
Tiam1 MUTATIONS IN HUMAN RENAL-CELL CARCINOMAS
Rainer ENGERS*, Thomas P. ZWAKA , Lutz GOHR, Achim WEBER, Claus-Dieter GERHARZ and Helmut E. GABBERT

Institute of Pathology, Heinrich-Heine-University, Du¨sseldorf, Germany

Tiam1 activates the Rho-like GTPase Rac1, and studies
indicate that Tiam1–Rac1 signaling affects invasion in differ-
ent ways depending on the cell type studied. However, no
investigations on Tiam1 in human tumors have been re-
ported. Here, we show that for 4 of 5 human renal-cell
carcinoma (RCC) cell lines the expression levels of Tiam1
tended to be inversely correlated with in vitro invasiveness,
whereas no obvious correlation could be found between the
expression levels of Rac1 and invasion. Subsequent mutation
analysis of these cell lines revealed no mutations in Rac1 but
up to 5 different point mutations in the Tiam1 gene. Of these,
1 mutation (A441G) was located in the NH2-terminal pleck-
strin homology domain, which is essential for membrane
localization and functional activity of Tiam1. By analysis of an
additional 30 primary human RCCs, mutation A441G was
found in 4 of 35 tumors and tumor cell lines (11.5%) but not
in the respective normal kidney tissues. By enzymatic diges-
tion, mutation A441G proved to be heterozygous, suggesting
a dominant active function. This was supported by showing
that stable over-expression of mutated A441G-Tiam1 in-
duced transformation of NIH3T3 cells, as determined in a
colony formation assay, whereas empty vector and wild-type
Tiam1 failed to do so. In conclusion, a distinct Tiam1 muta-
tion (A441G) was identified in several human RCCs. This
mutation induced transformation of NIH3T3 cells and,
hence, might play a major role in the progression of human
RCCs. Further analyses on Tiam1 mutations in human tu-
mors might give new clues to their role in tumor progression.
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Tiam1has been identified as an invasion- and metastasis-induc-
ing gene in a murine T-lymphoma cell line, and it activates the
Rho-like GTPase Rac1 (Habetset al.,1994). Constitutively active
Rac1 induces lamellipodia formation and membrane ruffling in
fibroblasts and stimulates activation of c-Jun NH2-terminal kinase
(JNK), p38 kinase, NFkB, serum response factor and cyclin D1
promoter, apparently through different independent signaling path-
ways (Michielset al.,1995; Westwicket al.,1997; Kheradmandet
al., 1998). Over-expression of Tiam1 cDNA in NIH3T3 cells
resulted in both membrane ruffling and stimulation of JNK activity
through activation of Rac1 (Michielset al.,1995, 1997). Similar to
C-1199-Tiam1, which is an active NH2-terminally truncated
Tiam1 mutant comprising the COOH-terminal 1,199 amino acids
(aa), transfection of constitutively active V12Rac1 cDNA induced
an oncogenic phenotype in NIH3T3 fibroblasts andin vitro inva-
siveness of murine T-lymphoma cells (van Leeuwenet al.,1995).
In contrast, in Ras-transformed Madin-Darby canine kidney
(MDCK) cells, Tiam1–Rac1 signaling restored E-cadherin–medi-
ated cell–cell adhesion, resulting in phenotypic reversion and
inhibition of invasion in this cell type (Hordijket al.,1997). This
suggests that Rac1 regulates E-cadherin–mediated cell–cell adhe-
sion, which is an important determinant for the invasive capacity
of epithelial tumor cells. Invasion and metastasis of carcinoma
cells is often associated with reduced E-cadherin–mediated cell–
cell adhesion, and reduced expression of, or mutations in, E-
cadherin,b-catenin anda-catenin have been identified in human
tumors and tumor cell lines (Birchmeieret al., 1995).

The Tiam1 protein comprises 1,591 aa and harbors a number of
motifs, the functions of which, however, are only partly known
(Habetset al., 1994; Michielset al., 1997). At the NH2 terminus
of Tiam1, a myristoylation site and 2 PEST domains are present.
The latter are thought to be predictors of protein instability but
may also be involved in the regulation of protein–protein interac-
tions (Chuet al., 1996). Furthermore, Tiam1 contains a PSD-95-

Dlg-ZO-1 (PDZ) domain, also known as Discs-large homologous
region. This motif is found in many cell junction–associated pro-
teins implicated in ion-channel and receptor clustering and in
coupling proteins to the membrane cytoskeleton (Marfatiaet al.,
1996). Tiam1 also harbors a Dbl homology (DH) domain and 2
pleckstrin homology (PH) domains, the second of which flanks the
DH domain at its COOH terminus. PH domains are protein motifs
of about 100 aa which are considered to play an important role in
tethering cytosolic proteins to the plasma membrane by protein–
protein and/or protein–lipid interactions (Shawet al.,1996). Point
mutations in the PH domain of Bruton9s tyrosine kinase were
found to be causative for X-linked agammaglobulinemia (Rawl-
ingset al.,1993; Vihinenet al.,1995). DH domains, in combina-
tion with a COOH-terminally flanking PH domain, are character-
istic for proteins acting as guanine nucleotide exchange factors
(GEFs) for small GTPases of the Rho subfamily (Collard, 1996).

Despite the established role of Tiam1–Rac1 signaling in inva-
sion of murine T-lymphoma cells and Ras-transformed MDCK
cells, no investigations on Tiam1 in human tumors have been
reported. In the present study, we have analyzed the expression of
Tiam1 and Rac1 in 5 different human renal-cell carcinoma (RCC)
cell lines in relation to their invasive capacityin vitro. Further-
more, we have investigated these cell lines and (as far as available)
the respective primary tumors from which they were derived, as
well as 30 additional primary human RCCs, for mutations in the
Tiam1gene. We identified the sameTiam1mutation (A441G) in 4
of 35 RCCs investigated and provide evidence that this mutation
might play a role in tumor progression.

MATERIAL AND METHODS

Cell lines, cell culture and primary tumors
Five different human RCC cell lines of the clear-cell type

(clearCa-5, clearCa-19, clearCa-27, clearCa-28, clearCa-32) were
established as previously described (Gerharzet al.,1994; Engerset
al., 2000). All RCC cell lines as well as NIH3T3 cells were
maintained in DMEM (GIBCO BRL, Karlsruhe, Germany) sup-
plemented with 10% FCS and antibiotics. Cell lines were incu-
bated at 37°C in an atmosphere of 5% CO2. Primary tumor
material, from which RCC cell lines were derived, and correspond-
ing normal kidney tissue of the same patients were available only
for clearCa-5 and clearCa-32.

For further analysis ofTiam1 mutations, paraffin-embedded
material of an additional 30 different human clear-cell RCCs with
histologically confirmed diagnosis were used.

Matrigel invasion assay
The Matrigel invasion assay imitates active transmigration of

tumor cells across a reconstituted basement membrane and was
performed as described by Engerset al. (1999). Costar (Cam-
bridge, MA) transwells (pore size 8mm) were coated with Matri-
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gel (Becton Dickinson, Heidelberg, Germany), dried at 37°C in an
atmosphere of 5% CO2 and reconstituted with serum-free medium.
The homogeneity of the coating was checked by protein stain. A
single-cell suspension of 50,000 tumor cells suspended in serum-
free medium was inoculated into the upper chamber, after having
added the same medium to the lower chamber. The transmigratory
potency of the tumor cells was determined by counting all tumor
cells in 5 randomly selected counting areas at the lower surface of
the filter after an incubation period of 24 hr. Therefore, cells on the
upper surface were wiped away and filters were fixed in methanol
and stained with hematoxylin and eosin. Each assay was per-
formed in triplicate and repeated twice.

Immunoprecipitation/Western blotting
Expression of Tiam1 in RCC cell lines was determined by

immunoprecipitation: 13 107 tumor cells of each cell line were
lysed in a buffer containing 150 mM NaCl, 50 mM Tris, 5 mM
EDTA, 1% NP40, 20mM aprotinin, 20mM leupeptin and 200mM
phenylmethylsulfonyl fluoride. After centrifugation of the lysate,
Tiam1 was immunoprecipitated from the detergent-soluble frac-
tion using a polyclonal antibody (Santa Cruz, Heidelberg, Ger-
many) and immunocomplexes were captured by means of pro-
tein-A Sepharose beads (Pharmacia, Freiburg, Germany). Beads
were washed 3 times in lysis buffer and proteins subsequently
released by boiling in SDS sample buffer. Samples were analyzed
by SDS-PAGE, and the level of Tiam1 expression was determined
by Western blotting using a Tiam1-specific polyclonal antibody
(Habetset al., 1994), kindly provided by Dr. J.G. Collard (Am-
sterdam, the Netherlands), and the enhanced chemiluminescence
(ECL) detection system (Amersham, Braunschweig, Germany).
Expression of Tiam1 in stably transfected NIH3T3 cells (see
below) was analyzed by Western blotting only.

Rac1 expression was monitored by Western blotting using a mono-
clonal antibody (MAb) kindly provided by Dr. J. Hartwig (Boston,
MA). Equal loading of the gels was confirmed by both re-incubation
of the same filter with a MAb fora-tubulin (Sigma, Deisenhofen,
Germany) and Coomassie blue staining of control gels.

DNA and RNA extraction, RT-PCR and sequence analysis
RNA extraction and RT-PCR.At the time the experiments were

performed, no information about the genomic organization of
Tiam1 was available. Therefore, initial investigations for Tiam1
and Rac1 mutations were performed with cDNAs. Poly (A)1 RNA
was extracted from cell lines and tissues using the Dynabeads
mRNA Direct Kit (Dynal, Hamburg, Germany), according to the
manufacturer’s instructions, and reverse-transcribed using oli-
go(dT) primers and Moloney murine leukemia virus reverse tran-
scriptase (GIBCO BRL). Water instead of RNA was used as a
negative control. PCR was carried out using 50 pmol of each
primer, 1 unit Taq DNA polymerase (Hybaid, Heidelberg, Ger-
many) and the Trio-Block Thermal Cycler (Biometra, Go¨ttingen,
Germany). The oligonucleotide primers allowing both amplifica-
tion and sequencing of the entire open reading frames of Tiam1
and Rac1 were obtained from Pharmacia Biotech (Uppsala, Swe-
den) and Roth (Karlsruhe, Germany). A positive control reaction
with actin primers, which amplify a fragment of the humanb-actin
gene, was tested in a separate PCR. A negative control with water
instead of DNA was used for each reaction.

DNA sequencing.PCR products were separated on a 1.5%
agarose-TBE gel and eluted by means of the Qiaquick Gel Extrac-
tion kit (Qiagen, Hilden, Germany) according to the manufactur-
er’s instructions. Sequence analyses for both strands were per-
formed using the Taq Dye Deoxynucleotide Terminator Cycle
Sequencing kit (Applied Biosystems, Foster City, CA) according
to the manufacturer’s instructions. Sequence reactions were run on
a DNA sequencer (Applied Biosystems). The sequence was
aligned by means of the PC/GENE software package (IntelliGe-
netics, Mountain View, CA). To exclude PCR artifacts in case of
observed mutations, reverse transcriptions, PCRs and subsequent
sequence analyses were repeated at least twice.

Extraction of genomic DNA.To investigate the nature of the
observed A441G mutation, genomic DNA was isolated from the
respective cell lines, primary tumors and corresponding normal
kidney tissues using the QIAamp Tissue Kit (Qiagen) according to
the manufacturer’s instructions. By sequence analysis, human
Tiam1was shown to harbor an intron between nucleotide (nt) 1884
and nt 1885 (according to the cDNA sequence in the NCBI
sequence data library, accession number U16296), which is next to
the observed mutation. Using a Tiam1-specific exon–intron primer
combination (upstream primer 59-CTC GTC AGG GGG TGT
ACG AG-39, downstream primer 59-ACC GGT GCA TTT GGC
ACA TAG CCG-39), spanning codon 441, resulted in a PCR
product of 318 bp. The identity of this PCR product as Tiam1 was
confirmed by sequence analysis. Since mutation A441G abrogated
an EaeI restriction site, the nature of this mutation was investigated
by subjecting the respective PCR products to EaeI (Boehringer
Mannheim, Mannheim, Germany) restriction digest.

Transfection experiments and colony formation assay
To investigate the functional role of the observed A441G mu-

tation, NIH3T3 cells were stably transfected by retroviral trans-
duction as described (Hordijket al., 1997) with either empty
vector (pLZRS), NH2-terminally truncated active C-1199-Tiam1
(comprising the COOH-terminal 1,199 aa), full-length Tiam1 (FL-
Tiam1) or FL-Tiam1 harboring mutation A441G (FL-A441G-
Tiam1). The A441G mutation was introduced by 3-step, PCR-
based in vitro mutagenesis and verified by sequence analysis.
Oligonucleotides forin vitro mutagenesis were purchased from
Isogen Bioscience (Maarssen, the Netherlands). The mutagenic
primer oligonucleotide was 59-GTT CTT GAC TCC CAG CG-39.
Pools of stably transfected cells were maintained in DMEM sup-
plemented with 10% FCS and antibiotics. G418 was used as a
selection marker for the presence of pLZRS in a concentration of
800 mg/ml. To analyze the focus-forming ability of different
Tiam1 constructs, transfected cells were grown to confluence and
transformed foci were scored 10 days later.

RESULTS

Expression of Tiam1 and Rac1
Expression of Tiam1 and Rac1 was analyzed on both the mRNA

(data not shown) and protein levels (Fig. 1a). Tiam1 was expressed
by 4 of 5 RCC cell lines. The highest level of Tiam1 protein was
found in clearCa-19 and clearCa-27, while lower amounts were
detected in clearCa-5 and clearCa-32. No expression of Tiam1 was
found in clearCa-28, which was confirmed by RT-PCR (data not
shown). No major truncations in the Tiam1 protein were detected
in these cell lines.

In contrast to Tiam1, Rac1 was detected in all 5 cell lines tested
and most strongly expressed by clearCa-5 and clearCa-19, whereas
expression levels were lower in clearCa-27, clearCa-32 and
clearCa-28. The observed differences in Rac1 expression were not
caused by unequal loading of the gel, as confirmed by both
re-incubation of the same filter with an antibody againsta-tubulin
and Coomassie blue staining of control gels.

In vitro invasiveness
In the Matrigel invasion assay, marked differences in the inva-

sive behavior of the cell lines were found (Fig. 1b). While
clearCa-28 and clearCa-5 were strongly invasive, clearCa-19 ex-
hibited an intermediate and clearCa-27 and clearCa-32 a low
invasive potential.

When compared to expression levels of Tiam1 and Rac1, the 2
most invasive cell lines either failed to express Tiam1 (clearCa-28) or
exhibited very low expression levels of Tiam1 (clearCa-5). Con-
versely, expression levels of Tiam1 in clearCa-19 and clearCa-27,
which are of intermediate or low invasive potential, respectively, were
markedly higher. These results are in line with the known anti-
invasive effect of Tiam1 in Ras-transformed MDCK cells (Hordijket
al., 1997) and suggest that down-regulation of Tiam1 might contrib-
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ute to the invasive phenotype of human RCCs. However, the least
invasive cell line, clearCa-32, expressed only very low amounts of
Tiam1, suggesting that down-regulation of Tiam1 is not sufficient to
induce a strong invasive phenotype in human RCC. Moreover, no
obvious correlation was seen betweenin vitro invasiveness of all 5
cell lines and expression levels of Rac1.

Analysis of Tiam1 and Rac1 genes for mutations
Since not only expression levels but also functional activities

determine the biological role of proteins, theTiam1 and Rac1

genes were analyzed for the presence of mutations. As intron
sequences of both genes were initially unknown, these investiga-
tions were started on the cDNA level. By sequence analysis of the
entire open reading frame ofRac1,no mutations in this gene could
be detected in any of the 5 RCC cell lines investigated (Fig. 2).

In contrast, the 4 Tiam1-expressing RCC cell lines were found
to harbor between 2 and 5 different point mutations in theTiam1
gene (Fig. 2). Each mutation was detected in at least 2 different
cell lines, and the entire open reading frame of Tiam1, consisting

FIGURE 1 – (a) Protein expression of Tiam1 and Rac1 in 5 human RCC cell lines as determined by combined immunoprecipitation and
immunoblotting (Tiam1) or immunoblotting only (Rac1). The lack of Tiam1 expression in clearCa-28 has been confirmed by RT-PCR (data not
shown). Differences in Rac1 expression were not due to unequal protein loading, as determined by re-incubation of the same filter with an
antibody againsta-tubulin and Coomassie blue staining of control gels. Results are representative for 3 independent experiments.(b) In vitro
invasiveness of 5 human RCC cell lines of the clear-cell type, as determined by Matrigel invasion assay after 24 hr. Major differences in invasion
were detected among the different cell lines (ttc/ca, number of transmigrated tumor cells/counting area). Experiments were performed in triplicate
and repeated twice.
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of 1,591 aa, was sequenced. These mutations were found by
sequence analysis of at least 3 independently generated PCR
products, excluding PCR-based artifacts. Only 3 of these muta-
tions (A441G, H844Q and I1148S) resulted in a change of the aa
code and, therefore, were considered to be of possible functional

importance. These mutations were located either in the PHn do-
main (A441G), next to the PDZ domain (H844Q) or in the cata-
lytic DH domain (I1148S) (Fig. 2). In particular, mutations in the
PHn domain and the DH domain could be of interest because small
deletions in these domains were shown to inhibit the functional

FIGURE 2 – Analysis of human RCCs for Tiam1 and Rac1 mutations.(a) Domain structure of the Tiam1 protein and localization of observed
mutations.(b) List of mutations found in the human RCC cell lines. “Staging and grading” refers to the extent and degree of differentiation,
respectively, of primary tumors. Cell line clearCa-28 did not express Tiam1 and therefore was not analyzed (n.a.) for Tiam1 mutations. Primary
tumors and corresponding normal kidney tissues were available only for clearCa-5 and clearCa-32.1)Mutation also present in both the primary
tumor, from which the cell line was derived, and the corresponding normal kidney tissue.2)Mutation also present in the primary tumor, from
which the cell line was derived, but not in the corresponding normal kidney tissue.(c) Analysis of an additional 30 human RCCs for the presence
of mutation A441G in theTiam1gene.(d) Representative genomic sequence of Tiam1 in clearCa-32, presented in the 59 to 39 direction, with
a point mutation (C3G) in codon 441, resulting in a substitution of alanine (GCC) by glycine (GGC).
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activity of Tiam1 (Michielset al., 1997). To identify cell culture
artifacts and polymorphisms, both primary tumors and the respec-
tive normal kidney tissues, which were available for clearCa-5 and
clearCa-32, were analyzed for the presence of these mutations.
Mutation H844Q was also detected in both primary tumors and
corresponding normal kidney tissues of clearCa-5 and clearCa-32,
indicating that this mutation represents a polymorphism rather than
a functionally important mutation. In contrast, mutations I1148S
and A441G were observed in the primary tumor of clearCa-32 but
not in the respective normal kidney tissue, excluding a cell culture
artifact or a polymorphism. Sequence comparison between human
and murine Tiam1 (Habetset al., 1995), however, revealed that
serine-1148 is the normal aa of murine Tiam1, suggesting that this
mutation is not likely to be of functional importance.

In contrast, mutation A441G was located in the PHn domain of
Tiam1, which is essential for functional activity of the protein
(Michiels et al., 1997), and affected an aa that was evolutionarily
conserved between mouse and human Tiam1. For more informa-
tion about the frequency of A441G mutations in human RCCs, an
additional 30 primary tumors were analyzed for the presence of
this mutation. Interestingly, 2 of these 30 tumors also proved to
harbor mutation A441G, whereas this mutation was absent in the
corresponding normal kidney tissues (Fig. 2). Thus, mutation
A441G was restricted to tumor tissues and found in 4 of 35 RCCs
(11.5%).

Since mutation A441G affected an EaeI restriction site in the
Tiam1 gene, the nature of this mutation was investigated by
enzymatic digest with EaeI (Fig. 3). After having identified and
sequenced an intron next to the observed Tiam1 mutation (data not
shown), PCR products of 318 bp, spanning codon 441, were
amplified from genomic DNA. EaeI digest of PCR products de-
rived from normal kidney tissues were completely digested into 2
fragments, 187 and 131 bp, by EaeI. These results confirm the
presence of an EaeI restriction site in both alleles of normal human
Tiam1and, thus, the absence of mutation A441G. In contrast, the
respective tumor-derived PCR products harboring mutation
A441G were only partly digested by EaeI into the same fragments,
indicating the heterozygous nature of this mutation.

Functional role ofTiam1 mutation A441G
Mutation A441G was located in the PHn domain of Tiam1,

which is essential for membrane localization and functional activ-
ity of the Tiam1 protein as shown in NIH3T3 cells (Michielset al.,

1997). To explore the role of this mutation, 3 different Tiam1
cDNA constructs (FL-Tiam1, FL-A441G-Tiam1 and C-1199-
Tiam1) were stably over-expressed in NIH3T3 cells and the effects
on cell morphology and ability to form colonies analyzed. Trans-
fection of either of the different Tiam1 cDNAs induced membrane
ruffling and an epithelial phenotype, suggesting that these biolog-
ical properties are not affected by mutation A441G (Fig. 4). The
effects of FL-Tiam1 and FL-A441G-Tiam1 on cell morphology
were somewhat less pronounced than those of C-1199-Tiam1,
which is in accordance with earlier reports (Michielset al., 1995,
1997; Hordijket al.,1997; Sanderet al.,1998). However, marked
differences were observed between the different Tiam1 cDNAs in
their ability to induce colony formation in NIH3T3 cells. In line
with previous observations (van Leeuwenet al., 1995), neither
mock- nor FL-Tiam1-transfected cells were capable of forming
colonies 10 days after confluence had been reached, whereas
numerous colonies were seen in C-1199-Tiam1–expressing cells
(Fig. 4). In contrast to FL-Tiam1, ectopic expression of FL-
A441G-Tiam1 induced colony formation to a similar extent as
C-1199-Tiam1 (Fig. 4). Since colony formation in NIH3T3 cells
reflects transformation, our results suggest thatTiam1 mutation
A441G is sufficient to transform NIH3T3 cells and consequently
might play an important role in the progression of human RCCs.

DISCUSSION

The GEF protein Tiam1 was initially identified as an invasion-
and metastasis-inducing gene in a murine T-lymphoma cell line
that activates the Rho-like GTPase Rac1 (Habetset al., 1994;
Michiels et al., 1995). In contrast, in Ras-transformed MDCK
cells, Tiam1 and Rac1 inhibit hepatocyte growth factor–induced
scattering and invasion into collagen by promoting E-cadherin–
mediated cell–cell adhesion (Hordijket al., 1997), suggesting a
cell type-specific role of Tiam1–Rac1 signaling in invasion.

No investigations on Tiam1 in human tumors have been re-
ported, which might be due to the fact that Tiam1-specific anti-
bodies that would allow immunohistochemical studies on paraffin-
embedded material, are not available. In the present study, 5
human RCC cell lines were characterized for expression of Tiam1
and Rac1 in relation to their invasive potentialin vitro. In the
Matrigel invasion assay, imitating active transmigration of tumor
cells across a reconstituted basement membrane, major differences
in in vitro invasiveness were found among the different cell lines.

FIGURE 3 – Analysis of the nature of mutation A441G by EaeI digestion. PCR products of 318 bp spanning codon 441 were amplified from
genomic DNA of cell line clearCa-19, primary tumors (PT-clearCa-32, PT-1, PT-2) and the respective normal kidney tissues (N-clearCa-32, N-1,
N-2) and subjected to EaeI digestion. A non-digested PCR product was used as control (C). Whereas PCR products derived from normal tissues
were entirely digested into 2 fragments, 187 and 131 bp, tumor-derived PCR products harboring mutation A441G were only partly digested into
the same products, indicating the heterozygous nature of this mutation.
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For 4 of 5 cell lines, the invasive potential tended to be inversely
correlated to the expression levels of Tiam1. These results are in
line with the known anti-invasive function of Tiam1 in Ras-
transformed MDCK cells (Hordijket al., 1997) and suggest that
RCC invasiveness might partly result from down-regulation of
Tiam1. The fact, however, that the least invasive cell line, clearCa-
32, expressed only very low amounts of Tiam1 suggests that
down-regulation of Tiam1 is not sufficient to induce a strong
invasive phenotype in human RCC. In contrast to Tiam1, no
correlation between the expression levels of Rac1 and invasiveness
was observed.

Based on the established role of Tiam1–Rac1 signaling in tumor
invasion, we then investigated whether mutations of both genes
occurred in human RCC. Similar to Ras, distinct point mutations
of Rac1 result in constitutive activation of the protein (Ridleyet
al., 1992; Westwicket al., 1997). Therefore, all 5 RCC cell lines
were analyzed for the presence of Rac1 mutations. However,
analyzing the entire open reading frame of Rac1, no mutations
were detected in any of the cell lines tested.

For GEF proteins like Dbl, Ost, Vav, Ect2, Tim and Lbc,
NH2-terminal truncations have been found to activate the respec-
tive protein (Mikiet al.,1993; Chanet al.,1994; Horiiet al.,1994;
Khosraviet al.,1994; Toksoz and Williamset al.,1994). Although
NH2-terminal truncation resulting from retroviral integration is
known to activate Tiam1 (Habetset al., 1994), no naturally oc-
curring Tiam1 truncations were detected in the RCC cell lines.
However, by sequence analysis of the entire coding sequence of
Tiam1, up to 5 different point mutations were found in all 4
Tiam1-expressing RCC cell lines. Only 3 of these mutations,
located within the PHn (A441G), DH (I1148S) or next to the PDZ
(H844Q) domain, respectively, affected the aa code and, therefore,
were considered to be of possible functional importance. Sequence
analysis of primary tumors from which the cell lines were derived
and the respective normal kidney tissues, however, revealed that
mutation H844Q represents a polymorphism, whereas mutations
I1148S and A441G were exclusively found in tumor tissues.
Despite its tumor-restricted detection, mutation I1148S appears
unlikely to be of functional importance since sequence comparison
between human and murine Tiam1 (Habetset al., 1995) revealed
that serine-1148 is the normal aa of murine Tiam1 and over-
expression of murine Tiam1 cDNAs in human cells induces phe-
notypes similar to those reported for non-human cells (data not
shown). In contrast, mutation A441G, located in the PHn domain
and present in 2 of the RCC cell lines, might be functionally
relevant. This mutation was also detected in the primary tumor of
clearCa-32 (primary tumor material of the second cell line was not
available) but not in the corresponding normal kidney tissue of the
same patient. Moreover, mutation A441G was also found in 2 of
30 additionally investigated primary RCCs and proved to be absent
in the corresponding normal kidney tissues. These results excluded
both a polymorphism and a cell culture artifact and suggested a
possible role of the A441G mutation. By enzymatic digestion,
mutation A441G was found to be heterozygous, suggesting a
dominant active function. A functional role of this mutation in the
regulation of invasion of human RCCs, however, appears unlikely
since no correlation with the invasive phenotype of our cell lines
was observed.

In NIH3T3 cells, over-expression of Tiam1 induces morpholog-
ical alterations and NH2-terminal truncations of Tiam1 result in
transformation and oncogenic activation (van Leeuwenet al.,
1995). We therefore investigated whether some of these biological
properties were affected by mutation A441G. In contrast to active
C-1199-Tiam1, stable transfection of FL-Tiam1 was not sufficient
to induce colony formation in NIH3T3 cells, which is in line with
earlier observations (van Leeuwenet al., 1995). However, FL-
A441G-Tiam1–transfected cells gave rise to numerous colonies,
comparable to cells transfected with C-1199-Tiam1. Since colony
formation in NIH3T3 cells reflects transformation, we conclude
that mutation A441G confers transforming activity to theTiam1

FIGURE 4 – Functional analysis of Tiam1 mutation A441G in
NIH3T3 cells.(a) Morphology of NIH3T3 cells stably transfected with
different Tiam1 constructs and analyzed by phase-contrast micros-
copy. Mock-transfected cells are spindle-shaped, exhibit a mesenchy-
mal phenotype and do not show membrane ruffling. Cells transfected
with either C-1199-Tiam1, FL-Tiam1 or FL-A441G-Tiam1 are large
and flat, show pronounced membrane ruffling and exhibit an epithelial
phenotype. No marked morphological differences are observed be-
tween cells expressing FL-Tiam1 or FL-A441G-Tiam1. All pictures
were taken at the same magnification. Scale bar5 20 mm. (b) Immu-
nodetection of Tiam1 proteins in NIH3T3 cells upon stable transfec-
tion with different Tiam1 constructs. Results are representative of 3
independent experiments.(c) Colony formation in stably transfected
NIH3T3 cells. Cells were grown to confluence and colonies scored 10
days later. Whereas no colonies were detectable in mock- and FL-
Tiam1–transfected cells, numerous colonies were observed in cells
expressing C-1199-Tiam1 or FL-A441G-Tiam1. All pictures were
taken at the same magnification. Scale bar5 70 mm.
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gene and, hence, might play a major role in the progression of
human RCCs. In contrast to colony formation, mutation A441G
did not affect the ability of Tiam1 to induce membrane ruffling and
an epithelial phenotype in NIH3T3 cells. This suggests that these
different biological properties of Tiam1 are regulated by different
signaling pathways. So far, Tiam1 has been reported to activate
only Rac1, and Rac1 in turn is known to activate at least 5 different
signaling pathways (Westwicket al., 1997; Kheradmandet al.,
1998). It is conceivable that Tiam1, as a Rac1 exchanger, deter-
mines the binding of specific Rac1 effectors, as found for the
exchanger PIX (Manseret al., 1998); hence, mutation A441G
might affect 1 or several Rac1-dependent signaling pathways.

Moreover, mutation A441G might affect the interaction of the
PHn domain of Tiam1 with distinct upstream regulating proteins.
When compared to other PH domains, this mutation affects an aa
that is conserved between Tiam1 and Dbl and only 1 aa down-
stream of a lysine, which is conserved in at least 12 different PH
domains (Habetset al.,1994). When compared to the PH domains
of pleckstrin, spectrin or phospholipase C-d1, mutation A441G in
Tiam1 is located immediately upstream of the binding sites for
inositol phosphates and next to the protein kinase C–binding sites
of the PH domains of Bruton9s tyrosine kinase and rac protein
kinases (Yaoet al., 1994; Konishiet al., 1994; Fergusonet al.,
1995; Salimet al.,1996). Binding of the PHn domain of Tiam1 to
distinct inositol phosphates and phosphorylation of Tiam1 by
protein kinase C have also been reported (Fleminget al., 1998;

Ramehet al., 1997), but the respective specific binding or phos-
phorylation sites have not been identified. Thus, it remains to be
determined whether these interactions are affected by the observed
A441G mutation.

In conclusion, we identified a distinctTiam1mutation (A441G)
in several human RCCs. This mutation was sufficient to transform
NIH3T3 cells in a colony formation assay and, hence, might play
a major role in the progression of human RCCs. Given the present
results and the established importance of Tiam1 and Rac1 in
invasion of different cell types, a more extensive analysis on
mutations in Tiam1 and Rac1 in human tumors might give new
clues about their function in tumor progression.
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