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The scaffold protein IQGAP1 integrates signaling pathways
and participates in diverse cellular activities. IQGAP1 is overex-
pressed in a number of human solid neoplasms, but its func-
tional role in tumorigenesis has not been previously evaluated.
Here we report that IQGAP1 contributes to neoplastic transfor-
mation of human breast epithelial cells. The amount of IQGAP1
in breast carcinoma is greater than that in normal tissue, with
highly metastatic breast epithelial cells expressing the highest
levels. Overexpression of IQGAP1 enhances proliferation of
MCE-7 breast epithelial cells. Reduction of endogenous
IQGAP1 by RNA interference impairs both serum-dependent
and anchorage-independent growth of MCF-7 cells. Consistent
with these in vitro observations, immortalized MCF-7 cells
overexpressing IQGAP1 form invasive tumors in immunocom-
promised mice, whereas tumors derived from MCEF-7 cells with
stable knockdown of IQGAP1 are smaller and less invasive. In
vitro analysis with selected IQGAP1 mutant constructs and a
chemical inhibitor suggests that actin, Cdc42/Racl, and the
mitogen-activated protein kinase pathway contribute to the
mechanism by which IQGAP1 increases cell invasion. Collec-
tively, our data reveal that IQGAP1 enhances mammary
tumorigenesis, suggesting that it may be a target for thera-
peutic intervention.

Tumor progression that culminates in clinically relevant
metastatic lesions is the end point of a complex sequence of
interrelated cellular events. After the initial transforming event,
tumor cell proliferation, invasion, and migration, as well as vas-
cularization of the tumor mass, occur. A thorough understand-
ing of the molecular mechanisms that regulate tumor progres-
sion will provide the biological foundation for improving the
efficacy of current therapeutic interventions (1-3).

IQGAP1 is a 189-kDa scaffolding protein that contains mul-
tiple protein-interacting domains (for reviews see Refs. 4-7).
These include a calponin homology domain, a polyproline-
binding domain, four calmodulin-binding motifs, and a Ras-
GAP-related domain. The motifs present in IQGAP1 are
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involved in the interaction of IQGAP1 with specific proteins,
such as actin, calmodulin, members of the Rho GTPase family
(i.e. Racl and Cdc42), Rap1, E-cadherin, B-catenin, members of
the mitogen-activated protein kinase (MAPK)* pathway, and
adenomatous polyposis coli (7, 8). By interacting with these
proteins, IQGAP1 regulates multiple fundamental cellular
activities including cytoskeletal organization, cell-cell adhe-
sion, cell migration, transcription, and signal transduction. For
example, binding of IQGAP1 to B-catenin both disrupts the
E-cadherin-catenin complex, inhibiting epithelial cell-cell
adhesion (9), and increases 3-catenin-mediated transcriptional
activation (10). IQGAP1 increases active Cdc42 in mammalian
cells, resulting in formation of actin filopodia and microspikes
(11), and promotion of cell migration and invasion (12). These
morphological and functional changes are not observed with a
mutant IQGAP1 construct with impeded Cdc42-mediated sig-
naling (11, 12). More recently, functional significance of
IQGAP1 in MAPK signaling was demonstrated; IQGAP1 mod-
ulates epidermal growth factor-mediated activation of extracel-
lular signal-regulated kinase (ERK) and MAPK/ERK kinase
(MEK) (13, 14). In addition, IQGAP1 is required for epidermal
growth factor to increase B-Raf activity (15). These findings
suggest that IQGAP]I serves as a scaffolding protein that medi-
ates multiprotein complex assembly and participates in
cytoskeletal activation and coordination of signaling (5, 7).
Accumulating evidence implicates IQGAP1 in tumorigene-
sis and tumor progression. Many of the identified IQGAP1-
binding partners contribute to malignant transformation
and/or tumor progression, and several cellular functions
effected as a consequence of IQGAP1 binding are important in
tumor biology (5, 7). Furthermore, genomic studies suggest
IQGAPI involvement in tumorigenesis; the IQGAP1 gene is
amplified in diffuse gastric cancer cell lines (16) and is up-reg-
ulated in lung (17) and colon (18) carcinoma relative to noncan-
cerous control tissue. At the post-transcriptional level,
IQGAP1 mRNA was increased in an oligonucleotide array
screen of gene expression in melanoma-derived pulmonary
metastases compared with that in poorly metastatic tumor cells
(19). Protein analyses substantiate involvement of IQGAPI in
tumorigenesis. For example, IQGAP1 protein is overexpressed

“The abbreviations used are: MAPK, mitogen-activated protein kinase; ERK,
extracellular signal-regulated kinase; MEK, MAPK/ERK kinase; DMEM, Dul-
becco’s modified Eagle’s medium; WASP, Wiskott Aldrich syndrome pro-
tein; GBD, GTPase-binding domain; PAK, p21-activated kinase; CRIB,
Cdc42-Rac1-interative binding domain; MTT, 3-[4,5-dimethylthiazol-2-yl]-
2,5-diphenyl tetrazolium bromide; GST, glutathione S-transferase; FBS,
fetal bovine serum.
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in several human neoplasms, including gastric (16), colorectal
(20), lung (21), ovary (22), and liver (23). In addition, the sub-
cellular location of IQGAP1 is altered in neoplasia. The
IQGAP1 overexpression in colorectal carcinoma is most appar-
ent at the invasive front and in advanced carcinomas with the
highest invasive potential (20). Similarly, immunohistochemi-
cal analyses of gastric carcinomas suggest that subcellular loca-
tion of IQGAP1 varies depending on the degree of differentia-
tion of the tumor. In poorly and well differentiated diffuse- and
intestinal-type tumors, IQGAP1 is localized at the cell mem-
brane and in the cytoplasm, respectively (24). The localization
of IQGAP1 has recently been shown to have prognostic
information. In ovarian carcinoma, overexpression and a dif-
fuse expression pattern of IQGAP1 were shown to be inde-
pendent predictors of highly aggressive tumors (22).

The relevance to tumor biology of the known cellular targets
of IQGAPI, combined with accumulating clinical and experi-
mental evidence, suggest a positive relationship between
IQGAP1 expression and tumorigenesis. Notwithstanding these
data, it is not known whether the changes in IQGAP1 observed
in these studies contribute to the tumor pathogenesis nor
whether the alterations in IQGAP1 are a cause or consequence
of the neoplastic transformation. To investigate these issues, we
chose to directly examine the role of IQGAP1 in tumorigenesis.
Analysis was performed with cultured cells in vitro and with an
in vivo tumor model system. Female immunocompromised
mice (i.e. NOD.CB17-Prkdc*/JC3H/He]J) were injected sub-
cutaneously with one of three MCF-7-derived cell lines, which
express varying amounts of IQGAP1. Differences between
groups in in vitro and in vivo proliferation and tumorigenic
growth were monitored.

EXPERIMENTAL PROCEDURES

Plasmids—Myc-tagged wild type human IQGAP1 in a
pcDNA3 vector was used (25, 26). The construction of
IQGAP1AGRD, IQGAP1G75Q and IQGAP1AMK24 has been
described previously (27-29). Myc-tagged forms of the domi-
nant negative constructs N17Cdc42 and N17Racl (30) were
kindly provided by Alan Hall (University College London).

Preparation of Fusion Proteins—GST-WASP-GBD (glutathi-
one S-transferase Wiskott Aldrich Syndrome protein GTPase-
binding domain) and GST-PAK-CRIB (p21-activated kinase
Cdc42-Racl-interactive binding domain) were expressed in
Escherichia coli and isolated with glutathione-Sepharose as
previously described (12, 26, 31).

Cell Culture and Transfection—The following human breast
epithelial cell lines were used: T47D, ZR-75-1, MDA-MB-231,
MDA-MB-361 (generously provided by Andrea Richardson,
Brigham and Women’s Hospital), MCF-7, Hs578T, and MDA -
MB-435s (purchased from ATCC). The cells were cultured and
transfected essentially as previously described (11, 32). Briefly,
the cells were grown in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% (v/v) fetal bovine serum.
Where indicated, the cells were transiently transfected with
10 mg of pcDNA3 (empty vector), Myc-IQGAP1, Myc-
IQGAP1AGRD, Myc-IQGAP1G75Q, or Myc-IQGAP1AMK?24
using FUGENE 6. In addition, MCF-7 human breast epithelial
cells were stably transfected with empty pcDNA3 vector
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(MCE/V) or pcDNA3-Myc-IQGAP1 (MCEF/I); IQGAP1 pro-
tein expression is 3-fold higher in MCF/I relative to MCF/V
cells (10, 11). Stable knockdown of IQGAP1 was obtained by
integrating into the genome of MCEF-7 cells, a specific siRNA
targeted against IQGAP1 (12). IQGAP1 protein expression in
these cells (termed MCF-silQ8 cells) is reduced by 80% (12).

Western Blotting—The cells were washed three times in
serum-free medium and lysed in buffer A (50 mm Tris, pH 7.4,
140 mm NaCl, and 1% (v/v) Triton X-100). Equal amounts of
protein lysate were resolved by SDS-PAGE and transferred to
polyvinylidene difluoride membrane essentially as previously
described (33—35). Immunoblots were probed with anti-IQGAP1
monoclonal antibody and anti-tubulin antibody (Sigma). The
complexes were visualized with horseradish peroxidase-conju-
gated secondary antibody and developed by ECL. Frozen
human breast tissue was thawed and homogenized in buffer A
containing 1 mm EGTA and protease inhibitors. Equal amounts
of protein were resolved by Western blotting.

Animals—Female NOD.CB17-Prkdc*“'4/JC3H/He] mice
(6—8 weeks old) were obtained from Jackson Laboratory (Bar
Harbor, ME). Upon arrival at the vivarium, the animals were
immediately randomized to treatment groups (i.e. MCF/V,
MCEF/I, and MCF-silQ8 cell lines). The experimental proce-
dures began after a 1-week acclimatization period. Throughout
the investigation, the animals had free access to food (standard
mouse chow) and water and were maintained on a 12-h light/
dark cycle. The mice were housed in cages fitted with a high
efficiency particulate air filter lid; the cages were contained in a
chamber receiving independent, filtered air. All of the manipu-
lations on mice were performed in a laminar flow hood using
sterile procedures. The cages, bedding, food, water, nestlets,
and water bottles were autoclaved prior to contact with mice.
The water was acidified or supplemented with antibiotics on a
rotating 4-day schedule. The animals were treated in accord-
ance with guidelines set out by the Canadian Council on Ani-
mal Care.

Cell Proliferation Assays—Incorporation of [*H]thymidine
and the 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium
bromide (MTT) dye method were used to assess cell prolifera-
tion. The cells were made quiescent by culturing them for 24 h
in DMEM containing 0.5% (v/v) FBS. DNA synthesis was meas-
ured by labeling 2 X 10” cells with 1 wCi/ml [*H]thymidine for
18 h. The cells were washed with ice-cold 0.5% trichloroacetic
acid and lysed with 0.25 m NaOH. Six hundred microliters of
lysate was collected, and radioactivity assessed by liquid scintil-
lation spectrometry. All of the assays were performed in quad-
ruplicate. For the MTT assay, MCF/V and MCEF/I cells were
transfected with 1 pg of empty pcDNA vector, N17Cdc42, or
N17Racl. After 36 h, 5 X 10 viable cells were plated in 96-well,
flat-bottom tissue culture plates. After incubating for 24, 48,
and 72 hat37 °Cin 5% CO,, 20 ul of MTT labeling reagent was
added, and the cells were incubated for another 4 h.
Dimethyl sulfoxide (100 wnl) was added to each well, and the
samples were incubated overnight. The absorbances were
determined at 550 nm using a Victor3 Multilabel Counter
(PerkinElmer Life Sciences).

Soft Agar Colony Formation Assay—Colony growth assays
were performed essentially as previously described (36, 37).
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Briefly, a 5-ml agar solution (0.6% Difco agar in DMEM supple-
mented with 10% FBS) was layered onto 15-mm tissue culture
plates. The cells (1 X 10% MCF/V, MCF/I and MCF-silQ8)
were then suspended in soft agar (0.36% Bactoagar solution in
DMEM) and layered onto prepared 0.6% Difco agar plates.
After a 14-day incubation at 37 °C in 5% CO,, colonies (>0.2
mm) were counted using a light microscope. All of the assays
were performed in quadruplicate.

In Vivo Assay for Primary Tumor Growth and Angiogenesis—
The mice were anesthetized using an intraperitoneal injection
of a hypnorm/midazolam mixture. Specifically, 1 part hypnorm
(fentanyl citrate, 0.315 mg; fluanison, 10 mg/ml) and 1 part
midazolam (5 mg/ml) were suspended in 2 parts of sterile
water; the dose was 0.1 ml/10 g of body weight. Incision sites
were cleaned using a three-step surgical preparation: isopropyl
alcohol, tincture of iodine, and savlon. Hypromellose eye lubri-
cant prevented ocular drying and damage during anesthesia. In
the inguinal region, the mice received subcutaneous
implants of 1 X 10° tumor cells (i.e. MCF/V, MCF/I, or MCF-
silQ8; 10 animals/group) suspended in Matrigel (Collaborative
Research, Bedford, MA) (3.5 mg of Matrigel in 0.5 ml of
DMEM), and on the contralateral side as controls, they received
the equivalent amount of Matrigel alone. A small incision was
made in the dorsal scapular region, and a slow release (60 day)
17B-estradiol pellet (Innovative Research of America, Sarasota,
FL) was inserted subcutaneously. The incisions were then
closed using a small drop of Vetbond surgical glue. During
recovery from anesthesia, the mice were placed in a warm cage;
they were monitored carefully and received subcutaneous
injections of warmed saline (0.9%; 1 ml).

As an indication of general health, the mice were observed
and weighed regularly during the course of the experiment.
Primary tumor growth was monitored at least once a week.
Sixty days after tumor implantation, the mice were sacrificed
using an overdose of pentobarbital. Final tumor volumes were
determined by measuring the maximum and minimum tumor
diameters using digital calipers; volume was calculated using
the equation: tumor volume = 0.524°b, where a and b represent
the minimum and maximum tumor diameters, respectively
(38). Matrigel implants were removed, fixed in 4% paraformal-
dehyde, processed for paraffin embedding, sectioned, and
stained with Masson’s trichrome.

In vivo angiogenesis was analyzed as previously described
(39). Histological sections were scanned (40X objective and
10X ocular) for areas containing tumor associated blood ves-
sels (researcher blinded to experimental condition). These
areas were systematically imaged (160X magnification), and
individual vessel counts for each field were documented to
identify fields of maximum blood vessel density. Fields of max-
imum blood vessel density were statistically analyzed for
between group differences; the data are expressed as the aver-
ages of three fields of maximum blood vessel density.

Active Cdc42 and Racl Assay—Measurement of active
Cdc42 was performed essentially as previously described (12,
31). Briefly, the cells were washed and lysed in 500 ul of buffer
(20 mMm Hepes, pH 7.4, 150 mm NaCl, 1% Nonidet P-40, 20 mm
NaF, 20 um GTP, 1 mm MgCl,, and protease inhibitors). After
clarification by centrifugation and incubation with glutathione-
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Sepharose, equal amounts of lysate were incubated with 40 ug
of GST-WASP-GBD. The complexes were collected with glu-
tathione-Sepharose and resolved by SDS-PAGE and Western
blotting. The blots were probed with anti-Cdc42 antibodies
(BD Biosciences) and detected by ECL. In addition, 50 ug of
protein lysate was examined directly by blotting as whole cell
lysate. Measurement of active Racl was performed by as out-
lined above for Cdc42, except GST-PAK-CRIB was used to iso-
late the GTP-bound protein, and the blots were probed with
anti-Racl antibodies (BD Biosciences) (12, 40).

Invasion Assays—Matrigel invasion assays were performed
using 24-well BD BioCoat Matrigel Invasion Chambers (Becton
Dickinson Labware, Bedford, MA) according to the manufac-
turer’s instructions. HEK-293H cells were transiently trans-
fected with 2 ug of a plasmid that expresses wild type IQGAP1,
IQGAP1G75Q, IQGAP1IMK24, or pcDNA3 (as a control).
After 36 h, the cells were trypsinized and counted with a hema-
cytometer. For the invasion assay, 2 X 10° cells were resus-
pended in 500 ul of medium containing 0.5% FBS and placed in
the upper compartment of the chamber. The lower compart-
ment was filled with 750 ul of medium containing 10% FBS.
After allowing cells to invade for 40 h, the cells on the upper
surface of the Transwell were carefully removed with a cotton
swab, and the membrane was fixed and stained with DiffQuick
(Dade Behring). Counting was done in five randomly selected
fields (magnification, 10X) within each well. In experiments
with MEK inhibitor, 2 X 10> MCF/V or MCF/I cells were resus-
pended in 500 ul of medium containing 1% FBS with 10 um
U0126 (Promega) or 0.1% Me,SO as a vehicle. The cells were
placed in the upper compartment. The lower compartment was
filled with 750 wl of growth medium containing 10% FBS. After
2 days, the number of cells that invaded were stained and
counted as described above.

Data Analysis—The data were analyzed using SigmaStat for
Windows version 3.0.1a, and treatment groups (i.e. tumor cell
lines: MCF/V, MCEF/I, and MCF-silQ8) were compared using
one-way analysis of variance. A probability of 0.05 was used in
determining statistical significance.

RESULTS

Expression of IQGAPI among Different Human Breast Can-
cer Cell Lines and Patient Tissue—IQGAP1 is overexpressed in
several human neoplasms (16, 20, 22), but no published studies
have examined breast carcinoma. Therefore, we determined
the relative amounts of IQGAP1 among human breast epithe-
lial cell lines. These cell lines can be divided into those that have
estrogen receptors and progesterone receptors, namely MCF-7,
T47D, ZR-75-1, and MDA-MB-361, and those lacking the
receptors, namely MDA-MB-231, MDA-MB-435s, and
Hs578T (41). Equal amounts of protein lysate from the cells
were processed by Western blotting. Probing blots for tubulin
verifies that equivalent amounts of protein are present in each
sample (Fig. 1A). Analysis reveals that the amount of IQGAP1
in MCF-7, T47D, and ZR-75-1 cells is approximately equal (Fig.
1, A and B). Substantially less IQGAP1 is observed in MDA-
MB-361, the other receptor-positive cell line. The reason for
this finding is not known but may be because MDA-MB-361 is
an adenocarcinoma (41). The highest IQGAP1 levels are
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FIGURE 1. Expression of IQGAP1 in cultured human breast cells and
breast tissue. A, the human breast epithelial cell lines indicated were grown
in DMEM containing 10% serum. The cells were lysed, and equal amounts of
protein lysate were resolved by SDS-PAGE and Western blotting. The blots
were probed with anti-IQGAP1 and anti-tubulin antibodies, followed by
horseradish peroxidase-conjugated secondary antibodies, and developed
with ECL. B, the amount of IQGAP1 was quantified by densitometry and cor-
rected for the amount of tubulin in the corresponding lysate. The data are
expressed relative to the amount of IQGAP1 in MCF-7 cells and represent the
means * S.E. (n = 6). C, equal amounts of breast protein lysate from two
patients with infiltrating ductal carcinoma (lanes 2 and 4) and paired normal
breast (lanes 1 and 3) were resolved by Western blotting. The blots were
probed with anti-IQGAP1 antibody and visualized by ECL. After stripping, the
blots were reprobed with anti-actin antibody.

detected in MDA-MB-231 cells, which have 2.7-fold more
IQGAP1 than MCE-7 cells (Fig. 1, A and B). Importantly, these
cells exhibit the highest invasive potential of 30 breast cell lines
measured by modified Boyden chamber assays (42). The
amounts of IQGAP1 in MDA-MB-435S and Hs578T cells are
not different to those in MCF-7 cells. Several factors may
account for this observation. Cluster analysis of MDA-MB-
435S cells reveals that these cluster with melanoma cells and
may not be of breast origin (43). Hs578T originates from a car-
cinosarcoma and is nontumorigenic in mice (41). Moreover,
the expression levels of numerous genes differs among these
cell lines (41, 42). Because a large number of factors contribute
to invasion and metastasis (2, 44), it is not surprising that there
is not a simple correlation of IQGAP1 levels with invasiveness.

These data reveal that breast epithelial cells have high levels
of IQGAP1, with the highest concentrations found in the highly
metastatic MDA-MB-231 cells. Our findings are supported by
the recent comparison of three human breast epithelial cell
lines, namely “near normal” MCF-10A, noninvasive BT474, and

JANUARY 11, 2008« VOLUME 283 +NUMBER 2

IQGAP1 Promotes Breast Tumorigenesis

B

>

300 - 300
2 250 - 250 1 :
S
£
8 200 200 A
="
jam]
2 150 - 150
E, 100 - 100
=
-
50 50 4
"E ) ok
0 - 0 -
MCF/V MCF/I Vv WT AGRD
C IacAP1 —— —
V  WT AGRD

FIGURE 2. Effect of IQGAP1 on proliferation of MCF-7 cells. A, MCF-7 cells
(2 X 10°) stably expressing pcDNA3 vector (MCF/V) or Myc-tagged IQGAP1
(MCF/1) were seeded into 24-well culture dishes. After 24 h in DMEM contain-
ing 0.5% fetal calf serum, 1 uCi/ml [*H]thymidine was added, and the cells
were allowed to grow for 18 h. [*H]thymidine incorporation was quantified as
described under “Experimental Procedures.” All of the assays were performed
in quadruplicate. The data represent [*H]thymidine uptake obtained relative
to MCF/V cells. The means = S.E.are shown (n = 12 replications/group).*, p <
0.005. B, equal numbers of MCF-7 cells were transiently transfected with 10
g of vector (V), wild type (WT) IQGAP1, or IQGAPTAGRD (AGRD). Cell prolif-
eration was quantified as described for A. The data, expressed as [*H]thymi-
dine uptake relative to that in MCF/V cells, are the means *+ S.E. (n = 3, done
in quadruplicate). *, p < 0.0001; **, p < 0.005. C, MCF-7 cells were transfected
with pcDNA3 vector, wild type IQGAP1, or IQGAP1AGRD. Equal amounts of
protein lysate were resolved by SDS-PAGE, and Western blots were probed
with anti-Myc antibody (all IQGAP1 constructs are Myc-tagged). A represent-
ative experiment is depicted.

metastatic MDA-MB-468 (45). Proteomic analysis shows that the
amount of IQGAP1 in MDA-MB-468 cells is substantially higher
than that in BT474 or MCF-10A cells.

To validate our findings with cultured cell lines, we examined
the amount of IQGAP1 in human breast tissue. The levels of
IQGAP1 in infiltrating ductal breast carcinoma from two
patients were compared with levels in paired normal breast
(Fig. 1C). Immunoblotting reveals that the amount of IQGAP1
in the carcinoma (Fig. 1C, lanes 2 and 4) is substantially greater
than that in paired normal breast (Fig. 1C, lanes 1 and 3). The
amounts of actin in the samples are similar. Collectively, these
data suggest that IQGAP1 concentrations in breast carcinoma
are higher than in normal breast and that highly metastatic
breast epithelial cells contain more IQGAP1 than cells with low
metastatic potential. Therefore, we manipulated the concen-
tration of IQGAP1 in MCEF-7 cells and examined the effects on
tumorigenesis.

Effect of IQGAPI on the Proliferative Response of Tumor Cells
in Vitro—Incorporation of [*H]thymidine was used to measure
the proliferative capacity of MCEF-7 cells stably expressing
pcDNA3 vector (MCEF/V), as controls, or Myc-tagged IQGAP1
(MCE/T). (MCF/I cells have 3-fold more IQGAP1 than MCF/V
cells (12) (also see Figs. 6 and 7B).) The proliferative response
was ~2.5-fold higher in MCF/I relative to MCE/V cells (Fig.
2A). The pattern of response was similar for transiently trans-
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FIGURE 3. A role for IQGAP1 in in vitro tumorigenic growth of MCF-7 cells.
A, 1 X 107 MCF/V, MCF/I or MCF-silQ8 cells were cultured in DMEM containing
either 10, 2, or 0.5% serum. The cells were trypsinized and counted using a hema-
cytometer. The data represent the means =+ S.E.,, n = 3 replications (each done in
triplicate) per group. The absence of error bars indicates that the S.E. is smaller
than the size of the symbol. B, MCF/V, MCF/I, and MCF-silQ8 (1 X 107 cells were
layered on soft agar as described under “Experimental Procedures.” After incu-
bating for 14 days at 37 °C in 5% CO,, the formation of colonies was evaluated.
Three representative images from each cell line are shown. The data are repre-
sentative of four separate experiments. C, the total number of colonies >0.2 mm
were counted using a light microscope, and differences between groups were
compared. The data are expressed as the means = S.E, n = 2, performed in
quadruplicate. *, p < 0.0001 relative to MCF/V-derived colonies.

fected cells. Thymidine incorporation into MCE-7 cells transiently
overexpressing wild type IQGAP1 is significantly higher than
those transiently transfected with vector (Fig. 2B). Similar analysis
was performed using IQGAP1AGRD, an IQGAP1 mutant that
functions as a dominant negative construct (11). Transient trans-
fection of IQGAP1AGRD markedly (86 = 11.3%) reduces prolif-
eration of MCF-7 cells (Fig. 2B). Western blotting reveals that wild
type IQGAPI and IQGAP1AGRD are expressed at equivalent lev-
els in the transiently transfected cells (Fig. 2C). Together, these
data suggest a positive association between IQGAP1 expression
and in vitro proliferation of MCEF-7 cells.

Effect of IQGAP1 on in Vitro Proliferative Growth and
Transformation—Serum-dependent proliferative growth was
evaluated as a measure of cellular transformation. In addition to
MCE/V and MCEF/I cells, we used MCE-7 cells with stable inte-
gration into the genome of siRNA for IQGAP1. Termed MCEF-
silQ8, these cells have 80% reduction in IQGAP1 expression
(12) (also see Fig. 6). Equal numbers of cells were plated and
cultured in 10, 2, or 0.5% serum. At 2-day intervals, the cells
were trypsinized and counted. When cultured under optimal
conditions (i.e. 10% serum), MCF/V, MCF/I, and MCF-siIQ8
cell lines have similar growth rates (Fig. 34). At lower concen-
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trations of serum, the rate of growth of MCF/V cells is essen-
tially the same as that of MCEF/I cells. In contrast, growth of
MCF-silQ8 cells is reduced substantially under suboptimal cul-
ture conditions (i.e. at 2% and 0.5% serum) (Fig. 34). To validate
these findings, analysis was repeated by an alternative method,
namely the MTT assay. In this assay, the cells were grown in
96-well plates, and proliferation was quantified after 24 h of
growth under optimal and suboptimal conditions. The MTT
proliferation assay yielded a pattern of response similar to that
seen with thymidine uptake (data not shown).

To further examine the involvement of IQGAP1 in cellular
transformation, the three MCF-7 cell lines were assayed for
anchorage-independent growth when suspended in soft agar.
This assay provides a stringent in vitro measure of the trans-
formed phenotypes typically observed in malignant cells (37).
Given that all three cell lines were derived from the MCE-7
human breast carcinoma cell line, it is not surprising that
MCE/V, MCEF/1, and MCE-silQ8 cells all exhibit anchorage-
independent cell growth (Fig. 3B). Nevertheless, knockdown of
IQGAP1 markedly reduces the ability of MCEF-7 cells to form
colonies in soft agar (Fig. 3, B and C). Together, the similar
patterns of response from serum-dependent and anchorage-
independent growth assays strongly suggest that IQGAP1 con-
tributes to the transformed phenotype of MCF-7 cells.

IQGAPI Promotes in Vivo Tumorigenesis—Given the evi-
dence suggesting a positive association between IQGAP1
expression and the in vitro proliferative growth and transfor-
mation of MCF-7 cells, we then addressed the role of IQGAP1
in in vivo tumorigenesis. MCF/V, MCF/I, and MCEF-siIQ8 cells
were suspended in Matrigel, and 1 X 10° cells were injected
subcutaneously into immunocompromised female mice. For
each group, the rate of appearance of primary tumors was mon-
itored, and final tumor volumes were obtained to determine
whether IQGAP1 expression alters in vivo growth characteris-
tics of primary, subcutaneous tumors.

Weekly inspection of subcutaneous implants suggested a
positive association between IQGAP1 expression and the pro-
liferative growth of in vivo tumors (Fig. 4); this relationship was
apparent as early as 1 week post-implantation and continued
throughout the course of the experiment. When compared
with implants derived from MCEF/V cells, those derived from
MCE/T cells grew faster, resulting in more visible, palpable
tumors/group (Fig. 4A4). By 5 weeks palpable tumors were
detected in all mice injected with MCEF/I cells, but only 70% of
those injected with MCE/V cells. The latency period of MCF-
silQ8-derived tumors was longer, and fewer palpable tumors
were always visible in this group (Fig. 44). Only 20% of the mice
injected with MCF-silQ8 cells developed palpable tumors. The
data pertaining to the final volumes of the tumors are consistent
with soft agar results. The final volume of MCEF/I-derived
tumors did not differ from those of MCF/V tumors (Fig. 4B).
However, MCEF-silQ8-derived tumors were significantly
smaller than those derived from MCF/V and MCF/I cells (Fig.
4B). Therefore, it appears that IQGAP1 contributes to the
tumorigenic growth of MCE-7 cells in vivo.

Tumor Invasion and Angiogenesis—Histologic examination
at 60 days of tumors derived from MCEF/V cells reveal that the
cells proliferate throughout the Matrigel and grow in host tis-
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FIGURE 4. IQGAP1 promotes in vivo tumorigenic growth of MCF-7 cells.
A, immunocompromised NOD.CB17-Prkdc*“/JC3H/HeJ mice received sub-
cutaneous injections of equal numbers (1 X 10°) of MCF/V, MCF/I, or MCF-
silQ8 cells suspended in Matrigel; rate of appearance of palpable primary
tumors was examined. B, final volume of tumors derived from subcutaneous
implants. Primary tumor volumes were measured 60 days after transplanta-
tion of MCF/V, MCF/I, or MCF-silQ8 cells. The data represent the means = S.E.,
n = 10 animals/group. Tumor volumes were significantly lower in mice
receiving MCF-silQ8 transplants relative to those receiving MCF/I (p < 0.05) or
MCF/V (p < 0.05) transplants. Final tumor volumes in mice receiving MCF/I
and MCF/V transplants did not differ (p = 0.908).

sue but do not invade skeletal muscle (Fig. 54). In contrast,
MCE/I tumors are highly invasive and infiltrate extensively
through the mouse skeletal muscle. Tumors from MCF-silQ8
cells remained small and did not extend beyond the Matrigel
plug (Fig. 5A).

Angiogenesis was determined by quantifying neovascular-
ization in tumors as described (39). This assay is based on the
angiogenesis that occurs in growth factor-reduced Matrigel.
The angiogenic response is evaluated by examining the gross
morphology of the Matrigel implants and quantifying new ves-
sel formation in sections stained with Masson’s trichrome. The
neovascular response in primary tumors derived from MCF/I
cells is significantly higher than that derived from MCE/V cells
(Fig. 5B). Angiogenesis in MCF-silQ8 tumors is less than
that in MCE/V tumors, but the difference is not statistically
significant.
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A number of binding partners of IQGAP1I are potential can-
didate molecules for involvement in the mechanism by which
IQGAP1 promotes tumorigenesis. We examined the participa-
tion of some of these in cell proliferation and invasion.

Altering IQGAP1 Concentration in MCF-7 Cells Alters the
Amounts of Active Cdc42 and Rac1—IQGAP1 binds directly to
Cdc42 and Racl in vitro, stabilizing the GTPases in their active
form (11, 25). Stable overexpression of IQGAP1 in MCF-7 cells
increases the amounts of active Cdc42 and Racl (Fig. 6) (12).
Consistent with these findings, stable knockdown of IQGAP1
substantially reduces the amounts of GTP-bound Cdc42 and
Racl in MCF-7 cells (Fig. 6). These data suggest that Cdc42 and
Racl contribute to the mechanism by which IQGAP1 enhances
tumorigenesis of breast epithelial cells. This possibility was
explored further using complementary strategies.

Cdc42 and Racl Participate in IQGAPI-mediated Increase in
Cell Proliferation—The possible participation of Cdc42 and
Racl in IQGAPI1-stimulated proliferation was examined with
dominant negative constructs. N17Cdc42 and N17Racl mark-
edly impair proliferation of cells overexpressing IQGAP1 (Fig.
7A, right panel). This effect is particularly evident at 72 h. Pro-
liferation at 72 h of MCF/I cells transfected with N17Cdc42 or
N17Racl is approximately the same as proliferation of vector-
transfected MCF/I cells at 24 h (Fig. 7A, right panel). Although
the dominant negative constructs also attenuate proliferation
of MCE/V cells, the magnitude of the reduction is substantially
less than that seen with MCF/I cells (Fig. 7A, left panel).
(IQGAP1 does not bind RhoA (7), so we did not examine this
GTPase.) Western blotting verifies the 3-fold overexpression of
IQGAP1 in MCF/I cells (compared with MCF/V cells) and that
the dominant negative Cdc42 and Racl constructs are
expressed (Fig. 7B). Probing blots for tubulin reveals that pro-
tein loading was equivalent among samples. These data, com-
bined with the results presented in Figs. 2 and 6, suggest that
IQGAPI increases cell proliferation, at least in part, in a Cdc42-
and Racl-dependent manner.

Binding to Actin and Cdc42/Racl Is Required for IQGAPI to
Promote Cell Invasion—The mechanism by which IQGAP1
promotes cell invasion was also investigated. Using dominant
negative constructs, we previously documented that IQGAP1
augments invasion of MCF-7 cells, at least in part, via Cdc42
and Racl (12). We used mutant IQGAP1 constructs to gain
further insight into which binding partners are necessary for
IQGAP1 to enhance cell invasion. IQGAP1G75Q, a point
mutant that lacks binding to actin (28), and IQGAP1AMK24,
which is unable to bind Cdc42 or Racl (29), were used. Tran-
sient overexpression of wild type IQGAPI increases cell inva-
sion, by ~2.5-fold (Fig. 8A4). In contrast, neither IQGAP1G75Q
nor IQGAP1AMK?24 is able to significantly enhance cell inva-
sion (Fig. 8). Western blotting reveals that the expression level
of the IQGAP1 constructs is equivalent (Fig. 8B). These data
strongly suggest that binding to actin and Cdc42 and/or Racl is
necessary for IQGAP1 to maximally promote cell invasion.

Inhibition of MAPK Reduces IQGAPI-stimulated Cell
Invasion—More recently, we observed that IQGAP1 is a scaf-
fold in the MAPK signaling pathway (13—15). The ERK inhibi-
tor U0126 was used to evaluate the possible participation of the
MAPK pathway in the mechanism by which IQGAP1 increases
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no prior studies have directly evalu-
ated whether IQGAP1 promotes
tumorigenesis. By differentially
regulating the amount of IQGAP1
in human breast epithelial cells,
we document here that IQGAP1
directly contributes to tumorigene-
sis. Overexpression of IQGAP1
enhances cell proliferation, whereas
IQGAP1 knockdown reduces in
vitro assays of tumorigenesis. Con-
sistent with these findings, manipu-
lation of intracellular IQGAP1 con-
centrations alters tumorigenicity of
MCE-7 cells in mice.

Knockdown of endogenous
IQGAP1 attenuates tumorigenicity
of MCE-7 cells. Cells with reduced
IQGAPI1 concentrations have an
impaired ability to grow at low con-
centrations of serum. Similarly,
growth of MCEF-7 cells in soft agar
and in immunocompromised mice,
both formation of tumors and inva-
sion of host tissue, are markedly

MCF/1

FIGURE 5. 1QGAP1 promotes invasion of MCF-7 cells in mice. A, Masson’s trichrome staining of representa-
tive tumors at 60 days from immunocompromised mice injected with MCF/V, MCF/I, or MCF-silQ8 (silQ8) cells.
MCF/V cells proliferate but do not invade host skeletal muscle. MCF/I cells show extensive invasion of host
tissue with growth visible in skeletal muscle. MCF-silQ8 cells remain confined to the Matrigel plug. Scale bar,
100 um. B, quantification of tumor-induced neovascularization in sections stained with Masson'’s trichrome.
Neovascularization in tumors derived from MCF/I, MCF/V, and MCF-silQ8 cells was determined as described
under “Experimental Procedures.” The data are expressed as the mean number of microvessels in three fields
of maximum blood vessel density (mean =+ S.E., n = 10 animals/group, 160X magnification). The neovascular
response was higherin primary tumors derived from MCF/I cells relative to those derived from MCF/V (p < 0.05)
and MCF-silQ8 (p < 0.05) cells. The amount of neovascularization in MCF/V- and MCF-silQ8-derived implants

did not differ significantly (p = 0.341).

cell invasion. Stable overexpression of IQGAP1 promotes an
~3-fold increase in invasion of MCF-7 cells into Matrigel (Fig.
9). Incubation of MCEF/I cells with 10 um U0126 completely
eliminates IQGAP1-stimulated invasion (Fig. 9). Although
U0126 also reduces invasion of MCEF/V cells, the extent of the
reduction is substantially less than that produced in MCF/I cells
(Fig. 9). These data suggest that the MAPK pathway contributes
to the invasion of MCF-7 cells produced by IQGAPI.

DISCUSSION

An accumulating body of evidence has documented that
IQGAP1 levels are increased in solid neoplasms derived from a
number of types of tissue. IQGAP1 overexpression, both RNA
and protein, has been reported in several malignant tumors (5).
In addition, analysis by immunohistochemistry of tissues
obtained from patients reveals that localization of IQGAP1
provides prognostic information for at least some carcinomas
(20, 22). Despite these findings, the data are circumstantial, and
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MCF/V MCF-silQ8 impaired when IQGAP1 concentra-
tions are lowered. As anticipated,
overexpression of IQGAP1 does not
augment the in vitro growth charac-
teristics of the malignant MCEF-7
cells. Nevertheless, MCF/I cells
exhibit increased invasion of host
tissue when injected into immuno-
compromised mice. The increased
invasion strongly suggests that the
tumors are more aggressive. Inva-
sion and metastasis, complex and
closely allied processes, are the
cause of 90% of human cancer
deaths (46). IQGAP1 is important
for cell migration (12, 47, 48), suggesting a possible mechanism
for tumor invasion. Congruent with this hypothesis, we previ-
ously observed that overexpression of IQGAP1 promotes inva-
sion of MCEF-7 cells in vitro, whereas the dominant negative
IQGAPIAGRD reduced invasion of T47D cells (12). In this
study we observe that overexpression of IQGAP1 also signifi-
cantly increases angiogenesis in the mouse model. Primary
tumors derived from MCEF/I cells exhibit an ~2-fold increase in
blood vessel formation over MCEF/V cells. The mechanism under-
lying this observation is not known. It is tempting to speculate that
the previously described interaction of IQGAP1 with the vascular
endothelial growth factor receptor (49) promotes tumor angio-
genesis. However, caution should be exercised in drawing this con-
clusion. It is conceivable that the increased neovascularization we
observed with tumors derived from MCF/I cells may simply be the
consequence of increased invasion.

Many binding partners of IQGAP1 are implicated in the
development of cancer (7), and it seems reasonable to postulate
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FIGURE 6. Altering IQGAP1 concentrations in MCF-7 cells alters the
amounts of active Cdc42 and Rac1. Equal numbers of MCF/V, MCF/I, and
MCF-silQ8 cells were cultured in DMEM. The cells were lysed, equal amounts
of protein lysate were resolved by SDS-PAGE, and the blots were probed with
anti-Cdc42 (Total Cdc42), anti-Rac1 (Total RacT), or anti-IQGAP1 antibodies.
Equal amounts of protein were also incubated with GST-WASP-GBD or GST-
PAK-CRIB to measure active Cdc42 and Rac1, respectively. The complexes
were collected with glutathione-Sepharose and resolved by SDS-PAGE, and
the blots were probed with anti-Cdc42 or anti-Rac1 antibodies. The data are
representative of two independent experimental determinations.
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that several of these may contribute to the mechanism by which
IQGAP1 enhances tumorigenesis. These molecules include
calmodulin, Racl, Cdc42, E-cadherin, B-catenin, components
of the MAPK pathway, and adenomatous polyposis coli. Exam-
ination of all these is a large undertaking, which is beyond the
scope of the present work. The documented involvement of
IQGAP1 in both MAPK signaling (13—15, 50) and in the func-
tion of the Rho GTPases Cdc42 and Racl (11, 12, 25, 33) led us
to examine the potential role of those proteins in IQGAP1-
stimulated tumorigenesis. Ras signaling pathways are aberrant
in many human tumors, with oncogene activation reported in
~30% of these (51). Although mutations of Ras are not associ-
ated with the majority of breast cancer, over 50% of human
breast cancer has increased activation of Ras (52, 53). Several
effectors are involved in Ras-induced transformation, including
the MAPK pathway, phosphatidylinositol 3-kinase, and Rho
GTPases (54, 55). The MEK/ERK pathway regulates cell prolif-
eration (56) and oncogenic transformation (57). We selected
the widely used inhibitor U0126, which inhibits MEK activation
and MEK catalytic activity, to gain insight into the involvement
of the MAPK pathway. Inhibition of MAPK signaling abrogated
the increased invasion mediated by IQGAP1. Although U0126
also attenuated invasion of MCE-7 cells, the magnitude of the
reduction was substantially less than that seen with MCF/I
cells. These data imply that the MAPK cascade contributes to
the mechanism by which IQGAP1 promotes invasion of breast
carcinoma cells.
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FIGURE 7. Cdc42 and Rac1 participate in IQGAP1-mediated increase in
cell proliferation. MCF/V and MCF/I cells were transiently transfected with 1
g of empty pcDNA3 vector, N17Cdc42,or N17Rac1. A, after36 h, 5 X 10° cells
were plated in tissue culture plates for 24, 48, or 72 h. Proliferation was deter-
mined using the MTT assay as described under “Experimental Procedures.”
The data are the means = S.D. of assays performed in triplicate and are rep-
resentative of two independent experimental determinations. The
absence of error bars indicates that the S.D. is smaller than the size of the
symbol. B, equal numbers of transfected MCF/V and MCF/I cells were lysed
and processed by SDS-PAGE and Western blotting. The blots were probed
with antibodies to IQGAP1, Cdc42, Rac1, and tubulin. The data are repre-
sentative of two independent experiments.

There is increasing evidence that Rho proteins are involved
in almost every stage of tumorigenesis (58). The Rho proteins
are members of the Ras superfamily of GTPases, which act as
molecular switches to control a wide range of essential bio-
chemical pathways (59). The GTPases are inactive when bound
to GDP. Guanine nucleotide exchange factors catalyze the
release of GDP, allowing GTP (which is in excess) to bind. The
active, GTP-bound form binds target proteins, eliciting cellular
responses. Inactivation is augmented by GTPase-activating
proteins, which increase the hydrolysis of GTP to GDP by an
intrinsic GTPase. The Rho subfamily contains several mem-
bers, the best characterized of which are RhoA, Racl, and
Cdc42 (60). In addition to regulating the actin cytoskeleton and
cell morphology, Rho GTPases affect gene expression, cell pro-
liferation, and cell survival, cellular functions important in
tumorigenesis (58). Consistent with these actions, a large body
of evidence supports the involvement of Rho proteins in several
types of cancer (58). Activated Rho mutant constructs can
transform fibroblasts, whereas dominant negative mutants
block transformation by Ras (58). Moreover, Rho proteins pro-
mote the metastasis of tumor cells, including breast cancer (58,
61). Importantly, deregulation of both Racl and Cdc42 has
been reported in breast carcinoma (58, 62). Coordinated acti-
vation and functional co-operation occurs between the Ras and
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FIGURE 8.Binding to Cdc42/Rac1 and actin is required for IQGAP1 to max-
imally augment cell invasion. HEK-293H cells were transiently transfected
with equal amounts of empty pcDNA3 vector (V), wild type IQGAP1 (WT),
IQGAP1G75Q (G75Q), or IQGAP1AMK24 (MK24). After 36 h, the cells were
trypsinized and counted. A, 2 X 10° cells were suspended in 500 ul of DMEM/
0.5% FBS and placed in the upper chamber of a 24-well Matrigel invasion
chamber. The number of cells that invaded into the Matrigel in 48 h was
quantified as described under “Experimental Procedures.” All of the assays
were performed in duplicate or triplicate. The data are expressed relative to
invasion by cells transfected with vector and are representative of four inde-
pendent experimental determinations. B, equal numbers of cells were lysed
and processed by Western blotting. The blots were probed with anti-Myc
antibody (all IQGAP1 constructs are Myc-tagged) and tubulin (as loading con-
trol). A representative experiment is shown.
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Rho GTPases (59). The transforming activity of Ras requires
Racl and Cdc42 (59, 63). We show here that knockdown of
IQGAP1, which reduces MCEF-7 cell proliferation in vitro and
tumorigenesis in vivo, substantially reduces the amount of
active Cdc42 and Racl in breast carcinoma cells. Consistent
with these findings, dominant negative Cdc42 and Racl impair
IQGAPI1-stimulated proliferation of MCF-7 cells. Moreover,
Cdc42/Racl are necessary for IQGAP1 to promote cell inva-
sion. A mutant IQGAP1 construct that selectively lacks binding
to Cdc42 and Racl (29), termed IQGAP1AMK?24, is unable to
increase cell invasion. Collectively these data suggest that
Cdc42 and Racl participate in both IQGAP1-stimulated
tumorigenesis and invasion.

Recent evidence reveals that binding to actin is required for
IQGAP1 to promote cell motility. IQGAP1G75Q, a point
mutant construct that cannot bind actin, does not increase cell
motility (28). Concordant with these observations, we observe
here that IQGAP1G75Q fails to increase cell invasion. Thus, an
interaction with actin is also necessary for IQGAP1 to enhance
invasion. It is important to bear in mind that our observations
do not preclude a role for (an)other protein(s) in the mecha-
nism by which IQGAP1 promotes tumorigenesis of breast epi-
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FIGURE 9. The MAPK inhibitor U0126 reduces IQGAP1-stimulated inva-
sion of MCF-7 cells. MCF/V and MCF/I cells (2 X 10° each) were suspended in
500 wl of DMEM/1% FBS with vehicle (Me,SO) or 10 um U0126 and placed in
the upper compartment of 24-well Matrigel Invasion Chambers. The number
of cells that invaded into the Matrigel in 48 h was quantified as described
under “Experimental Procedures.” All of the assays were performed in dupli-
cate or triplicate. The data are expressed as the number of invading cells/high
power field (hpf) and are the means = S.D. of two independent experimental
determinations, with at least five separate fields counted in each assay.

thelium. It is possible, perhaps even likely, that other IQGAP1-
binding partners, such as B-catenin or E-cadherin, both of
which are implicated in neoplastic transformation (64, 65), con-
tribute to IQGAP1-induced tumorigenesis. Additional studies
are necessary to test this hypothesis.

Regardless of the mechanism, our data document for the first
time that IQGAP1 stimulates cell proliferation and promotes
tumorigenesis in an iz vivo model. An elegant study from Rich-
ard Hynes’s group identified that IQGAP1 mRNA is up-regu-
lated in metastasis (19). Microarray analysis of genes selectively
up-regulated in metastatic melanoma revealed that only 32
were up-regulated >2.5-fold; one of these was IQGAP1. These
in vivo observations are supported by in vitro analyses revealing
that overexpression of IQGAP1 enhances motility and invasion
of breast epithelial cells, whereas knockdown of endogenous
IQGAP1 reduces motility and invasion (12). Collectively the
findings presented in this manuscript, in conjunction with pre-
viously published data, support the concept that IQGAP1 par-
ticipates in both transformation and metastasis, suggesting that
it may be an appealing therapeutic target for carcinoma.
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