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Abstract The guanine nucleotide exchange factor
Tiam1 regulates numerous biologic properties includ-
ing migration and invasion. We demonstrated previ-
ously that colon tumor cells biologically selected for
increased migration were increased in Tiaml expres-
sion. Cells selected for increased Tiaml expression or
that ectopically overexpress Tiam1 were increased in
metastatic potential. Here, we demonstrate that Tiam1
regulates additional functions associated with metas-
tasis, including reduced cellular adhesion and resis-
tance to anoikis. Tiam1 effects on cellular migration
are mediated through its downstream substrate, Rac.
Increased Tiaml expression also leads to anoikis-
resistance, whereas decreasing Tiaml expression by
siRNA sensitizes cells to this form of apoptosis; how-
ever, Tiam1’s regulation of anoikis is Rac-independent.
Staurosporine sensitivity is also Rac-independent,
suggesting Tiam1’s effects on apoptosis require other
effectors. As many of the observed phenotypes are
characteristic of a transition of transformed epithelial
cells to a mesenchymal-like phenotype, we also
examined biochemical properties associated with an
EMT. We demonstrate an increase in vimentin
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expression in cell lines that overexpress Tiaml and
have a more metastatic phenotype. Concomitant with
this increase, we observe a decrease in E-cadherin
expression in these cells. Lastly, we stained a panel of
human colorectal specimens and adjacent normal tis-
sue, and demonstrate that Tiam1 is overexpressed in a
subset of human colorectal tumors. In summary, in
colon tumor cells, Tiam1 affects multiple properties
associated with acquisition of the metastatic pheno-
type, and may represent a marker of colon tumor
progression and metastasis in a subset of tumors.

Keywords Tiaml - Metastasis - Anoikis - Colorectal
carcinoma - EMT

Introduction

Colorectal carcinoma ranks third in incidence and
cancer deaths for both men and women in the United
States, and will account for approximately 10% of all
cancer deaths in this country in 2006 [1]. When colo-
rectal cancer is discovered at an early stage, prognosis
is very good, with an 85-95% 5-year survival rate for
patients in stage I, and 60-80% for patients in stage II.
However, prognosis drops precipitously for later
stages, to 30-60% S5-year survival for patients in Stage
III, and to less than 5% for Stage IV [2]. While adju-
vant chemotherapies and newer targeted therapies
such as bevacizumab (Avastin) [3], are having some
impact on survival, colorectal carcinoma patients still
succumb to metastatic disease. Therefore, an enhanced
understanding of colorectal carcinoma metastasis is
critical to extending the lives of patients. We reported
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previously that increased expression of the guanine
nucleotide exchange factor (GEF) Tiaml in cells bio-
logically selected for increased migratory potential, or
by ectopic overexpression, leads to increased cellular
migration and confers growth of colon cancer cells at
metastatic sites in an orthotopic nude mouse model [4].
Thus, further study of Tiam1 functions and signaling
may be important in a more complete understanding of
colorectal carcinoma metastasis.

Tiam1’s best-characterized function in cells is as a
guanine nucleotide exchange factor. In vitro, Tiam1 has
been shown to act primarily as an exchange factor for
Racl and Cdc42, and to a lesser extent, for RhoA [S] and
for Rac alone [6]. In vivo, Tiam1 also acts as an exchange
factor for Racl [5], and we have demonstrated an in-
crease in GTP-bound Rho and Rac when Tiaml is
overexpressed [4]. It is a member of the Dbl gene family
of GEFs, as it contains an 150 amino acid region termed
the Dbl homology (DH) domain, which is the catalytic
region for nucleotide exchange [7]. In addition Tiam1
contains two PH domains, one at the C-terminal (PHc)
and one at the N-terminal (PHn) [7], two N-terminal
PEST domains, associated with protein stability [8], a
discs-large homology region (DHR), or PDZ domain,
located between the N-terminal PH domain and the DH
domain, and a Ras binding domain (RBD) [9, 10]. Two
additional regions in the Tiaml protein, a coiled coil
(CC) domain, and another region, termed Ex, are
immediately adjacent to the PHn domain [11]. Finally, a
glycine at position two in Tiaml is a potential myri-
stoylation site, though myristoylation is not sufficient for
membrane localization [12].

Tiam1 is conserved amongst vertebrates, implying a
critical importance to cellular function. In addition,
Tiaml is expressed in almost all adult tissues, with
especially high expression in the brain and testis. The
conservation and broad expression pattern of Tiaml
across many tissue types indicates that Tiam1 may have
crucial roles in cellular function [13]. Thus, Tiam1 has
been implicated in numerous cellular processes,
including cellular migration and adhesion. However,
whether Tiam1 acts positively or negatively on these
functions remains controversial, as previous studies on
these roles of Tiam1 differ on the basis of cell type,
substrate, and experimental design, suggesting that
Tiam1 regulation may be cell-type dependent.

A number of recent reports suggest that alterations
in Tiaml expression/function might contribute to
tumorigenesis and carcinoma progression. Tiam1 was
first identified by proviral tagging in combination with
in vitro selection for invasiveness from murine leuke-
mia cells [7], and the human homolog is highly
conserved [13]. A study in renal cell carcinoma (RCC)
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cell lines found that Tiaml expression was generally
inversely correlated with invasive potential, but that
downregulation of Tiaml alone was not sufficient to
confer an invasive phenotype. A distinct mutation in
Tiam1 in the RCC cell lines was sufficient to transform
NIH 3T3 cells and may therefore play a major role in
RCC progression [14]. Tiam1 expression has also been
examined in two human giant-cell lung carcinoma cell
lines of differing metastatic capacities. Hou, et al
found that the highly metastatic cells express more
Tiam1 protein than do the low metastatic cells [15]. In
addition, the authors concluded that an antisense
Tiam1 expression vector transfected into the high
metastatic lung carcinoma cell line results in a reduc-
tion in the in vitro invasiveness of these cells. Insights
into the potential role of Tiaml1 in tumorigenesis and
progression have also been obtained by the generation
of a strain of Tiam1™ mice [16]. These mice are
resistant to the development of Ras-induced skin tu-
mors, and the tumors that do develop are small and
slow growing. Moreover, the putative tumor metastasis
suppressor nm23H1 has been shown to interact with
Tiam1 at the N-terminus, and negatively regulates its
activity [17], further suggesting that Tiaml has pro-
tumorigenic and/or pro-metastatic properties.

Recent studies demonstrate that in breast and colon
carcinomas, overexpression of Tiaml1 is associated with
a more malignant potential; in human breast carcino-
mas, a close correlation was observed between in-
creased Tiam1 expression and increased tumor grade
[18], and increased Tiam1 expression is associated with
increased metastatic potential in colon cancer cell lines
[4]. We have also shown that in a panel of 11 breast
carcinoma cells lines of varying migratory and meta-
static potential, the more migratory or more metastatic
lines express more Tiaml protein than do the less
migratory or metastatic lines [19].

Recent work [20] has also demonstrated that the
metastatic potential of eight colon tumor cell lines
positively correlates with Tiam1 gene expression. In
agreement with that study, we demonstrated previously
that overexpression of Tiam1 contributes directly to the
metastatic phenotype of colon cancer cells, and that
ectopic overexpression of Tiaml1 is sufficient to increase
cellular migration and metastatic potential of these cells
[4]. As acquisition of a metastatic phenotype requires
more than simply increased migration, this current
study examines additional biologic properties induced
by Tiam1. This work demonstrates that Tiam1 regulates
cellular adhesion and sensitivity to anoikis by distinct
signaling pathways. We suggest an underlying mecha-
nism for Tiam1-induced phenotypic changes is its ability
to promote a more mesenchymal-like phenotype.
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Materials and methods
Cell lines

SW480 [21] human adenocarcinoma cells (ATCC,
Rockville, MD) cells were cultured in 10 cm dishes in
Dulbecco’s Modified Eagle Medium/ Ham’s F12
Nutrient Mixture (DMEM/F12) (GIBCO/BRL;
Rockville, MD) supplemented with 10% fetal bovine
serum (FBS) (Hyclone; Logan, UT) in the absence of
antibiotics. Subclones of SW480 increased in migration
have been described [4] and were grown under iden-
tical conditions to SW480. Briefly, these cells were
selected for increased cellular migration by serial
migration through Boyden chamber migration assays.
SW480 clones transfected with Tiam1l C1199HA, and
vector control clones have also been described [4] and
were grown as detailed above, except that media was
supplemented with 500 pg/ml G418 (Fisher Scientific;
Houston, TX). For passage of all cell lines, both
floating and attached cells were harvested.

Cell lysis and immunoblots

Confluent dishes of cells were washed twice with Ca**,
Mg**-free ice cold phosphate-buffered saline (135 mM
NaCl, 1.5 mM KH,PO,, 8.0 mM Na,HPO,, pH 74,
2.5 mM KCl) and lysed on ice in radioimmunoprecip-
itation assay A (RIPA A) lysis buffer (20 mM sodium
phosphate buffer [19% v/v 1 M NaH,PO,-H,0, 81%
viv. 1 M Na,HPO,], pH 7.4, 5 mM NaPPi, 5 mM
EDTA, 150 mM NaCl, 0.5% sodium deoxycholate (Na
DOC), 0.5% SDS, 1% Triton X-100, 1 mM Na,VO,)
plus a Protease Inhibitor Cocktail tablet (Roche;
Nutley, NJ) by passing the cells and buffer through a 25
gauge needle approximately 10 times. Lysates were
cleared by centrifugation at 13,000 rpm at 4°C for fif-
teen minutes and protein in the lysate was quantitated
with the Detergent-Compatible (DC) Protein Assay
system (BioRad; Hercules, CA).

Proteins (30 pg of whole-cell lysate) were boiled for
5 min in Laemelli’s sample buffer and resolved by SDS-
PAGE on an 8% or 12% polyacarylamide gel. Immu-
noblotting was performed as described previously [4,
22]. Blots were probed with anti-HA antisera, diluted
1:500 (Santa Cruz Biotechnology; Santa Cruz, CA);
anti-Tiam1 antisera (C16), diluted 1:800 (Santa Cruz
Biotechnology); anti-Rac antibody, diluted 1:1000
(Upstate Biotechnology, Inc; Charlottesville, VA); anti-
E-cadherin antibody, diluted 1:1000 (BD Transduction
Laboratories; San Jose, CA); anti-vimentin antibody,
diluted 1:1000 (Chemicon International, Inc.; Temecula,
CA); anti-f-actin antibody, diluted 1:10,000 (Upstate

Biotechnology, Inc.); or anti-vinculin antibody, diluted
1:10,000 (Sigma-Aldrich, Inc.; St. Louis, MO). Horse-
radish peroxidase-conjugated secondary antisera, either
goat anti-mouse IgG or goat anti-rabbit IgG (BioRad)
diluted 1:3000 were used to detect the primary antisera.

Northern blots

Northern blotting was performed as described previ-
ously [4, 23]. Briefly, mRNA was extracted from cells
at 90% confluency using the GenElute Direct mRNA
Miniprep Kit (Sigma; St. Louis, MO) and quantitated
on a spectrophotometer. Five micrograms of mRNA
per sample was loaded on a 1% agarose gel containing
17% v/v formaldehyde and 5% v/v 0.4 M MOPS. The
probe, either Tiaml or GAPDH, was labeled with
%-**P dCTP using the RediPrime II random labeling kit
according to manufacturer’s instructions (Amersham).

Migration assays

Migration was assessed using a wound healing assay.
Cells were plated in 6-well plates and allowed to grow
for 4 days to confluency. At time 0, media was re-
moved and cells were wounded with a p10 pipet tip.
Cells were washed to remove debris, media was re-
placed, and plates were returned to a culture incubator.
Photographs were taken at time points indicated in
Results. If wound healing was done in conjunction with
transfection with siRNA (see below), cells were
transfected 24 h after plating and wounded 72 h after
transfection. Each condition was photographed in
three separate fields and the same field at each time
point was used, allowing the percent of wound closed
by infiltration of migratory cells to be quantitated from
the photographs using Image J software (National
Institutes of Health).

Cell detachment

Equal numbers of cells were plated. Thirty-eight hours
later, media was removed; cells were washed in PBS,
and fresh media was added. At time points indicated in
the figure, media was collected, cells were washed, and
the wash buffer was collected. The floating cells were
pelleted, suspended in a known volume of media, and
viable cells (by trypan blue exclusion) were counted in
a hemacytometer.

Anoikis and apoptosis assays

Cells were grown in 10 cm dishes until approximately
80% confluency. Anoikis was assayed in one of two
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ways. Cells were either (1) placed in 15 ml conical
tubes with filter caps at a concentration of 500,000 cells
per ml in a total volume of 8 ml complete DMEM/F12
media, and tubes were placed on a continuous rotator
in a cell culture incubator or (2) cells were plated in 6-
well dishes covered with 4% agarose to prevent cell
attachment. At time points indicated in the Results
section, cells from one tube or well for each cell line
were collected and cells were stained with propidium
iodide (PI) (50 pg/ml PI, 0.1% sodium citrate, 0.1%
triton X-100, in PBS) and incubated at room temper-
ature for 30 min. Stained cells were analyzed by fluo-
rescence-activated cell sorting (FACS) analysis
(Beckman Coulter EPICS XL-MCL machine; Beck-
man Coulter; Miami, FL). In addition, cells were col-
lected at time of counting and analyzed as above for
control cell death. Death is presented as percent of
cells in sub Gy/G;.

To examine apoptosis induced by staurosporine
(Sigma-Aldrich, Inc.), cells were plated in 6-well
dishes. Cells were either mock or siRNA transfected.
Forty-eight hours later, media was removed and fresh
media containing staurosporine or vehicle alone was
added to the cells. Cells were collected after 12 h and
assayed for apoptosis as above.

Immunocytochemistry

Cells were grown on glass coverslips. Cells were fixed
with 3.7% paraformaldehyde, permealized by cold
acetone (or 0.25% Triton-X 100 for fS-catenin), then
blocked with 5% horse serum and 1% goat serum
diluted in PBS, and incubated with antibody or anti-
sera to vimentin, diluted 1:100, (Chemicon Interna-
tional, Inc.); E-cadherin, diluted 1:75 (Zymed; San
Francisco, CA), or f-catenin, diluted 1:200 (Upstate
Biotechnology). Fluorescent-conjugated secondary
antisera diluted 1:400 (goat anti-mouse/Alexa-594 or
anti-rabbit/Alexa-594) were used to detect the primary
antisera. Primary and secondary antibodies were
diluted in the blocking buffer. Primary antibodies were
incubated at 4°C overnight, and secondary antibodies
were incubated for 1-4 h at room temperature. Nuclei
were stained with Hoescht (Molecular Probes).
Immunoreactive proteins were visualized with a Zeiss
Axioplan2 microscope (Carl Zeiss, Inc.; Thornwood,
NY) equipped with a HBO 100 mercury lamp. Images
were captured using a Hamamatsu ORCA-ER digital
camera (Hamamatsu Corp; Bridgewater, NJ) and Im-
age Pro Plus software (Media Cybernetics, Inc.; Silver
Spring, MD).
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Human tumor panel and staining

Surgically resected specimens of human colorectal tu-
mors, frozen within 20 min of removal, were obtained
at the University of Texas MD Anderson Cancer
Center. Specimens were sectioned, blocked with 5%
horse serum and 1% goat serum diluted in PBS, and
stained with anti-Tiam1 antisera (C16), diluted 1:50
(Santa Cruz Biotechnology). Fluorescent-conjugated
secondary antisera (goat anti-rabbit IgG/cy-5 diluted
1:600), was used to detect the primary antisera. Pri-
mary and secondary antibodies were diluted in the
blocking buffer. Primary antibody was incubated at
4°C overnight, and secondary antibody was incubated
for 1-4 h at room temperature. Immunoreactive pro-
teins were visualized with the Zeiss Axioplan2 micro-
scope system described above.

siRNA

siRNA oligonucleotides to Tiaml and Racl were
purchased from Ambion, Inc. (Austin, TX). Multiple
oligonucleotides for each gene were tested, and only
one was needed for each protein to achieve maximal
downregulation. The Tiam1 oligonucleotide sense
sequence was GGGAAUAUUUGAUGACAUUtt and
antisense was AAUGUCAUCAAAUAUUCCCtc.
Sense Racl sequence was GGAGAUUGGUGCUGU
AAAALtt and antisense was UUUUACAGCACCAA
UCUCCHtt. Cells were transfected using TransFast
Reagent (Promega Corp., Madison WI). Cells were
plated in 6 well dishes, and 24 h later, when cells
were approximately 40% confluent, transfection was
performed.

Results

Tiam1 expression in a model system of colorectal
carcinoma

Previously, we demonstrated that stable sublines of
SW480 cells biologically selected for increased migra-
tory potential were increased in ability to grow at
metastatic sites and were increased in Tiaml expres-
sion relative to non-tumorigenic, poorly migratory
parental cells [4]. The model system consists of the
parental, low migratory, non-metastatic colorectal
carcinoma cell line SW480, three biologically selected
cell lines (SW480 mmig3 Clonel, SW480 mmig3
Clone6, and SW480 mmig3 Clone8), and three stable
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clones of SW480 that have been transfected with
Tiaml C1199 (2TClone42, 2TClone65, and
2TClone68). Isolation of these clones was described
previously [4]. As shown in Fig. 1a, the biologically
selected cell lines overexpress Tiaml protein and
mRNA. C1199 protein expression is demonstrated in
Fig. 1b. To further examine biologic function of Tiam1,
a single siRNA oligonucleotide was used to downre-
gulate its expression, as described in Materials and
methods section. Successful downregulation of both
endogenous and ectopically expressed C1199HA
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Fig. 1 Tiaml expression in a model system of colorectal carci-
noma. (a) Immunoblotting and Northern blotting for Tiam1 were
performed on SW480, SW480 mmig3 Clonel, SW480 mmig3
Clone6, and SW480 mmig3 Clone8. (b) Protein expression from
the transfected C1199 construct. Lysates from 2TClone42,
2TClone65, and 2TClone68 were immunoprecipitated with HA,
separated by SDS-PAGE, transferred to nitrocellulose, and then
immunoblotted for Tiam1. The first two lanes contain whole-cell
lysate. (¢) Expression of Tiam1 after siRNA silencing. Twenty-
four hours after plating, SW480, mmig3 Clonel, mmig3 Clone6,
2T42, and 2T68 were transfected with 300 nM siRNA (as
described in Materials and methods). Control cells and cells
mock-transfected with TransFast reagent alone were treated
under identical conditions. Cells were lysed 72 h after transfection

Tiaml is shown in Fig. 1c. Transfection with 300 nM of
a single oligonucleotide decreased Tiam1 protein levels
by an estimated 80%. Transfection of multiple oligo-
nucleotides at same or lower concentrations (data not
shown) did not result in the same protein reduction as
with the single oligonucleotide, therefore, a single oli-
gonucleotide was chosen for use in all experiments.
Thus, the multiple approaches at affecting Tiaml
expression, including biologically selected cell lines,
and cell lines specifically increased or decreased in
Tiam1 expression, provide a unique model for studying
Tiam1-regulated functions.

Tiam1 requirement for cellular migration

To further characterize the role of Tiam1 in migration,
we performed a wound healing assay, as described in
Materials and methods. Briefly, 72 h after control or
siRNA transfection, confluent monolayers of cells
were wounded with a pipet tip (time 0), and photo-
graphed at designated intervals afterwards. Each con-
dition was photographed in three separate fields, and
one of three fields shown in Fig. 2a. The percent of
wound closed by infiltration of migratory cells is shown
in Fig. 2b. The control SW480 wounds are only 41%
closed at 14 h, consistent with the low migratory
potential of the parental cells. In contrast, the wounds
for 2TClone68, which ectopically overexpresses Tiam1
(Fig. 1b) are 80% closed. The siRNA to Tiaml
reduced the migration of 2TClone68 to control SW480
levels (80% closed to 43% closed), demonstrating that
expression of the Tiaml construct in these cells was
solely responsible for the altered migration ability.
siRNA expression in parental SW480 cells had a
modest effect on migration (34% of the wounds were
closed compared to 41% for parental cells), further
suggesting that Tiam1 expression regulates migration
of colorectal carcinoma cells.

Cellular morphology, detachment, and viability

Tiam1-overexpressing clones produce more round cells
that easily detach from the culture dishes, and, as
determined by trypan blue staining, these floating cells
are viable. These cells detach from the tissue culture
plate and appear to reattach at a different location, and
therefore were collected during passaging, as described
in the Materials and methods. Photomicrographs were
taken of SW480 and the Tiaml-transfected clones to
illustrate cellular morphology. In Fig. 3a, light micro-
scopic examination of the representative clone
2TClone68 illustrates the increase in round, floating
cells with respect to SW480 cultures.
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Fig. 2 Tiaml requirement for cellular migration. (a) A wound-
healing migration assay on SW480 and 2TClone68. Seventy-two
hours after control or Tiaml siRNA transfection, confluent
monolayers of cells were wounded with a pipet tip (time 0), and
photographed at indicated times thereafter. Each condition was
photographed in three separate fields (one of three fields shown
in the figure), and the same field at each time point was used to
quantitate percent of wound closed. (b) The percent of wound
closed is plotted versus time after wounding as described in
Materials and methods. Control conditions are represented by
solid lines, and Tiam1 siRNA-treated cells are represented by
dashed lines; error bars represent the standard error of the mean
(SEM)

To quantitate the floating cells in culture, an
equivalent number of SW480 and 2TClone68 cells
were plated in 6-well dishes. At indicated time points,
media with floating cells were collected and the num-
ber of viable (by trypan blue exclusion) floating cells
per million adherent cells at time 0 was calculated.
Results are shown in Fig. 3b. The number of floating
cells increased with time for all cell lines. However,
detachment of viable cells is significantly (P < 0.05)
increased in 2TClone68 cells relative to parental cells
at both 48 h and 60 h after the media change (1 x 10°
cells for 2TClone68 compared to 4.3 x 10° cells for
SW480 after 60 h). Therefore, overexpression of Tiam1
decreases cell adhesion.

To determine the viability of cells after prolonged
detachment, cells were placed in rotating conical
tubes, and apoptosis was measured by staining the
cells with propidium iodide and measuring the sub
Go/G1 population with a flow cytometer at indicated
times after detachment. As shown in Fig. 3c, the
percentage of apoptotic cells increased over time in
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all cell lines examined, with 45% of the parental
SW480 cells apoptotic at 120 h. In contrast, Tiam1-
transfected cell cultures 2TClone42 and 2TClone68
contain significantly (P < 0.05) fewer apoptotic
cells (25-29%) at 120 h. Thus, overexpression of
Tiam1 confers anoikis-resistance in colon carcinoma
cells.

Tiam1 protects cells from anoikis

To confirm the above results, the effects on anoikis of
reducing Tiam1 expression were determined. Apop-
tosis was first measured in attached cells after trans-
fection with siRNA. Cells were transfected with
300 nM of a single oligonucleotide of siRNA to Tiaml.
Media and cells were collected 72 h later, and apop-
tosis was measured; the results are shown in Fig. 4a.
Under control conditions, adherent 2TClone68 cells
had a similar apoptotic population to that of parental
SW480. Addition of the TransFast transfection reagent
alone or in combination with the siRNA had little ef-
fect on cell death on adherent cells in all cell lines;
apoptotic populations ranged from 4 to 6.5% for all
cell lines and conditions. These results demonstrate
that decreased Tiaml expression does not affect
apoptosis in attached cells.

The effect of reduced Tiam1 expression was then
determined on detached cells. For these experiments,
cells were plated on tissue-culture dishes, and 24 h
later, transfected with 300 nM siRNA to Tiaml.
Twenty-four hours after transfection, cells were
trypsinized and placed in 4% agarose-covered dishes
to prevent attachment. Forty-eight or 72 h later (72
or 96 h post-transfection), cells were assayed for
apoptosis. As shown in Fig. 4b, after 72 h, under
control conditions, 27% of SW480 cells were apop-
totic, while just 13% of 2TClone68 were apoptotic.
These results are in accord with those obtained in
rotating conical tubes (Fig. 3c). siRNA to Tiaml in-
creased anoikis in SW480 and 2TClone68 by a sig-
nificant (P < 0.05) amount, compared to either
control or mock transfection. Thirty-seven percent of
SW480 cells treated with siRNA to Tiaml were
apoptotic after 72 h in suspension cultures, an in-
crease from 27% under control conditions, and
anoikis in 2TClone68 transfected with siRNA to
Tiaml increased from 13 to 26%. As shown in
Fig. 4c, at the conclusion of the assay, Tiam1 protein
continues to be downregulated with the siRNA,
demonstrating the siRNA has maintained its effec-
tiveness at the times studied. These results demon-
strate that Tiam1 protects colon cancer cells from
detachment-induced death.
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Fig. 3 Effects of Tiaml on cellular morphology, adhesion, and
viability. (a) Photomicrographs under light microscopy at a
power of 200x of SW480 and 2TClone68. (b) Viability of floating
cells. Cultures were grown to approximately 80% confluency,
media was changed, and number of viable floating cells was
determined at indicated times thereafter, as described in
Materials and methods. The number of viable floating cells per
million attached at time 0 was plotted versus time after media
change; error bars represent the standard deviation of the mean.
The mean number of floating cells between the two cell lines
were compared using a level of significance of « = 0.05 with a
two-sided unpaired f-test. (¢) Apoptosis in detached cells.
SW480, 2T Clone42, and 2TClone68 were placed in 15 ml conical
tubes on a rotator in a cell culture incubator, as described in
Materials and methods. Percent apoptosis, represented by the
population of cells in the sub G¢/G; fraction, is plotted versus
time; error bars represent the standard deviation of the mean.
The mean death of two cell lines were compared using a level of
significance of o = 0.05 with a two-sided unpaired #-test

Requirement for Rac in migration

We showed previously that GTP-bound Rac and Rho
are increased in the biologically selected and Tiam1-
transfected cells [4]. To determine the contribution of
Rac to cellular migration in our model system, we
downregulated Racl protein expression with siRNA.
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Fig. 4 Effect of Tiaml expression on anoikis. (a) Apoptosis in
attached cells. Cells were transfected with 300 nM of a siRNA
oligonucleotide to Tiaml. Media and cells were collected 72 h
later, and apoptosis was measured. Percent apoptosis, repre-
sented by the population of cells in the sub Gy/G; fraction, is
shown for control, mock, and siRNA transfection for SW480 and
2T68; error bars represent the standard deviation of the mean.
(b) Apoptosis in detached cells. SW480 and 2TClone68 were
plated and transfected as described above. Twenty-four hours
later, cells were trypsinized and plated in agarose-covered dishes,
as described in Materials and methods. Percent apoptosis is
represented by the population of cells in the sub G¢/G; fraction
and is shown for 48 and 72 h of anoikis; error bars represent the
standard deviation of the mean. The mean death of two cell lines
were compared using a level of significance of o = 0.05 with a
two-sided unpaired t-test. (¢) Expression of Tiaml after 72 h
detachment. At the conclusion of the anoikis assay, cells were
lysed and whole-cell lysate immunoblotted with Tiaml and
vinculin as a loading control

As shown in Fig. 5a, 300 nM of one siRNA oligonu-
cleotide decreases Rac expression in SW480 and
2TClone68 greater than 90%. Transfection with mul-
tiple oligonucleotides was not superior to transfection
with a single oligonucleotide (data not shown), there-
fore, we used a single oligonucleotide for these
experiments. Migration was assessed by the wound
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healing assay. The photographs of the wounds (one of
the three observations) are shown in Fig. 5b and
quantitated in Fig. 5c. Under control conditions, the
wounds for SW480 are 46% closed after 14 h, while the
wounds for 2TClone68 are 87% closed. When the cells
were treated with siRNA to Racl, the migratory ability
of SW480 is largely unaffected. However, migration of
2TClone68 returns to SW480 control levels with siR-
NA to Racl, from 87% of the wounds closed to only
43% closed. These results demonstrate that downre-
gulation of Racl is equivalent to downregulation of
Tiaml1 in affecting migration, strongly suggesting that
Tiam1 exerts its effects on migration through Racl.

Tiam1-regulated sensitivity to anoikis
is Rac-Independent

We next determined Racl’s requirement for the
migratory cells’ resistance to anoikis. For these
experiments, Rac expression was reduced with siRNA
as described above. As with the experiments with
siRNA to Tiaml, apoptosis was first measured in
attached cells after transfection with siRNA. No
differences in the number of apoptotic cells were

observed between control cells and cells in which Rac
was downregulated (data not shown). The effect of
reduced Racl expression was then determined on cells
under detached conditions (agarose-covered dishes), as
described above for siRNA to Tiaml. Cells were
assayed for apoptosis after 96 h of detachment. As
shown in Fig. 5d, decreasing Rac protein expression
significantly (P < 0.05) decreases death due to
detachment in SW480 (30% anoikis to 19%), but has
no effect on anoikis in 2TClone68. These results, in
combination with the results from decreasing Tiaml
protein expression, demonstrate that the effects of
Tiam1 on anoikis are Rac-independent. At the con-
clusion of the assay, Racl protein continues to be
downregulated with the siRNA (Fig. 5¢), demonstrat-
ing that the results are not due to re-expression of the
protein over the time period assayed. Lastly, the
function of Rac in apoptosis induced by another agent
was tested. SW480 parental cells and Tiam1-transfected
clone 2TClone68 were exposed to varying concentra-
tions of staurosporine, with or without siRNA to Rac.
As shown in Fig. 5f, apoptosis in the control cell line
SW480 and 2TClone68 increases with increasing dose
of staurosporine, and the Tiam1-transfected cells are
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Fig. 5 Requirement for Rac in Tiam1-mediated phenotypes. (a)
Rac expression after downregulation with an siRNA oligonu-
cleotide. SW480 and 2TClone68 were treated with transfection
reagent alone (mock) or 300 nM of an oligonucleotide siRNA to
Racl. Whole-cell lysate was immunoblotted with Racl and
vinculin as a loading control. (b) Effects of Rac downregulation
on migration. A wound-healing migration assay was performed
for the cell lines SW480 and 2TClone68 with and without Rac
downregulation. Wound healing assays were performed as
described in Fig. 2. (¢) Plot of wound healing. Control conditions
are illustrated with solid lines, and Racl siRNA-treated cells are
illustrated with dashed lines; error bars represent the SEM.
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Treatment

(d) Effect of Rac downregulation on anoikis. SW480 and
2TClone68 were treated with transfection reagent alone (mock)
or 300 nM siRNA to Racl. Anoikis assays were performed as
described in Fig. 3. The mean death of two cell lines were
compared using a level of significance of o = 0.05 with a two-
sided unpaired #-test. (e) At the conclusion of the anoikis assay,
cells were lysed and whole-cell lysate immunoblotted with Rac
and vinculin as a loading control. (f) Effect of Rac on
staurosporine-induced death. SW480 and 2TClone68 cells were
treated with staurosporine in the presence or absence of siRNA
to Rac. Error bars represent the standard deviation of the mean
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less sensitive to staurosporine-induced death when
compared to SW480 cells. Downregulating Rac protein
with siRNA to Rac had little effect on cell death in
Tiam1-transfected cells, indicating that cell death in
response to staurosporine is Rac-independent in these
cells. At the conclusion of the assay, Racl protein
continues to be downregulated with the siRNA (data
not shown), demonstrating that the results are not due
to re-expression of the protein over the time period
assayed. Thus, Tiaml functions in a Rac-independent
manner in affecting apoptosis.

Increased Tiam1 promotes an EMT-like phenotype

We have demonstrated thus far that multiple charac-
teristics of increased cellular migration, increased
metastatic growth, decreased adhesion, and increased
resistance to anoikis are associated with increased
Tiaml protein expression. Many of the above-
described morphologic properties are characteristic of a
transition of transformed epithelial cells to a mesen-
chymal-like phenotype. Biochemical properties asso-
ciated with an epithelial mesenchymal-like transition
(EMT) include, among others, increased expression of
the mesenchymal marker vimentin and decreased
expression of the epithelial protein E-cadherin. EMT
occurs at critical phases of embryonic development,
and increasing evidence suggests that EMT-like tran-
sitions occur during tumor progression (reviewed in
[24-26]). Therefore, we examined biochemical prop-
erties of EMT in parental SW480 cells, mmig3 Clonel
(which was biologically selected for increased migra-
tion and overexpresses endogenous Tiaml), and
2TClone68 (which ectopically overexpresses Tiaml).
As shown in Fig. 6a, by immunoblotting, vimentin is
increased in all cells overexpressing Tiaml relative to
SW480 parental cells, whereas a marked decreased
expression of E-cadherin protein is observed. Locali-
zation of vimentin and E-cadherin was determined by
immunofluorescence. As shown in Fig. 6b, vimentin is
expressed in the cytoplasm and nucleus of all three cell
lines, with the most prominent localization in the
perinuclear area of the cell. In accord with results from
immunoblotting (Fig. 6a), vimentin expression is
increased in the Tiam1-overexpressing cells. As shown
in Fig. 6c, E-cadherin protein is expressed at cellular
junctions in the cell line SW480, and the expression at
the cellular junctions and in the cytoplasm is decreased
in the more migratory, more metastatic cell lines that
also overexpress Tiaml. Lastly, cells were stained for
f-catenin, as translocation of f-catenin from the cyto-
plasm and cell membrane to the nucleus is associated
with EMT [27, 28]. As shown in Fig. 6d, f-catenin

protein exhibits decreased expression at the cell
periphery and cytoplasm in the cells that overexpress
Tiaml1.

Tiam1 expression in human tumors

The above results demonstrate that Tiaml overex-
pression contributes to distinct properties of colon
carcinoma progression and metastasis in cultured
tumor cells. To determine Tiam1 expression in tissue
from primary human colorectal carcinoma, eleven
human colorectal carcinoma specimens ranging in
location of origin within the colon and rectum, along
with patient-matched normal colorectal tissue, were
stained for Tiam1l protein. Table 1 illustrates patient
and tumor characteristics at the time of specimen col-
lection, though a direct correlation between tumor
stage and fluorescence was not observed. Immunore-
active proteins were visualized by fluorescent-tagged
secondary antibodies, and fluorescence was quantitated
utilizing Image Pro Plus software. As shown in the
representative images in Fig. 7, 64% of the tumor
samples are increased in Tiaml expression in the
tumor tissue compared to patient-matched normal
tissue. These findings agree with the very recent results
of others [29] that have demonstrated that Tiaml
mRNA was overexpressed in the peripheral blood of
80% of colorectal carcinoma patients. Our results,
along with those from others, show that in a subset of
human colorectal carcinoma, Tiam1 is overexpressed.

Discussion

Isogenic cell lines have proven excellent model systems
to examine specific molecular events mediating bio-
logic processes. For example, the human colon cancer
cell line HCT116 [30] with and without activated Ras
has proven a valuable tool in dissecting Ras-mediated
signaling functions relevant to colon tumorigenesis and
progression. The model derived for the work in this
study involved selecting cells with increased migratory
potential and then examining the effects on properties
of the metastatic process. This model led to the dem-
onstration that the guanine nucleotide exchange factor
Tiam1 contributes to colorectal carcinoma cell migra-
tion and metastasis [4]. In agreement with this study,
Liu et al. [20] demonstrated that in eight colorectal
carcinoma cell lines, the level of Tiaml expression
correlated with metastatic potential. Included in their
study were the cell lines SW480 and SW620, a lymph
node metastasis derived from the same patient as was
the cell line SW480 [21]. They demonstrate that SW620
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Fig. 6 Effects of Tiaml on promotion of an EMT-like pheno-
type. (a) Expression of vimentin and E-cadherin. Immunoblot-
ting was performed on SW480, SW480 mmig3 Clonel,
SW480 mmig3 Clone6, 2TClone42 and 2TClone68, with vinculin
or actin as a loading control. Protein localization for the EMT
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markers (b) E-cadherin, (¢) vimentin, and (d) p-catenin is
illustrated. Cells were grown on glass coverslips and immuno-
fluorescence was performed as described in Materials and
methods

Table 1 Patient and tumor char-

acteristics Sex Age (Years) TMN stage AJCC stage Tlaml overexpression
in tumor
M 74 T2NOMO I Y
M 69 T3NOMO I Y
M 62 T2NOMO 11 Y
M 75 T3N1IMO I Y
M 37 T2N1MO 111 N
M 72 T2N1MO 111 N
M 50 T3N1IMO 111 N
M 55 T3N2MO 111 Y
M 53 T3N2M1 v Y
M 91 T3N2M1 v Y
F 50 T3N2M1 v N

has increased Tiam1 expression relative to SW480 [20].
We have also demonstrated (unpublished results) that
a second, well-established model for colorectal carci-
noma metastasis, the KM12 series, shows higher Tiam1
expression in two cell lines (KM12SM and KM1214)
that are more migratory and more metastatic than the
parental KM12C cell line. Both KMI12SM and
KM12L4 are increased in cellular migration relative to
their parental line, but were selected for, and are in-
creased in, in vivo metastasis [31], and have increased
Tiam1 protein and mRNA expression when compared
to their parental line, KM12C. These results further

@ Springer

suggest that Tiam1 contributes to increased migration
in other colon tumor cell lines, and tumor progression
and metastasis. Further, in the current study, speci-
mens of human tissue were examined for Tiaml
expression, and we demonstrated that Tiam1 is over-
expressed in a subset of human colorectal tumors.
These results indicate that Tiam1 may play a role in
human colorectal carcinoma progression. Others [32]
have demonstrated that APC mutant multiple intesti-
nal neoplasia (Min) mice lacking Tiam1 have reduced
incidence and growth of colon polyps. Very recently,
Yeh et al. [33] have reported that Tiaml is part of a
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Normal

Fig. 7 Tiaml Expression in Human Tumors. Primary antibody
was visualized by incubation with a cy5-conjugated secondary
antisera, and hematoxylin and eosin (H and E) staining is also
shown for each section. Tiam1 is colored green, and the nuclei
are colored blue. Five pairs of tumor and pathologically normal
adjacent tissue are represented in the figure

6-member panel of mRNA markers in peripheral
blood that can be utilized to successfully detect stage 1
and stage 2 colorectal carcinomas. The authors found
that Tiam1 mRNA was overexpressed in the periph-
eral blood of 80% of colorectal carcinoma patients.
Collectively, our results in combination with those of
others suggest strongly that overexpression of Tiaml
may be one of the multiple mechanisms that contribute
to colon tumor progression/metastasis.

The primary goal of the current study was to char-
acterize Tiaml-mediated functions that contribute to
its ability to increase metastatic potential. We previ-
ously described the role of Tiaml in increasing
migration. However, overexpression of Tiaml (by
biologic selection or stable transfection) substantially
increases the number of viable, floating cells, demon-
strating that Tiam1 also affects cellular adhesion. As
cellular migration and cellular adhesion are intimately
related, changes in one may be expected to result in
changes in the other.

Markedly, the floating cells were of high viability,
and their resistance was regulated by Tiam1 expres-
sion, as siRNA reduction of Tiaml increased anoikis,
indicating that Tiaml protects colorectal carcinoma
cells from detachment-induced death. In contrast to
migration, the effects of Tiaml on anoikis were not
reversed by decreasing Rac expression by siRNA,

suggesting that promotion of anoikis-resistance by
Tiaml is Rac-independent. These results demonstrate
that Tiam1 affects biologic properties through mecha-
nisms not related to its GEF activity, perhaps through
association with additional signaling proteins as
predicted by its many protein interaction domains.
Despite the reduced Rac expression in Rac siRNA-
treated cells, all cell lines were able to adhere to tissue
culture plates, as well as migrate. Possibly, the mar-
ginal Rac protein remaining was sufficient for these
properties to occur. In addition, SW480 cells contain an
activating K-Ras mutation, suggesting that down-
stream targets may be compensating for the reduced
Rac.

Finally, in an effort to determine a unifying char-
acteristic of Tiam1 overexpression in colon tumor cells,
we noted that many of the phenotypes associated with
Tiam1 overexpression are characteristic of transition to
a more mesenchymal-like phenotype. We demonstrate
that increased Tiaml expression leads to biologic
phenotypes of mesenchymal cells, including increased
vimentin expression, decreased E-cadherin expression
at the cell periphery but increased nuclear expression
of this protein, and relocalization of f-catenin. One of
the mechanisms by which inactivation of cadherin-
mediated cell-cell adhesion occurs is through the small
G proteins in the Rho family. Rac and Rho have been
shown to have opposite roles in epithelial cells, with
Rac promoting the inactivation of Rho and cellular
adhesion [34]. Our results suggest another possibility,
that Rac and Rho are both modestly activated simul-
taneously, which may explain the small increase in
activity in both [4], and that Rac is promoting migra-
tion, and Rho is promoting loss of adhesion, as Rho is
involved in cell contraction.

Recently, Robson, et al. [35] showed that in three
mammary epithelial cell lines, EMT confers resistance
to apoptosis. As resistance to apoptosis is key in tumor
development and progression, these observations sup-
port our model that Tiam1-induced phenotypes are a
result of its ability to promote a more mesenchymal-like
phenotype. Further, increasing evidence supports a role
for EMT in colon cancer progression (reviewed in 36).

The roles of Tiam1 in normal cellular function differ
depending on the model systems examined. Studies
from several laboratories have examined the role of
Tiaml1 in cellular migration. These studies have led to
different conclusions based upon the types of cells
analyzed and the substrate on which migration is
examined. For example, several studies have demon-
strated that Tiaml promotes cellular adhesion or
decreased migration [14, 37-40]. In contrast, other
studies have demonstrated that overexpression of
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Tiam1 increases migration in several cell types [41-46].
Recent work [47] in keratinocytes has demonstrated
that Tiaml plays a primary role in «3f1-mediated
activation of Rac, which is then required for the
manufacture and secretion of laminin 5, essential for
the spreading and migration of these cells. Additional
recent work [9, 48] has demonstrated additional func-
tions for Tiaml, and that Tiaml can complement
activation of other proto-oncogenes during tumor pro-
gression. Because Tiaml localizes to adherens junc-
tions, it may interact with multiple proteins that affect
cellular migration [49]. Thus, considerable recent data
have demonstrated that Tiam1 is important in proper-
ties associated with metastasis, in some tumor types.
Specifically, our work and that of others in colon [4, 20,
32] and breast [18, 19] demonstrate a role for Tiam1 in
tumor progression of distinct epithelial tumors. Work in
this manuscript expands biologic roles for Tiaml,
demonstrating that this GEF can have Rac-dependent
and—independent functions. As with other alterations
(for example, K-Ras in colon tumors), only a subpopu-
lation of tumors overexpresses Tiaml. Whether this
population represents more invasive cells requires fur-
ther investigation. Nevertheless, Tiam1 may represent a
novel marker of tumor progression and metastasis in a
specific subset of human colorectal carcinomas.
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