further support an inhibitory role
for nm23H1 in the Tiam1-Racl-induced JNK activation based
on the association with the N-terminal region of Tiaml. Al-
though the mechanism of down-regulation of Tiam1 by nm23H1
is unclear, we found that nm23H1 inhibited the GEF activity of
Tiaml. A structural change in Tiaml protein as a result of the
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Fig. 4. Nm23H1 down-regulates Rac1 by association with Tiam1. (a) 293T

cells were transfected with the plasmids indicated at the top. A total of 0.25
1g (lanes 3 and 5) and 0.5 pg (lanes 4 and 6) of HA-tagged plasmids encoding
wild-type or H118C mutant nm23H1 (HQ), respectively, was transfected. Cells
were lysed for affinity precipitation (AP) with immobilized GST-PBD as de-
scribed in Materials and Methods. Precipitated endogenous GTP-bound Rac1
was detected by immunoblotting with anti-Rac1 antibody. Expression of
Tiam1and nm23H1 was detected by immunoblotting (Bottom). (b and c) 293T
cells were transfected with the plasmids at the Top. GST-tagged JNK1 was
purified from cell lysates and subjected to in vitro kinase assay with GST-c-jun
as substrate. Comparable expression of Tiam1, GST-JNK1, and nm23H1 in
individual lysates was confirmed by immunoblotting (Bottom). (c) The relative
activity of JNK1 against the reference (Lane 2) was calculated by adjusting the
densitometric value and standardization. Similar results were obtained in
three independent experiments.

association with nm23H1 may induce inhibition of the GEF
activity of Tiam1.

Nm23H1 Transphosphorylates to Rho-Family GTPases in Vitro. NDP
kinase family genes modulate GTP-binding proteins by direct
phosphorylation or indirectly by modulation of nucleotide pool
sizes, resulting in regulation of G-protein activity (35-38).
Nm23H1, but not nm23H1 (H118C), phosphorylated the Rho-
family GTPases Racl, Cdc42Hs, and RhoA in the presence of
ATP in vitro (data not shown). Zhu et al. (10) showed that
Rad-bound GDP was directly converted to GTP in situ as a result
of phosphorylation by nm23H1. We therefore attempted to
determine whether nm23H1 can convert GDP to GTP in situ by
fixing GDP on GST-Racl by UV irradiation as described (10).
As shown in Fig. 5a, the wild-type nm23H1 was able to convert
GDP-Racl to GTP-Racl without release of GDP from Racl,
whereas nm23H1 (H118C) and the control GST could not.
We next attempted to determine whether nm23H1 had func-
tional GEF activity for Racl in vivo, which seemed to be the
opposite of nm23H1’s function as the negative regulator of
Tiam1-Racl signaling described above. Although nm23H1 in-
duced a significant increase in the GTP-bound form of GTPases
in vitro, the amount of GTP-loaded Racl was very small in
nm23H]1-transfected cells (Fig. 5b, lane 2), which was deter-
mined by labeling cells with 32P; as described in Fig. 3. This
finding is consistent with the observation that overexpression of
wild-type nm23H1 or the kinase-inactivated mutant of nm23H1
(H118C) markedly reduced Racl activation induced by Tiaml.
There are several possible explanations for why nm23H1 can
directly phosphorylate Rac in vitro but not in vivo. The sensitivity
of our in vivo assay for GTP-bound Racl may be insufficient, and
other proteins also may contribute to regulation of Racl acti-
vation in vivo. Further inspection of Fig. 4b, lanes 3 and 4,
revealed that nm23H1 (H118C) induced slightly greater reduc-
tion than did wild-type nm23H1 in JNK activation, probably
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Fig.5. Nm23H1 transphosphorylates to Rac1 in vitro. (a) GDP-loaded GST-Rac1

on glutathione Sepharose (1 ng) was UV-irradiated as described in Materials and
Methods, followed by incubation with 10 u.Ci [y-32P]JATP in the presence of 0.1 ug
GST-nm23H1, GST-nm23H1 (H118C), or control GST, as indicated above the lanes.
The reactants were washed and resolved by 12% SDS/PAGE. Precipitated GST-
tagged Rac1 was detected by Coomassie stain (Bottom). (b) 293T cells were
transfected with pEBG-Rac1 in combination with either mock vector, wild type
(WT), H118C mutant of nm23H1 or wild-type Tiam1, as indicated above. Cells
were labeled with 32P; for 2 h. The labeled guanine nucleotides bound to GST-
tagged GTPases were separated by TLC. Expression of GST-tagged Rac1 in indi-
vidual lysates was confirmed by immunoblotting (Bottom). Similar results were
obtained in three independent experiments.

reflecting the persistence of barely detectable functional GEF
activity for Racl of nm23H1.

Zhu et al. (10) showed that nm23H1 associates with Rad and
regulates Rad in two ways: it converts GDP-Rad to GTP-Rad in
vitro, depending on its NDP kinase activity, and it acts as a GAP
for Rad. Although the possibility that nm23H1 may also have
GAP activity for Racl was examined by measurement of the
release of [y-*?P]GTP from Racl in vitro, no GAP activity of
nm23H]1 for Racl was detected in our study (data not shown).
Furthermore, no direct association of nm23H1 with Rho-family
GTPases was detected in vitro in our experiments. Neither the
wild-type nor the activated form of Racl or Cdc42Hs was
coprecipitated with nm23H1 when Racl and Cdc42Hs were
associated with the PBD of PAK1, which was used as a control.
Moreover, nm23H1 was not coprecipitated with either GTP-
loaded or GDP-loaded GTPases under conditions in which
PAK1 and Rho-GDP dissociation inhibitor, which were used as
controls, associated strongly with these GTPases (data not
shown). The absence of a direct association of nm23H1 with
GTPases seems to be compatible with the modest effect of
nm23H1 on the activation of Racl in vivo.

Overexpression of nm23H1 Reduces Membrane Ruffles. Racl and
Tiam1 both have been shown to be involved in the formation of
lamellipodia and the establishment of cadherin-mediated cell-
cell adhesion (21, 39). When Ratl fibroblasts adhered to the
extracellular matrix protein fibronectin, F-actin-containing
membrane ruffling was stimulated as the initial response (com-
pare Fig. 6 b and d), as described by others (40). Although
endogenous Tiam1 is expressed homogeneously in the cytoplasm
of Ratl cells under usual conditions (Fig. 6a), it had localized to
the lamellipodia by 15 min after cells were placed on fibronectin
(Fig. 6¢). The membrane ruffles were prominent in the control
GFP-overexpressed cells (Fig. 6e), but overexpression of GFP-
tagged nm23H1 reduced the number of F-actin-containing
ruffles formed (Fig. 6f). Consistent with this finding, the control
GFP did not affect the peripheral localization of Tiaml, but
Tiam1 was not expressed on the periphery of the cell membrane
in nm23H1-overexpressed cells (Fig. 6 g and /). On the other
hand, expression of nm23H1 did not affect the membrane ruffle
formation induced by transfection of Tiam1 (C1199) mutant or
the peripheral localization of Tiam1 (C1199) (Fig. 6 [-0). This
observation is compatible with the result that nm23H1 did not
inhibit Tiam1 (C1199)-induced Racl/JNK activation as shown
in Figs. 3c and 4b. The fact that the level of expression of Tiam1
protein was not significantly different in nm23H1-overexpressed
Ratl cells and control GFP-overexpressed cells indicates that
nm23H1 did not down-regulate expression of the Tiam1 gene
(Fig. 6k). Inhibition of membrane ruffles by nm23H1, demon-
strated here, is compatible with the previous finding that
nm23H1 prevents cell migration in response to a variety of
chemoattractants, including whole serum, platelet-derived
growth factor, and insulin-like growth factor 1 (8, 9). The
mutations in nm23H1 that abrogate NDP kinase activity have
not been reported to be correlated with the motility-suppressive
phenotype of nm23H1 (9). Nor did we detect any significant
difference between the wild type and H118C mutant of nm23H1
in the inhibitory effect on ruffle and lamellipodium formation in
Ratl cells (data not shown). Obviously questions remain to be
elucidated. It is especially necessary to determine whether the
abrogation of ruffling formation in nm23H1-overexpressed cells
depends on inactivation of endogenous Tiam1 or modification of
other pathways. It also should be elucidated whether nm23H1
inhibits Racl activity by changing the subcellular localization of
Tiam1. Wild-type Tiam1 has its own myristoylation signal in the
amino terminus, but this signal is not sufficient for membrane
localization (34). The additional myristoylation signal of the
N-terminal v-Src sequence stabilizes Tiam1 on the cell mem-
brane (34). It therefore may be interesting to investigate the
possibility that nm23H1 also effectively inhibits the Racl acti-

Fig. 6.

Overexpression of nm23H1 reduces the adhesion-stimulated membrane ruffles of Rat1 cells. (a—d) Rat1 cells were stained for Tiam1 (a and ¢) and for

F-actin (b and d) on uncoated slides (a and b) or replated on fibronectin-coated slides for 15 min (c and d). (e-j and /-0) Rat1 cells stably expressing GFP (e, g,
i, I, and n) or GFP-tagged nm23H1 (f, h, j, m, and o) were either untransfected (e—j) or were transfected with Tiam1 C1199 (myc tagged at the C terminus) (/-0),
then replated on fibronectin-coated slides for 15 min and stained for F-actin (e, f, /, and m), endogenous Tiam1 (g and h), or Tiam1 C1199 (anti-myc) (n and o).
The same cells are shown in a-d, g, i, and h, j. (i and j) Stable expression of GFP or GFP-nm23H1. Expression of endogenous or transfected Tiam1 and nm23H1
in Rat1 cells is shown by immunoblot (k and p). Three independent clones expressing GFP-tagged nm23H1 or GFP were examined, and similar results were
obtained.
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vation induced by a Tiam1 mutant that is forcibly localized on the
membrane by the addition of the myristoylation signal of v-Src.

As shown in other reports, constitutively activated Tiaml
(C1199) induces epithelium-like morphology in fibroblasts when
cells are plated at high density, and Tiam1 is dominantly expressed
at sites of the cell-cell adhesion (21). No such accumulation of
Tiam1 protein at cell junctions was observed in wild-type Tiam1-
transfected Rat1 cells or NIH 3T3 cells in our experiments (data not
shown). This lack of accumulation of Tiam1 protein may indicate
that fully activated Tiam1 may be necessary for the induction of
cadherin-mediated cell-cell contacts. Therefore the inhibitory ef-
fect of nm23H1 on Tiaml1 activity may lead to different phenotypes
of tumor cells: decreased cell motility, as suggested by our results,
or decreased intercellular adhesion. Although nm23H1 is a putative
tumor metastasis suppressor, expression of nm23H1 has not always
been correlated with lower metastatic potential in some human
tumors (5, 41). Total analyses, including the level of expression of
Tiam1, nm23H1, and cadherin and the activity of Tiam1, may
provide a more useful indicator of the metastatic potential of tumor
cells.

On the other hand, the proteins that interact with nm23H1 are
not fully understood. Members of the ROR/RZR nuclear
orphan receptor subfamily are reported to interact with nm23 in
vitro and regulate the transcription of genes, including N-myc
(42). Moreover, an isoform of mouse nm23, nm23 M1, forms
molecular complexes with B-tubulin in myogenic cells during the
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process of differentiation, although its biological significance is
not well known (43).

We observed that nm23H1 associates with Tiam1 and down-
regulates Tiam1-Racl signaling. Because nm23H1 did not asso-
ciate with Rho-family GTPases and was not a functional GEF for
GTPases in vivo, we concluded that the major role of nm23H1
in Tiam1-activated cells is to act as a negative regulator of Racl.
Although the molecules that stimulate Tiaml activity are not
well understood, Bourguignon et al. (44) recently reported a
direct interaction between CD44v3 [the hyaluronic acid-binding
receptor] and Tiaml and that binding of hyaluronic acid to
CD44v3 stimulated Tiam1-catalyzed Racl signaling and tumor
cell migration. It would be interesting to investigate the possible
interactions of Tiam1 and nm23H1 with other molecules such as
CD44 in physiological and pathological conditions. Our findings
reported here suggest a function of nm23H1 as a regulator of
Racl GTPase that may lead to modification of the cell motility
and metastatic potential of tumor cells. Furthermore, as both
Tiam1 and nm23H1 are predominantly expressed in brain and
testis, the physiological association of these two proteins and the
functional significance of this association in these organs should
be examined.
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