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IQGAPs are multidomain scaffolding proteins that integrate Rho GTPase and Ca2�/calmodulin signals with
cell adhesive and cytoskeletal reorganizational events. Targeted disruption of the murine Iqgap2 gene resulted
in the age-dependent development of apoptosis and hepatocellular carcinoma (HCC), characterized by the
overexpression of IQGAP1, the loss of membrane E-cadherin expression, the cytoplasmic translocation (and
activation) of �-catenin, and the overexpression of a nuclear target of �-catenin, cyclin D1. In normal
hepatocytes, IQGAP2 was found to exist as one component of a multifunctional scaffolding complex comprising
IQGAP1, �-catenin, and E-cadherin, with no evidence for direct IQGAP1-IQGAP2 interactions. Interbreeding
of Iqgap2�/� mice into the Iqgap1�/� background resulted in the phenotypic correction of the preexisting
hepatopathy, decreases in the incidence and sizes of HCC tumors, and the normalization of overall survival
rates compared to those of Iqgap2�/� mice, suggesting that maximal penetrance of the Iqgap2�/� HCC
phenotype requires the coordinate expression of IQGAP1. These results identify Iqgap2 as a novel tumor
suppressor gene specifically linked to the development of HCC and the activation of the Wnt/�-catenin
signaling pathway, while also suggesting that IQGAP1 and IQGAP2 retain functionally divergent roles in
hepatocellular carcinogenesis.

Hepatocellular carcinoma (HCC) accounts for over 80% of
all human liver cancer (16) and is responsible for between
500,000 and 1 million deaths worldwide annually (29). Predis-
posing etiologies for HCC include chronic hepatitis B and C
virus infections, exposure to aflatoxin B1, chronic alcohol con-
sumption, and any hepatic disease having associated cirrhosis.
While the molecular mechanisms leading to HCC may differ by
etiology, HCC generally evolves through a multistep process
involving hepatocyte destruction, proliferation, and regenera-
tion. At the molecular level, both genetic and epigenetic alter-
ations that result in the abnormal expression of genes involved
in cell cycle control, cell growth and proliferation, apoptosis,
and cell-cell interactions have been observed (26, 47). The
known genomic heterogeneity of human HCCs may be attrib-
uted to different causative agents. Recurrent allelic losses or
gains on 14 chromosome arms have been detected in more
than 30% of all HCCs analyzed (47). The deregulation of the
canonical Wnt/Frizzled signaling cascade has been shown to
occur in 33 to 67% of human HCCs (29), and HCC is among
the most common malignancies with mutations in the Wnt
pathway, typically involving the gene encoding �-catenin
(CTNNb1) (15).

�-Catenin is a convergence point for Wnt and cellular ad-
hesion pathways, functioning as a structural adaptor protein
linking type I cadherins to the actin cytoskeleton and as a
transcriptional cofactor in the Wnt pathway when in complex
with T-cell factor/lymphoid enhancer factor (39). Normally,

the majority of �-catenin is associated with E-cadherin at cell-
cell junctions, and �-catenin is maintained at low cytoplasmic
levels. In the absence of Wnt signaling, cytoplasmic �-catenin
is bound to its destruction complex of Axin, adenomatosis
polyposis coli, and glycogen synthase 3� kinase (GSK-3�),
where it is targeted for ubiquitination and degradation in the
26S proteosome. Upon the activation of Wnt/�-catenin path-
ways, the �-catenin destruction complex dissociates and
�-catenin escapes phosphorylation by GSK-3� and translo-
cates to the nucleus, where it activates an array of target genes
and cell cycle regulators such as c-myc and cyclin D1 (5, 29).
�-catenin deficiency in mice causes lethality at embryonic day
7 (20), while liver-specific disruption of murine Apc (encoding
adenomatosis polyposis coli) results in �-catenin signaling ac-
tivation and the development of HCC (12). In contrast, hepa-
tocyte-restricted overexpression of an oncogenic �-catenin
transgene causes hepatomegaly without HCC formation (9).
Similarly, the adenovirus-mediated expression of a dominant
stable �-catenin mutant failed to cause neoplastic liver foci,
suggesting that in contrast to adenomatosis polyposis coli, the
activation of the Wnt signaling pathway by stabilized �-catenin
is insufficient for HCC development, further suggesting that
additional genetic or epigenetic changes are involved (21).

We now provide evidence that IQGAP2 functions as a crit-
ical component of a broader IQGAP1–IQGAP2–�-catenin–E-
cadherin scaffold and that the loss of IQGAP2 expression by
the targeted disruption of the murine Iqgap2 gene leads to the
development of HCC. Of equal importance, mice deficient in
both Iqgap1 and Iqgap2 genes (Iqgap1�/� Iqgap2�/�) displayed
relative protection against HCC and corrected long-term sur-
vival rates relative to those of Iqgap2�/� mice, suggesting that
IQGAP1 and IQGAP2 retain functionally divergent roles in
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hepatocellular carcinogenesis. IQGAPs are conserved homo-
logues of an extended family of proteins found in yeast (Sac-
charomyces cerevisiae) and amoebae (Dictyostelium discoi-
deum), studied in mammalian systems largely as scaffolding
proteins with the capacity of integrating intracellular signals
with cytoskeletal membrane events (1, 7, 32, 42). In mammals,
two homologous IQGAPs (IQGAP1 and IQGAP2) have been
characterized previously (8, 22, 27, 34), although a third
(IQGAP3) was recently identified on the basis of homology
search and implicated in axonal elongation in PC12 cells and
rat hippocampal neurons (50). IQGAPs bind F-actin through
the calponin homology domain (10) and interact with multiple
calmodulin molecules in a predominantly Ca2�-independent
fashion through repetitive IQ motifs (IQXXXRGXXR) (8) and
with Rho GTPases cdc42 and rac1 by means of a C-terminal
RasGAP-related domain (GRD) (8). While IQGAP1 is known
to capture microtubules through its association with cytoplas-
mic linker protein 170 (CLIP-170) (17) and to modulate cad-
herin-based adhesion by acting as a competitive inhibitor of
�-catenin–cadherin complex formation (6, 28), the physiolog-
ical significance of these biochemical interactions remains un-
known. These data establish the first identified pathological
consequence of IQGAP2 deficiency and provide a novel func-
tion for Iqgap2 as a tumor suppressor gene coupled to the
activation of the Wnt/�-catenin signaling pathway.

MATERIALS AND METHODS

Generation and characterization of Iqgap2-deficient and Iqgap1- and Iqgap2-
deficient mice. An �150-kb bacterial artificial chromosome clone derived from
murine chromosome 13 and encompassing exons 7 to 34 of the Iqgap2 gene was
isolated as previously described (14). The targeting vector was constructed by the
insertion of an 8.5-kb genomic fragment containing Iqgap2 exons 15 to 17 into
the BamHI site of plasmid pMJK-KO (available from Thomas Rosenquist, State
University of New York [SUNY]—Stony Brook), upstream from the phospho-
glycerate kinase promoter-neomycin (PGK-Neo) reporter cassette. An 8-kb
Iqgap2 genomic fragment encompassing exon 31 was cloned into the XhoI site
downstream of the PGK-Neo cassette. The targeting vector also contained a
thymidine kinase gene (PGK-tk) as a second selection marker (see Fig. 1A). The
linearized targeting vector was introduced into 129J1 embryonic stem (ES) cells
by electroporation, and the Iqgap2 null allele was generated by homologous
recombination using dual selection (33). Genomic DNA from individual ES
clones was screened by Southern analysis using ApaI-digested DNA and a 32P-
radiolabeled, PCR-generated 500-bp fragment as a probe (forward, 5�-GCTGG
CAGTGGGGAGCACAGTGCA-3�; reverse, 5�-AGGGCAGGAAAGGCAGC
AGCACTT-3�). ES clone no. 57 was used for microinjections into C57BL/6
blastocysts to generate chimeric mice (33) and bred into 129J1 and C57BL/6
backgrounds for at least eight generations prior to further studies. All functional
studies were completed using 129J1 mice. F1 progeny of the chimeric mice were
initially genotyped by Southern blot analysis (as outlined above) using tail DNA.
Genotyping of subsequent progeny was completed by PCR. Oligonucleotide pair
P3/P4 (P3, 5�-AAGGCATGATTCATTCACCTGAGA-3�; P4, 5�-AGGGCAGG
AAAGGCAGCAGCACTT-3�) was used for the detection of the wild-type al-
lele, and N2/N3 (N2, 5�-GTCAAGAAGGCGATAGAAGG-3�; N3, 5�-TTGAA
CAAGATGGATTGCACGCA-3�) was used for the null allele. The 35-cycle
PCR included a denaturation step at 94°C for 1 min and 15 s, a 2-min annealing
step at 55°C, and a 3-min primer extension step at 72°C.

Mice with targeted disruption of the Iqgap1 gene were maintained on a 129J1
background (kindly provided by Andre Bernards, Harvard Medical School).
Iqgap1�/� Iqgap2�/� mice were generated by pairwise interbreeding of
Iqgap1�/� and Iqgap2�/� mice with the 129J1 background. Offspring were born
with predicted Mendelian frequencies, establishing that the Iqgap1�/� Iqgap2�/�

genotype did not result in embryonic lethality; more detailed characterization of
these mice will be given elsewhere. All mice were handled according to guide-
lines for the humane care and use of experimental animals, and procedures were
approved by the SUNY—Stony Brook Institutional Animal Care and Use Com-
mittee.

Molecular genetic analyses. The integrity of liver mitochondrial DNA from
Iqgap2�/� mice was assessed by Southern blotting using a 2-kb EcoRI fragment
of a mouse mitochondrial genome as a probe (43). Total RNA was isolated using
Trizol reagent (Invitrogen, Carlsbad, CA). RNA integrity was established using
an Agilent 2100 bioanalyzer.

Quantitative reverse transcription-PCR (qRT-PCR) was performed using flu-
orescence-based real-time PCR technology (19); in brief, 5 �g of total RNA from
murine livers was used for first-strand cDNA synthesis with random hexamer
primers (Invitrogen, Carlsbad, CA). Total RNA in 7 �l of H2O was mixed with
5 �l of hexamer primers (100 ng/�l), and the mixture was heated to 85°C for 3
min and placed on ice. The reaction mix was prepared separately according to
the Invitrogen protocol and contained 4 �l of 5� first-strand buffer, 2 �l of 0.1
M dithiothreitol, and 1 �l of a mix of deoxynucleoside triphosphates (15 mM
each). RNA with primers was then added to the reaction mix, the mixture was
incubated at 42°C for 3 min, and the reverse transcription was started by the
addition of 1 �l of SuperScript II reverse transcriptase (200 U/�l; Invitrogen
[catalog no. 18064]). The reverse transcription reaction was carried out at 42°C
for 2 h and stopped by incubation of the reaction mixture at 85°C for 10 min.

The following PCR step was performed in a 96-well plate using an Opticon-I
PCR machine (Bio-Rad). The reverse transcription reaction mixture was diluted
up to 1:15 and equally divided among primer pairs for each target gene (Table
1). Oligonucleotide primer pairs for each target gene were generated using
Primer3 software (http://frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi) and
were designed to amplify PCR products of 200 � 1 bp at the same annealing
temperatures. The plate was heated at 95°C for 15 min and subjected to a
40-cycle PCR (94°C for 30 s, 55°C for 30 s, and 72°C for 1 min and fluorescence
reading for 10 s). Melting curves were measured for every well of the plate at
temperatures from 65 to 95°C, with a reading interval of 0.2°C and 5 s of holding
between the readings. mRNA levels were quantified by monitoring the real-time
fluorimetric intensity of SYBR green I (Invitrogen). Known amounts of DNA
were used as standards to generate a calibration curve covering a range from 1
to 10�6 ng of a target per well. The relative mRNA abundance was determined
from triplicate assays performed in parallel for each primer pair and calculated
using the comparative threshold cycle number (23), and results were normalized
to the amount for cellular �-actin mRNA, all as previously described (18).

Murine phenotypic and electron microscopy analyses. Freshly isolated mouse
organs were immediately snap-frozen in liquid nitrogen or paraffin embedded by
submersion in 10% neutral buffered formalin for 16 h at 4°C prior to being
sectioned and stained using hematoxylin and eosin. For electron microscopy,
freshly isolated mouse liver and skeletal muscle samples were fixed by immersion
in a solution of 2% paraformaldehyde and 2.5% electron microscopy-grade
glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 7.4). After fixation, sam-
ples were placed in 2% osmium tetroxide in 0.1 M sodium cacodylate buffer (pH
7.4), dehydrated in a graded series of ethyl alcohol preparations, and embedded
in Durcupan resin (Electron Microscopy Sciences, Fort Washington, PA). Ul-
trathin sections of 80 nm were generated with a Reichert-Jung UltracutE ultra-
microtome (Leica Microsystems, Inc., Bunnockburn, IL) and placed on Formvar-
coated slot copper grids. Sections were then counterstained with uranyl acetate
and lead citrate and viewed with a Tecnai12 BioTwinG2 electron microscope
(FEI Company, Hillsboro, OR). Digital images were acquired using an AMT
XR-60 charge-coupled device digital camera system (Advanced Microscopy

TABLE 1. Oligonucleotide primers for qRT-PCR

Gene Forward primer Reverse primer

Iqgap1 5�-TGCAGCTGACACTT
TTACGG-3�

5�-TTCCCTTGGATTT
CAGCTTG-3�

Iqgap2 5�-TCAAGATTGGACT
GCTGGTG-3�

5�-AGGTTTGGTCTG
GAGGAGGT-3�

Par3 5�-TCAATGGCAACAA
CTGGGTA-3�

5�-ATGACCCACACT
ATGCCACA-3�

�-Actin gene 5�-TACCACAGGCATTG
TGATGG-3�

5�-TTTGATGTCACG
CACGATTT-3�

16S rRNA 5�-GGGACTAGCATGA
ACGGCTA-3�

5�-CCCCAACCGAAA
TTTCAAAC-3�

COXa gene 5�-CTGAGCGGGAATA
GTGGGTA-3�

5�-TGGGGCTCCGAT
TATTAGTG-3�

Cytochrome
b gene

5�-ACGTCCTTCCATGA
GGACAA-3�

5�-GAGGTGAACGAT
TGCTAGGG-3�

a COX, cytochrome c oxidase subunit 1.
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Techniques Co., Danvers, MA). All microscopic and ultramicroscopic analyses
were performed blindly to the genotype. The presence of HCC was established
by the examination of the gross morphological features and a microscopic review
of at least two sections per liver; for all specimens, microscopy was carried out in
a blinded fashion and complete concordance was observed between the results of
the examination of gross morphology and microscopic HCC detection. Histo-
logic confirmation of HCC was established on paraffin sections using Gordon and
Sweet’s silver reticulin stain.

Biochemical determinations (for hepatic transferases, bilirubin, and alkaline
phosphatase) were completed using sera isolated from retroorbital blood sam-
ples and quantified using a MODULAR PP serum work area analyzer (Roche
Diagnostics, Indianapolis, IN). Automated blood counts were obtained on a
Coulter counter specifically gated to detect murine blood cells, and blood smears
were subjected to Wright-Giemsa stain.

Hepatocyte TUNEL and mitochondrial assays. The quantification of apoptotic
hepatocytes was completed using terminal deoxynucleotidyltransferase-mediated
dUTP-biotin nick end labeling (TUNEL) staining (31). Briefly, liver sections
were deparaffinized in xylene, rehydrated in decreasing alcohol concentrations
(from 100 to 0%), and digested with 20 �g/ml of proteinase K for 10 min at 25°C,
and the digestion was subsequently quenched by incubation with 3% hydrogen
peroxide in phosphate-buffered saline for 10 min at 25°C. Washed sections were
then incubated for 60 min at 37°C with terminal deoxynucleotidyltransferase
enzyme for dUTP-biotin nick end labeling (Chemicon, Temecula, CA), after
which they were incubated for 1 h at 25°C with the digoxigenin-conjugated
anti-dUTP antibody. Detection was completed using 3,3�-diaminobenzidine as
the substrate. Sections were counterstained with 0.5% methyl green. Apoptotic
cells (among 1,000 cells per section) were scored and quantified in a blinded
fashion by two investigators, and the results were expressed as the mean � the
standard error of the mean (SEM) for each age group studied.

Mitochondria were isolated from individual livers after isotonic homogeniza-
tion in an ice-cold buffer containing 0.25 M sucrose, 10 mM HEPES buffer, pH
7.4, and 1 mM EGTA. The mitochondrial fraction was obtained by differential
centrifugation at 4°C (48), and the protein content was measured by a bicincho-
ninic acid assay (Pierce, Rockford, IL). The integrity and functional capacity of
mitochondria were assessed by tetramethylrhodamine ethyl ester loading (50
mM for 10 min at 25°C) and FACScan analysis using logarithmic-gain settings for
light scattering and fluorescence (Becton Dickenson, Mountain View, CA). For
all studies, 10,000 gated events were acquired.

Immunodetection and immunoprecipitation studies. Immunohistochemistry
analysis of paraffin-embedded liver sections was performed essentially as de-
scribed previously (25) using mouse monoclonal antibodies specific for �-catenin
(1:50; clone 14, BD Biosciences, San Jose, CA), E-cadherin (1:50; BD Bio-
sciences), IQGAP1 (1:15; BD Biosciences), and IQGAP2 (1:50; Upstate Bio-
technology/Millipore, Billerica, MA). The detection of primary antibody was
carried out using a biotinylated mouse-specific secondary antibody (1:100),
streptavidin peroxidase (Rockland Immunochemicals for Research, Gilberts-
ville, PA), and 3,3�-diaminobenzidine as the substrate.

Protein lysates from various organs were prepared as previously described
(42). Lysates were centrifuged at 600 � g for 10 min at 4°C, and protein
supernatants were quantified by a bicinchoninic acid assay prior to sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) using 4 to 15%
gradient gels (Bio-Rad Laboratories, Hercules, CA). Immunoblot analysis was
completed as previously described (2). Primary antibodies, all mouse monoclonal
antibodies, were as follows: IQGAP1 (1:1,000; BD Biosciences), IQGAP2 (1:
1,000; Upstate Biotechnology/Millipore), actin (1:1,000; Chemicon, Temecula,
CA), glyceraldehyde-3-phosphate dehydrogenase (1:1,000; Upstate Biotechnol-
ogy/Millipore), cytochrome c (1:1,000; Cell Signaling Technology, Danvers,
MA), complex I and II (both 1:200; Molecular Probes, Eugene, OR), prohibitin
(1:500; Lab Vision Co., Fremont, CA), �-catenin (1:1,000; clone 14; BD Bio-
sciences), active �-catenin (anti-ABC; 1:1,000; clone 8E7; Upstate Biotechnol-
ogy/Millipore), E-cadherin (1:1,000; BD Biosciences), and cyclin D1 (1:400;
Upstate Biotechnology/Millipore). Relative protein abundance was determined
by densitometric analysis using Gel-Pro Analyzer software (version 3.0; Media
Cybergenetics, Silver Spring, MD).

Immunoprecipitation experiments were completed using freshly isolated mu-
rine livers essentially as described previously (42). In brief, intact livers were
homogenized in 25 mM HEPES–0.15 M NaCl buffer, pH 7.45, supplemented
with 0.1% Triton X-100 and standard protease inhibitors. After centrifugation at
10,000 � g for 15 min at 4°C, 5 to 20 mg of whole-cell lysate was precleared in
a 1-ml volume by using 50 �l of protein G agarose (25-�l bed volume; Roche
Diagnostics GmbH, Mannheim, Germany) for up to 4 h at 4°C. After centrifu-
gation at 12,000 � g for 20 s, supernatants were incubated with 5 �g of protein
G agarose-conjugated antibodies overnight at 4°C. Pellets were then collected by

centrifugation (12,000 � g for 20 s) and washed three times with lysis buffer prior
to immunoblotting as outlined above.

Alternatively, immunoprecipitation experiments were carried out with
COS1 lysates. COS1 cells were grown in Dulbecco minimal essential medium
supplemented with 10% fetal bovine serum, 100 U/ml of penicillin, and 100
�g/ml of streptomycin sulfate. Transient transfections with full-length human
IQGAP1 cDNA (kindly provided by David Sacks, Harvard Medical School)
(24) and IQGAP2 cDNA (a gift from Andre Bernards, Harvard Medical
School) (8) were completed using Fugene reagent (Roche Diagnostics).
Transfection with EGFP-C1 plasmid (Clontech Laboratories, Mountain
View, CA) served as a control; 24 h posttransfection, cells were washed and
solubilized in a buffer containing 25 mM HEPES–0.15 M NaCl buffer, pH
7.45, supplemented with 0.1% Triton X-100 and standard protease inhibitors.
Lysates were subsequently used for immunoprecipitation studies as outlined
above.

Statistical analyses. Kaplan-Meier survival curves and age-dependent HCC
incidence data were generated using SPSS software (Statistical Package for the
Social Sciences, version 14.0). For all analyses, differences in means between
groups were analyzed by a 	2 test or two-tailed Student’s t test using a P value of

0.05 as a measure of statistical significance.

RESULTS

Generation of Iqgap2-deficient mice. To inactivate the
Iqgap2 gene, a 36,241-bp genomic fragment spanning exons 18
to 30 (corresponding to amino acids Ala705 to Lys1306, encom-
passing a portion of the IQ2 [Gln696 to Gly725] motif, the entire
IQ3 [Asn726 to Asp755] and IQ4 [His756 to Pro785] motifs, and
the GRD [Gln891 to Val1189]) was replaced with a PGK-neo-
mycin resistance cassette via site-specific homologous recom-
bination (Fig. 1A to C). Interbreeding of heterozygous
(Iqgap2�/�) founder mice on both 129J1 and C57BL/6 back-
grounds demonstrated that progeny were born at normal Men-
delian ratios, eliminating the possibility that Iqgap2 expression
is required for normal embryonic development. Iqgap2�/�

mice were fertile and clinically normal at up to 12 months of
age. To exclude the possibility that Iqgap2 loss caused the
reciprocal induction of the homologous Iqgap1 gene, qRT-
PCR was completed using hepatocytes from Iqgap1�/� and
Iqgap2�/� mice (Fig. 1D). In parallel, transcript expression of
the murine protease-activated receptor 3 (Par3) gene was as-
sessed to exclude inadvertent disruption. Murine Par3 is
known to be encompassed within Iqgap2 intron 13 (14), and
unaltered expression established that the thrombin-PAR3 re-
ceptor system (38, 41) was uninvolved in subsequent pheno-
typic defects. Transcript analysis confirmed that Iqgap2 was the
predominant isoform expressed in murine livers, with no clear
change in Iqgap1 gene expression. Immunoblot analysis using
tissues known to express Iqgap2 (14) demonstrated a clear loss
of protein, with the exception of a modest increase in hepatic
IQGAP1 content (Fig. 1E), as assessed by immunoblot densi-
tometry (data not shown). Thus, comparable to the Iqgap1�/�

mouse (30), the Iqgap2�/� genotype did not result in intrauter-
ine or immediate postnatal death, nor was there any evidence
that compensatory induction of Iqgap1 masked the lack of an
essential Iqgap2 function in adult tissues.

Iqgap2�/� mice display age-dependent hepatocellular apop-
tosis. The initial survey of organs from 6-week-old Iqgap2�/�

mice demonstrated no histological defects in any of the tissues
studied; similarly, animals were fertile and maintained normal
body weights. More-detailed hematological and biochemical
studies of mice from distinct age groups (1, 4, and 8 months
old) revealed normal hemograms, although Iqgap2�/� mice
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FIG. 1. Generation and characterization of Iqgap2�/� mice. (A) Schema depicting the targeting construct and the Iqgap2 wild-type and null
alleles, resulting in the replacement of an �36-kb genomic fragment (corresponding to amino acid residues Ala705 to Lys1306) with the PGK-Neo
cassette. The deleted fragment encompasses a portion of the IQ2 (Gln696-to-Gly725), IQ3 (Asn726-to-Asp755), and IQ4 (His756-to-Pro785) domains
and the GRD (Gln891 to Val1189) (8). Selected numbered exons are depicted by rectangles, and the relative positions of oligonucleotides and the
32P-radiolabeled probe used for allele identification are shown. A, ApaI; B, BamHI; X, XbaI. (B and C) Southern blot analysis was performed using
10 �g of ApaI-digested genomic DNA isolated from various ES clones (B) or Iqgap2�/� (�/�), Iqgap2�/� (�/�), or wild-type (�/�) mice
(C) specifically generated from ES clone no. 57, and DNA was probed with the 32P-radiolabeled 500-bp genomic fragment depicted in panel A.
The 4-kb wild-type and 12-kb mutant alleles are evident. (D) qRT-PCR was completed using total RNA isolated from livers of 2-month-old
wild-type, Iqgap1�/�, or Iqgap2�/� mice and primers specific for the �-actin gene, Iqgap1, Iqgap2, and Par3 (known to be encompassed within the
Iqgap2 gene [14]). (E) Total protein lysates (10 �g per lane) isolated from organs of 2-month-old Iqgap2�/� (�/�) or Iqgap2�/� (�/�) mice or
wild-type (�/�) littermate controls were size fractionated by 4 to 15% SDS-PAGE, and IQGAP1 and IQGAP2 expression was assessed by
immunoblotting. Note the absence of IQGAP2 in all Iqgap2�/� organs, with a modest reciprocal increase in IQGAP1 in Iqgap2�/� livers only.
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FIG. 2. Age-dependent hepatopathy and mitochondrial damage in Iqgap2�/� mice. (A) Sera from mice in three age groups (1, 4, and 8 months
old; n � 10 mice per age group) were analyzed for the quantification of AST. (B) Liver sections (n � 3 per age group) were analyzed for apoptotic
cells by TUNEL staining. Results shown in panels A and B are means � SEM; statistically significant P values are shown. (C and D) Transmission
electron micrographs from livers and skeletal muscles of 12-month-old Iqgap2�/� mice (low and high magnifications) (C) or wild-type mice (high
magnification) (D) demonstrate an edematous mitochondrial matrix with collapsed cristae (solid arrows) restricted to Iqgap2�/� mitochondria;
hollow arrows indicate normal cristae. Note the normal architecture of mitochondria from skeletal muscles of both genotypes. Structural defects
are representative of those seen in 8- and 12-month-old mice (n � 3 per group), with comparable but less-extensive defects seen in 4-month-old
Iqgap2�/� mice. Size bars represent 2 �m (magnification, �4,800 [C, top left panel]), 500 nm (magnification, �18,500 [C, top right panel]), and
200 nm (magnification, �49,000 [C, bottom panels, and D]). The white box denotes an Iqgap2�/� mitochondrion shown magnified at �49,000 in
the image below.
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demonstrated an age-dependent increase in levels of distinct
hepatocyte-derived aminotransferases in sera. Total bilirubin
levels remained normal in mice up to 8 months of age, and
enzymatic abnormality at this age was restricted to elevations
of aspartate aminotransferase (AST) (Fig. 2A), to the exclu-
sion of a rise in alanine aminotransferase (data not shown). A
nonstatistically significant rise in AST was evident at 4 months,
with clear differences in 8-month-old Iqgap2�/� mice (P �
0.04) compared to wild-type littermates. The AST was most
likely hepatic (nonmuscular) in origin, since corresponding
serum creatine phosphokinase levels remained normal and
values for the two groups were statistically indistinguishable
(53.6 � 6.3 U/liter in wild-type mice versus 72.4 � 20.59 U/liter
in Iqgap2�/� mice). Similarly, the extensive organ survey failed
to identify histologic defects in any nonhepatic sources. Al-
though this pattern evident in Iqgap2�/� mice is typical of
human alcoholic liver disease (i.e., disproportional elevations
of AST compared to alanine aminotransferase), hepatic non-
esterified fatty acid and triglyceride levels were normal (data
not shown).

TUNEL staining using livers from wild-type and Iqgap2�/�

littermates specifically demonstrated no differences in the
numbers of apoptotic cells in 1-month-old mice; however,
gradual and progressive evidence for spontaneous apoptosis in
4- and 8-month-old Iqgap2�/� mice was observed (Fig. 2B).
Enhanced hepatocellular loss was evident (but not statistically
significant) by 4 months, and that in 8-month-old mice was
highly significant (P � 0.0013). Thus, the biochemical evidence
for liver damage paralleled that for an associated age-dependent
accumulation of apoptotic hepatocytes.

Structural mitochondrial abnormalities in Iqgap2�/� hepa-
tocytes. The age-related onset of the apoptotic phenotype ev-
ident in Iqgap2�/� hepatocytes is characteristic of many mito-
chondrial diseases and is postulated to result from the
senescent decline in oxidative phosphorylation seen in postmi-
totic tissues such as liver (52). An ultrastructural review of
hepatocytes from Iqgap2�/� mice (ages 1, 4, 8, and 12 months;
n � 3 per age group) displayed distinct age-dependent abnor-
malities restricted to mitochondria (Fig. 2C and D). These
defects were not present in any age-matched wild-type mice
examined (n � 8), were more pronounced with age, and were
restricted to the liver (to the exclusion of skeletal muscle).
Furthermore, there was no evidence for associated abnormal-
ities of mitochondrial number, as assessed by quantitative PCR
and genomic blotting of mitochondrial DNA (data not shown),
qRT-PCR analysis of mitochondrial RNA transcripts, or im-
munoblot analysis of key mitochondrial proteins (Fig. 3A and
B) (35). Finally, the functional competence of the mitochon-
drial permeability transition pore (mtPTP; the complex regu-
lating cytochrome c release as a primary apoptotic signal [13])
was found to be normal, as assessed by comparable dose-
response sensitivities to calcium (the fundamental mtPTP ac-
tivator) and valinomycin (a potassium-specific inducer of the
mtPTP [45]) (Fig. 3C and D). Collectively, these data sug-
gested that IQGAP2 deficiency caused hepatocellular apopto-
sis through a mitochondrial pathway unrelated to a concomi-
tant intrinsic defect of mitochondrial function.

The development of HCC in Iqgap2�/� mice is associated
with the reciprocal induction of IQGAP1 expression and the
activation of the Wnt/�-catenin pathway. Since apoptosis is a

hallmark of many hepatocellular disorders, mice were moni-
tored for up to 2 years after birth. Detailed necroscopy of 18-
to 24-month-old mice demonstrated a high incidence of HCC
in Iqgap2�/� mice (18 of 21; 86%) compared to that in wild-
type controls (0 of 15) (P 
 0.0001) (see below). Both sexes
were equally affected. In all situations, there was complete
concordance between the presence of grossly abnormal livers
and microscopic features of HCC (i.e., there were no instances
of microscopic HCC in visibly normal livers) (Fig. 4A); histo-
logically, the neoplasms displayed well-differentiated features
with trabecular and pseudoglandular patterns (Fig. 4B). More
detailed histological analysis using reticulin staining confirmed
the presence of distorted architecture of the hepatic cords in
Iqgap2�/� liver tumors, findings typically identified in HCC
(Fig. 4C). Except for the occasional presence of uterine hem-
angiomas, no other tumors or abnormalities in Iqgap2�/� mice
were detected. Similarly, no steatosis or other hepatic abnor-
malities were evident.

Since the Wnt/�-catenin pathway is frequently involved in
the development of human HCC (29), hepatocellular ex-
pression patterns for �-catenin and E-cadherin were stud-
ied; IQGAP1 (a known �-catenin binding protein) (28) was
studied in parallel. Immunohistochemistry analysis of nor-
mal wild-type hepatocytes demonstrated membrane-associ-
ated expression of E-cadherin, �-catenin, and IQGAP1 (Fig.
5A), with both submembrane and more diffuse cytoplasmic
patterns of IQGAP2 expression (data not shown). In contrast, a
loss of IQGAP1 expression in plasma membranes and enhanced
cytoplasmic expression of IQGAP1 in Iqgap2�/� HCC hepato-
cytes were evident, and this pattern occurred in parallel with the
cytoplasmic translocation and accumulation of �-catenin; loss of
E-cadherin expression in plasma membranes was also evident.
Although �-catenin expression in Iqgap2�/� hepatocytes of
younger mice without HCC was minimally affected, these mice
displayed altered IQGAP1 expression, characterized primarily
by diffused cytoplasmic staining (Fig. 5A).

In an immunoblot analysis, �-catenin bands with a lower-
than-normal (92-kDa) molecular mass were detected exclu-
sively in HCC liver lysates, confirming the presence of previ-
ously described mutated forms of �-catenin known to contain
somatic activating mutations in mouse and human HCC (15)
(Fig. 5B). The presence of these mutated forms was confirmed
by RT-PCR using RNA isolated from HCC livers and primers
spanning the �-catenin gene (data not shown). These muta-
tions prevent �-catenin from being phosphorylated, leading to
its cellular redistribution and accumulation in the cytoplasm
and/or nuclei (�-catenin activation) (15). To further investi-
gate the age-dependent activation of the Wnt/�-catenin path-
way in Iqgap2�/� livers, liver lysates from 4-month-old wild-
type and Iqgap2�/� mice, as well as those from 2-year-old
Iqgap2�/� mice affected with HCC, were probed with an anti-
body specifically recognizing the active form of �-catenin, de-
phoshorylated on Ser37 or Thr41 (Upstate Biotechnology/Mil-
lipore). As shown in Fig. 5C, the dephosphorylated (active)
�-catenin was specifically detected in HCC livers and not in
samples from younger wild-type or Iqgap2�/� mice (without
HCC). Immunoblot densitometry confirmed that the cytoplas-
mic accumulation of �-catenin, another indicator of Wnt/�-
catenin pathway activation, was 53% greater in HCC livers
(n � 5) than in those from wild-type control mice (n � 8; P �
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0.06) (data not shown). Furthermore, this effect was associ-
ated with an approximately ninefold increase in cytoplasmic
IQGAP1 expression and an approximately eightfold increase
in levels of cyclin D1 (Fig. 5D and E), the cell cycle regulator
known to be a downstream target of �-catenin (46). The ex-
pression of E-cadherin in HCC livers was �12% of that in
wild-type livers, consistent with immunohistochemistry data.
Noteworthily, more-extensive studies demonstrated enhanced
(�2.5-fold) cyclin D1 and IQGAP1 expression in the livers of
younger Iqgap2�/� mice without HCC, establishing that
IQGAP1 upregulation and cyclin D1 activation predated his-
tological evidence for HCC development (Fig. 5E). To assess
the timing of IQGAP1 upregulation in greater detail, liver

lysates from wild-type and Iqgap2�/� mice ranging in age from
1.5 to 24 months were analyzed for IQGAP1 protein expres-
sion. As shown in Fig. 5F and G, IQGAP1 was overexpressed
in all Iqgap2�/� samples compared to expression in wild-type
samples, irrespective of the age of the mice, and this overex-
pression thus clearly predated the onset of HCC development.
Therefore, while IQGAP1 is evidently upregulated in Iqgap2�/�

mice with HCC, the reciprocal induction appears to be present
early on (by 16 weeks of age) and is sustained with age. Re-
markably, no change in IQGAP1 expression was observed in
other organs known to express IQGAP1, including hearts,
lungs, kidneys, and spleens, from Iqgap2�/� 4- and 12-month-
old mice (data not shown).

FIG. 3. Mitochondrial characterization of Iqgap2�/� mice. (A) qRT-PCR was completed using total liver RNA from 12-month-old Iqgap2�/�

mice or age-matched wild-type controls. 16S, 16S subunit rRNA; COX, cytochrome c oxidase subunit 1; Cyt b, cytochrome b. The bar graphs show
means � standard deviations of results from triplicate wells, normalized using �-actin; the results shown represent one complete set of experiments,
repeated on two occasions. (B) Immunoblot analysis of liver and skeletal muscle lysates (10 �g/lane) from wild-type (�/�) and Iqgap2�/� (�/�)
mice using antibodies specific to complex I, complex II, prohibitin, and cytochrome c. (C and D) Flow cytometry analysis of mitochondria
(equivalent to 300 �g of protein/sample) isolated from hepatocytes from 8-month-old Iqgap2�/� or age-matched wild-type mice, loaded with
tetramethylrhodamine ethyl ester, and incubated with the specified concentrations of valinomycin (C) or CaCl2 (D). For all experiments, the
percentage of dye retention was determined from the geometric mean for 10,000 events, with 100% representing the baseline fluorescence of intact
mitochondria. Results are the means � SEM from two distinct experiments.
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FIG. 4. Development of HCC in Iqgap2�/� mice. (A) Gross morphological evidence of HCC in the liver of a 2-year-old Iqgap2�/� mouse
compared to the liver of an age-matched wild-type control; asterisks denote multiple large, vascularized nodules. The scale bars correspond to 1
cm. (B) Representative hematoxylin- and eosin-stained sections from wild-type or Iqgap2�/� livers demonstrating HCC in Iqgap2�/� mice. The
spiked line (right upper panel) delineates the border between normal (N) and tumor (T) tissue. Scale bars correspond to 150 �m (top panels) and
50 �m (bottom panels). (C) Representative reticulin-stained livers from wild-type and Iqgap2�/� mice showing HCC. Note the discontinuous
patterns of reticulin fibers in the HCC liver tissue. Scale bars correspond to 200 �m.
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A multiprotein �-catenin–E-cadherin–IQGAP1–IQGAP2
scaffold exists in hepatocytes. To further probe the relation-
ships between IQGAP1, IQGAP2, �-catenin, and E-cadherin,
a series of immunoprecipitation experiments were conducted
using whole-liver lysates from Iqgap1�/�, Iqgap2�/�, and wild-
type mice. As shown in Fig. 6A, all these proteins are clearly
associated as components of a multiprotein scaffolding com-
plex present in normal hepatocytes, as established using a
�-catenin pull-down assay. In contrast, we saw no evidence for
specific interaction between E-cadherin and IQGAP2 in either
E-cadherin- or IQGAP2-specific immunoprecipitations (data
not shown). Interestingly, in the �-catenin pull-down assays of
Iqgap1�/� and Iqgap2�/� livers, �-catenin was associated with

less IQGAP2 and IQGAP1, respectively, than in assays of
wild-type livers, suggesting that IQGAP1 and IQGAP2 were
functionally cooperative within this complex. Using normal
hepatocytes, however, neither IQGAP1- nor IQGAP2-specific
pull-down assays coprecipitated the corresponding homolo-
gous protein (data not shown). Transient transfections of
COS1 cells (which endogenously express IQGAP1) were sub-
sequently used as an in vitro model system to specifically ad-
dress the existence of putative IQGAP1-IQGAP2 het-
erodimers. As evident in Fig. 6B, we were unable to pull down
IQGAP1 or IQGAP2 by using reciprocal immunoprecipita-
tions. Thus, while IQGAP1 and IQGAP2 are normally found
as components of a broader quarternary scaffolding complex in

FIG. 5. Molecular analysis of HCC in Iqgap2�/� mice. (A) Immunohistochemical detection of IQGAP1, �-catenin, and E-cadherin in livers
from 4-month-old wild-type or Iqgap2�/� mice without HCC or 2-year-old Iqgap2�/� mice with HCC. Note the loss of E-cadherin from cell
membranes, along with the enhanced cytoplasmic expression and translocation of both IQGAP1 and �-catenin, occurring only with HCC. Scale
bars correspond to 50 �m. (B) Immunoblot analysis was completed using an anti-�-catenin monoclonal antibody and liver lysates (10 �g/lane) from
mice (2 years old) with HCC or age-matched controls; the arrow indicates the 92-kDa �-catenin band, with clear evidence for truncated �-catenin
mutant forms in the case of HCC. (C) Immunoblot (10 �g of lysate/lane) demonstrating the presence of active (dephosphorylated) �-catenin
mutant forms in HCC liver tissue. Results for livers from two 4-month-old wild-type (WT) and Iqgap2�/� (�/�) mice are also shown. Cell lysate
from the A431 cell line (Upstate Biotechnology/Millipore) was used as a positive control. (D) Immunoblot analysis (10 �g of lysate/lane) to assess
E-cadherin, cyclin D1, and IQGAP1 expression in Iqgap2�/� liver lobes without HCC or affected by HCC; paired normal (N) and tumor
(T) samples were collected from the same animals. (E) Immunoblot densitometric analysis of E-cadherin, cyclin D1, and IQGAP1 expression was
conducted using liver lysates (10 �g/lane) from lobes affected by HCC (n � 4), those of 4- and 12-month-old Iqgap2�/� mice without HCC (n �
3), and those of 4-month-old wild-type mice (n � 2). Data are presented as mean ratios � standard deviations of the expression of individual
proteins relative to that of proteins in the wild-type samples. (F) IQGAP1 expression was assessed by immunoblotting of liver lysates (10 �g/lane)
from wild-type (WT) and Iqgap2�/� (�/�) mice of various ages (6 weeks and 4, 12, and 24 months). Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH)-specific antibody served as a control for the loading of equal quantities. A representative immunoblot is shown. (G) Immunoblot
densitometric analysis of hepatic IQGAP1 expression in wild-type and Iqgap2�/� mice of various ages. Data are presented as means � SEM of
the integrated optical densities of bands. n � 3 for each age group.
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hepatocytes, there appears to be no evidence that their pres-
ence within this scaffold occurs via direct (heterodimeric) in-
teractions.

IQGAP1 expression is necessary for complete penetrance of
the HCC phenotype. While the data cited above suggest that
both IQGAPs associate with the �-catenin–E-cadherin com-
plex, it remained unclear if HCC development results because
of IQGAP2 deficiency per se or unattended downstream ef-
fects of upregulated IQGAP1 occurring in conjunction with
the destabilization of the E-cadherin–�-catenin axis. To spe-
cifically address this issue, we postulated that if IQGAP1 up-
regulation is indeed causally implicated in HCC development
in Iqgap2�/� mice, Iqgap1 Iqgap2 double-null mice would be
protected against HCC; furthermore, such a result would sug-
gest that the molecular mechanism for HCC formation in
Iqgap2�/� mice is due to unattended IQGAP1 function occur-
ring in conjunction with �-catenin activation.

Accordingly, we generated Iqgap1�/� Iqgap2�/� mice for
more-detailed analyses, assessing the development of HCC as
the primary end point (more-detailed characterization of these
mice will be presented elsewhere). A lack of hepatic IQGAP1
and IQGAP2 expression was clearly evident by immunoblot
analysis, with residual IQGAP1 and IQGAP2 expression in
Iqgap1�/� Iqgap2�/� double heterozygotes (Fig. 7A). Progres-
sive, age-dependent increases in hepatic AST levels in 18- to

24-month-old Iqgap2�/� mice were demonstrated (compare
results in Fig. 7A to Fig. 2A results for 4- and 8-month-old
mice), with normal levels found in Iqgap1�/� Iqgap2�/� mice
of this age group (Fig. 7B). Kaplan-Meier survival curves for
mice up to 24 months of age confirmed the progressive in-
crease in the death rate of Iqgap2�/� mice compared to that of
wild-type control mice (Fig. 7C). Statistically significant (P 

0.05) separation of these survival curves was first evident by
200 days after birth, with progressive divergence over time.
Entirely consistent with the normalization of the hepatic en-
zyme defect, Iqgap1�/� Iqgap2�/� mice had survival durations
that were essentially identical to those of wild-type controls
and were clearly improved compared to those of Iqgap2�/�

mice.
Random necroscopy of Iqgap2�/� mice established that

HCC was not found in mice younger than 12 months of age
(n � 21). To more precisely delineate the incidence and char-
acteristics of HCC in Iqgap2�/� and Iqgap1�/� Iqgap2�/�

mice, livers from mice aged 18 to 24 months were isolated. The
improved overall survival of Iqgap1�/� Iqgap2�/� mice com-
pared with that of Iqgap2�/� mice occurred in parallel with
lower HCC incidence in Iqgap1�/� Iqgap2�/� mice than in
Iqgap2�/� mice (as assessed by both macroscopic and micro-
scopic analyses), although HCC still occurred at a frequency
greater than that seen in wild-type controls (Fig. 7D). As de-
termined by liver-to-body-weight ratios used as a quantitative
parameter for HCC mass, the mean weight of Iqgap2�/�

mouse livers affected with HCC was significantly increased
compared to that of livers from wild-type controls. Masses of
HCCs from Iqgap1�/� Iqgap2�/� mice (when HCCs were iden-
tified) were smaller than those of HCCs found in Iqgap2�/�

mice (Fig. 7E), yet the histological characteristics of the HCCs
were similar to those of HCCs from Iqgap2�/� mice (data not
shown). These data suggest that the inactivation of IQGAP1 in
mouse liver impairs tumorigenesis caused by IQGAP2 defi-
ciency.

DISCUSSION

Iqgap2 deficiency in mice is associated with a high incidence
of age-dependent HCC development, establishing a novel
function for IQGAP2 as a tumor suppressor causally impli-
cated in a distinct cancer subtype linked to the Wnt/�-catenin
signaling pathway. HCC in Iqgap2�/� mice is characterized by
the loss of E-cadherin from plasma membranes, an increase in
�-catenin expression, the translocation of �-catenin to the cy-
toplasm, and the overexpression of the �-catenin nuclear tar-
get cyclin D1. The evolution of HCC in Iqgap2-deficient mice
recapitulates that of the human counterpart, proceeding
through stepwise phases of hepatocellular apoptosis associated
with mitochondrial damage to proliferation with polyploidiza-
tion and culminating in HCC development (16). Furthermore,
the presence of elevated cyclin D1 in younger mice without
HCC suggests the development of an early preneoplastic state
in Iqgap2�/� livers. Although Iqgap2 mRNA was initially de-
scribed as liver specific (8), more recent data have demon-
strated that it is generally expressed late in development (after
embryonic day 15), with postnatal expression found not only in
liver tissue (its predominant organ site), but also in kidney,
prostate, and thyroid tissue and salivary glands (14). No patho-

FIG. 6. Molecular interactions involving IQGAPs, �-catenin, and
E-cadherin. (A) Immunoprecipitations were completed using liver ly-
sates (20 mg of total protein per sample) from 12-month-old wild-type
(WT), Iqgap1�/�, or Iqgap2�/� mice and a protein G agarose-conju-
gated anti-�-catenin antibody (5 �g per sample). Complexes were
fractionated by 4 to 15% gradient SDS-PAGE and immunodetected
using antibodies specific to IQGAP1, IQGAP2, �-catenin, and E-
cadherin. Results represent one complete set of experiments repro-
duced on two different occasions. (B) Immunoprecipitation (IP) ex-
periments using COS1 lysates (20 mg of total protein per sample)
transiently expressing enhanced green fluorescent protein (EGFP) as a
control or human IQGAP1 or IQGAP2 (24 h posttransfection) were
completed using protein G agarose-conjugated antibodies (5 �g per
sample) directed against IQGAP1 or IQGAP2. Immunodetection was
completed using the same antibodies. An immunoblot of corre-
sponding lysates is shown to document protein expression. Note the
high level of endogenous IQGAP1 expression in COS1 cells trans-
fected with enhanced green fluorescent protein, with no evidence of
IQGAP1-IQGAP2 complexes. Results represent one complete set
of experiments reproduced on three different occasions.
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FIG. 7. Results from comparative studies of Iqgap2�/� and Iqgap1�/� Iqgap2�/� mice. (A) Immunoblots of liver lysates (30 �g/lane) from
age-matched (4-month-old) Iqgap1�/� Iqgap2�/� (double-knockout [DKO]), Iqgap1�/� Iqgap2�/� double-heterozygote (HET/HET), and wild-type
(WT) mice were obtained using either anti-IQGAP1 or anti-IQGAP2 antibodies. Antibody against actin was used to document the loading of equal
amounts of protein. (B) AST levels in sera from 18- to 24-month-old wild-type (n � 12), Iqgap2�/� (n � 14), and Iqgap1�/� Iqgap2�/� (n � 23)
mice were determined; data are presented as the means � SEM, and P values are indicated. (C) Aggregate Kaplan-Meier survival curves for
wild-type, Iqgap2�/�, and Iqgap1�/� Iqgap2�/� mice are displayed, with cohort numbers in parentheses; intergroup Mantel-Cox analyses demon-
strated highly significant survival-rate differences between Iqgap2�/� and either wild-type or Iqgap1�/� Iqgap2�/� mice (P � 0.002), with no difference
in survival rates between wild-type and Iqgap1�/� Iqgap2�/� mice. (D) Incidence of HCC among wild-type, Iqgap2�/�, and Iqgap1�/�/Iqgap2�/� mice of
different ages as established by liver histology (P values are shown). N/A, not applicable. (E) Liver weights as percentages of total body weights of
wild-type mice (n � 18) and Iqgap2�/� (n � 10) and Iqgap1�/� Iqgap2�/� (n � 6) mice affected with HCC. The bar graph shows means � SEM,
and P values are displayed.
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logical defects in any of these other tissues from Iqgap2�/�

mice were identified. Thus, while various HCC-related trans-
genic mouse models have been described previously (see the
Mouse Tumor Biology Database [http://tumor.informatics.jax
.org/mtbwi/]), the restricted phenotype makes the Iqgap2�/�

mouse model a valuable conventional knockout model of
HCC, unassociated with preexisting steatosis or viral or other
toxic exposures.

What is the relationship between IQGAP1 and IQGAP2 in
HCC development? In normal hepatocytes, IQGAP2 is the
predominant one of the two homologues, although IQGAP1 is
reciprocally induced in Iqgap2�/� livers. This induction was
readily evident by 16 weeks of age (preceding the onset of
HCC) and continued throughout the lifetimes of the Iqgap2�/�

mice. As importantly, our data on HCC development in
Iqgap1�/� Iqgap2�/� mice suggest that maximal phenotypic
penetrance is IQGAP1 dependent. Thus, although HCC did
develop in Iqgap1�/� Iqgap2�/� mice, the incidence was con-
siderably lower (29%) than the 86% incidence in Iqgap2�/�

mice in the age group of 18 months and older. Furthermore,
the overall aggressiveness of hepatic cancer in Iqgap1�/�

Iqgap2�/� mice was diminished compared to that in Iqgap2�/�

mice, as evidenced by smaller HCC tumors than those in
Iqgap2�/� mice, coupled with cumulative survival rates that
were indistinguishable from those of wild-type controls. Thus,
despite the homology of IQGAP1 and IQGAP2, these collec-
tive observations suggest that these proteins retain functionally
divergent (and nonredundant) roles in hepatocellular carcino-
genesis. These data are consistent with results in previous
reports demonstrating IQGAP1 overexpression in colon can-
cer (37), gastric cancer (44), and metastatic melanoma (11),
although alterations of IQGAP2 expression were not reported
previously. Notably, the knockout of murine IQGAP1 does not
result in altered levels of IQGAP2 (30), although Iqgap1�/�

mice displayed late-onset gastric hyperplasia. Progression to
cancer was not evident, again reinforcing the functional diver-
gence of these homologues.

Although IQGAP1 and IQGAP2 were collectively identi-
fied within the broader scaffolding complex comprising E-
cadherin and �-catenin, there was no evidence that
IQGAP1’s modulatory effect on HCC development was me-
diated by direct interaction with IQGAP2. Immunoprecipi-
tation experiments conducted with wild-type and null
(Iqgap1�/� and Iqgap2�/�) hepatocytes confirmed the direct
association of IQGAP2 with the �-catenin–E-cadherin com-
plex and demonstrated this association to be unrelated to
the presence of IQGAP1 (although there was a suggestion
of IQGAP1-dependent functional binding cooperativity).
Nonetheless, results from both hepatocyte and in vitro stud-
ies with COS1 cells gave no evidence for direct association
between IQGAP1 and IQGAP2. Thus, despite evidence for
the presence of IQGAP1 homodimers that may regulate
protein function (3, 40), our data do not support the pres-
ence of direct IQGAP1-IQGAP2 interactions (i.e., het-
erodimers) that could modulate function via dominant neg-
ative effects. While these conclusions are based on results
from studies completed with fasting animals, we cannot ex-
clude the possibility that functionally dynamic changes
within the scaffolding complex occur during times of altered
hepatic metabolic states.

The overexpression of IQGAP1 was associated with ac-
quired mutations in �-catenin, and the accumulation of de-
phosphorylated (active) �-catenin was specifically detected
in HCC livers and not in livers from younger wild-type or
Iqgap2�/� mice (without HCC). These data are consistent with
previous observations that 26% of human HCCs and 50% of
mouse HCCs have �-catenin-activating mutations, located pre-
dominantly in the potential GSK-3� phosphorylation site (15).
Interestingly, IQGAP1 is known to display distinct effects on
�-catenin function by inhibiting the ability of �-catenin to
promote cell-cell adhesion (28). Furthermore, IQGAP1 over-
expression in SW480 colon carcinoma cells stimulates the
translocation of �-catenin to the nucleus, with a concomitant
increase in transcriptional activity (6). Nonetheless, �-catenin
overexpression appears to be insufficient for the development
of HCC (9), suggesting that the coordinated overexpression
and translocation of IQGAP1 and �-catenin may act in concert
to promote carcinogenesis, primarily in the setting of IQGAP2
deficiency. Furthermore, it is intriguing that IQGAP1 has re-
cently been identified as an RNA binding protein with the
capacity to modulate gene expression (51), although whether
isolated IQGAP1 overexpression is sufficient for HCC devel-
opment remains unestablished.

Iqgap2�/� hepatocytes display an interesting structural de-
fect in mitochondrial cristae occurring in concert with apopto-
sis and hepatic enzyme release. Neither the enzyme release nor
the mitochondrial defects were evident in Iqgap1�/� Iqgap2�/�

mice. Although cristae in Iqgap2�/� mice appeared to be short-
ened compared to those in wild-type mice (with vast portions
of matrix devoid of cristae altogether), these structural defects
were unassociated with mitochondrial genome integrity and
mtPTP function (Fig. 2 and 3). Based on retained functional
mitochondrial integrity, we hypothesize that the structural de-
fects occur as phenomena secondary to an apoptotic stimulus
in Iqgap2�/� hepatocytes. There is no evidence that IQGAP2
may be a structural component of hepatocyte mitochondria
(4). Moreover, normal �-oxidation levels in Iqgap2�/� livers
(our unpublished observations) indirectly confirm the absence
of excessive reactive oxygen species formation (49), since the
induction of the �-oxidation pathway is a significant source
of reactive oxygen species. Thus, the structural defect in
Iqgap2�/� mitochondria is unlikely to be causally implicated in
HCC development but rather to be a secondary event. Of note,
identical mitochondrial defects linked to apoptotic triggers
have been observed in livers of mice transgenic for the hepa-
titis C virus core gene, with the subsequent development of
HCC by 16 months of age (36).

Therapeutic options for the control of the Wnt/�-catenin
signaling pathway are currently limited. One of the promising
approaches is the employment of small molecule antagonists
that reduce �-catenin interaction with its binding partners (fur-
ther reviewed in references 5 and 29). Our studies using a
mouse model offer two novel (but functionally opposing) can-
didate genes for targeted therapy of HCC. If our results are
confirmed for humans, means of abolishing IQGAP1 or en-
hancing IQGAP2 function and/or critical interactions would
represent logical approaches for targeted therapy of human
HCC.
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