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ABSTRACT IQ motif-containing GTPase-activating protein 1 (IQGAP1) is a ubiquitously
expressed scaffolding protein that is overexpressed in a number of cancers, including
liver cancer, and is associated with protumorigenic processes, such as cell proliferation,
motility, and adhesion. IQGAP1 can integrate multiple signaling pathways and could be
an effective antitumor target. Therefore, we examined the role of IQGAP1 in tumor ini-
tiation and promotion during liver carcinogenesis. We found that ectopic overexpression
of IQGAP1 in the liver is not sufficient to initiate tumorigenesis. Moreover, we report
that the tumor burden and cell proliferation in the diethylnitrosamine-induced liver car-
cinogenesis model in Iqgap12/2 mice may be driven by MET signaling. In contrast,
IQGAP1 overexpression enhanced YAP activation and subsequent NUAK2 expression to
accelerate and promote hepatocellular carcinoma (HCC) in a clinically relevant model
expressing activated (S45Y) b-catenin and MET. Here, increasing IQGAP1 expression in
vivo does not alter b-catenin or MET activation; instead, it promotes YAP activity.
Overall, we demonstrate that although IQGAP1 expression is not required for HCC de-
velopment, the gain of IQGAP1 function promotes the rapid onset and increased liver
carcinogenesis. Our results show that an adequate amount of IQGAP1 scaffold is neces-
sary to maintain the quiescent status of the liver.
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Liver cancer has a high mortality rate due to limited effective systemic therapies (1).
For hepatocellular carcinoma (HCC), the major form of primary liver cancer, a large

portion of cases are diagnosed at advanced stages (2), and only two systemic therapies
extend overall survival by a few months (1, 3). Both of these therapies function as mul-
tikinase inhibitors, highlighting the role of multiple distinct signaling pathways in pro-
moting tumorigenesis (1, 3). Scaffolding proteins are large multidomain proteins that
can simultaneously organize and regulate multiple signaling pathways (4) and would
make an effective anticancer target. However, the role of scaffolding proteins in pro-
moting HCC is still largely unknown.

IQ motif-containing GTPase-activating protein 1 (IQGAP1) is a pleiotropic, multido-
main scaffolding protein that is overexpressed in many types of human cancer (5),
including 60 to 80% of HCCs (6–9), and this overexpression is associated with worse
clinical outcomes (8). IQGAP1 interacts with protumorigenic processes, including ki-
nase signaling, cell proliferation, motility, and adhesion (5). Furthermore, in vivo studies
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demonstrate that increased IQGAP1 expression can promote tumor growth, indicating
that IQGAP1 is an effective molecular target for HCC (10–12). However, other studies
revealed that deletion of IQGAP1 in cancer cells and/or stromal cells can also enhance
tumorigenesis by modulating transforming growth factor (TGF) signaling (13, 14) and
adherens junction stability (15).

To understand these contradictory studies, in this paper we carefully investigated
the role for IQGAP1 in hepatic tumorigenesis by directly comparing IQGAP1 overex-
pression and IQGAP1 knockout (Iqgap12/2) mouse models of HCC. We show that
IQGAP1 overexpression by itself does not cause tumorigenesis, while Iqgap1 deletion
caused a modest increase in HCC incidence and multiplicity in the diethylnitrosamine
(DEN) model of liver cancer. Depletion of IQGAP1 in liver cancer cells resulted in elevated
levels and activation of the tyrosine kinase receptor MET, which could contribute to
increased tumor burden. Importantly, we show that the overexpression of IQGAP1 pro-
motes rapid HCC progression in a transposon-based tumor model induced by b-catenin
and MET overexpression, which is mediated by the YAP1-NUAK2 kinase pathway. Thus,
the data demonstrate that overexpression of IQGAP1 can promote the development of
liver tumors in mice in the background of additional oncogenic signals. Our findings
underscore that molecular expression of liver tumors should be considered when develop-
ing new therapies for HCC.

RESULTS
IQGAP1 overexpression in mouse liver is insufficient to initiate tumorigenesis.

In vitro studies have previously shown that IQGAP1 enhances the Wnt/b-catenin path-
way (9, 16). To verify this, we overexpressed IQGAP1 in liver cancer cell lines (Fig. 1A)
and found a 2- to 6-fold increase in Wnt/b-catenin activity, as measured by the
TOPFlash reporter assay, which is consistent with reporter activity induced by human

FIG 1 IQGAP1 does not promote b-catenin-driven HCC. (A) HepG2 cells were transfected with GFP or IQGAP1
constructs for 72 h. Expression for IQGAP1 was normalized to B2M. (B) HepG2, Huh7, and Hep3B cell lines were
transfected with control, IQGAP1, or (S45Y) b-catenin expression constructs for 72 h. Wnt/b-catenin activity was
measured by the TOPFlash luciferase reporter assay and corrected for renilla luciferase. (C) HepG2 cells were
transfected with GFP, IQGAP1, or (S45Y) b-catenin expression constructs for 72 h. Additionally, cells were also
transfected with IQGAP1 and (S45Y) b-catenin constructs together. Wnt/b-catenin activity was measured and
analyzed as previously described. (D) Representative livers from nontreated, (S45Y) b-catenin, IQGAP1, or (S45Y)
b-catenin plus IQGAP1 groups. (E) Liver weight to body weight (LW/BW) ratio. Scale bar is 2.5 cm. Graphs show
means 6 SEM and dots represent individual mice. Student’s t test was used to determine significance. *,
P, 0.05; ***, P, 0.001; ****, P, 0.0001.
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activated (S45Y) b-catenin that resists proteasomal degradation (Fig. 1B). Coexpression of
IQGAP1 and active b-catenin was neither additive nor synergistic (Fig. 1C).

Since IQGAP1 expression is elevated in the majority of HCC cases (6, 7), we tested if
IQGAP1 overexpression could promote HCC development in vivo. To do this, we over-
expressed IQGAP1 with or without human activated (S45Y) b-catenin using the hydro-
dynamic tail vein injection (HDTVI) with the Sleeping Beauty (SB) transposase (referred
to here as the transposon system). Briefly, the transposon system is a nonviral method
for long-term expression of plasmids in a subset of hepatocytes (17–20). Five to 40% of
hepatocytes are transduced within 24 h, and transposon-mediated target gene integra-
tion occurs over 4 days (18, 19). Up to 1% of hepatocytes become stably transduced
(18, 19). Seventeen weeks after HDTVI, mice injected with b-catenin alone were tumor
free, which is consistent with previous observations (17) (Fig. 1D). Moreover, mice injected
with IQGAP1 alone or in combination with b-catenin also failed to develop HCC or any
changes to the ratio of liver weight to body weight (LW/BW) (Fig. 1E). Together, our data
indicate that IQGAP1-induced b-catenin activity occurs in vitro, while IQGAP1 (either alone
or combined with activated b-catenin) fails to promote HCC development in vivo.

DEN-induced tumorigenesis persists in IQGAP1-deleted livers. We next asked
whether IQGAP1 is required for hepatic tumorigenesis. Here, we used the DEN model
of liver cancer, a reliable method for chemical hepatic carcinogenesis (20). Following
an established published protocol (21), we treated male Iqgap11/1, Iqgap11/2, and
Iqgap12/2 mice with 5mg/kg DEN via intraperitoneal injection at 12 to 15 days of age
and assessed tumor burden 20 and 50 weeks posttreatment to characterize both mi-
croscopic and macroscopic nodules, respectively. The number of proliferating, Ki-67-
positive hepatocytes 24 h after DEN administration was similar for each group, indicat-
ing that Iqgap1 deletion does not affect early-stage damage-induced proliferation (Fig.
2A and B). No macroscopic nodules were observed at 20weeks, but lesions were observed
50weeks after DEN treatment (Fig. 2C). Tumor incidence (Fig. 2D) and multiplicity (Fig. 2E)
were modestly higher in Iqgap12/2 than Iqgap11/2 mice. Notably, the liver weight after
DEN treatment increased equally between Iqgap11/1, Iqgap11/2, and Iqgap12/2 mice (Fig.
2F). These results suggest that deletion of IQGAP1 does not reduce the liver tumor
burden.

We next confirmed that deletion of Iqgap1 did not result in compensatory expression
changes in Iqgap2 and Iqgap3. Of the three isoforms, IQGAP1 has a broad tissue distribu-
tion and is more frequently altered in cancer (22). As expected, Iqgap1 was induced in
Iqgap11/1 tumors relative to the surrounding healthy liver, and the Iqgap11/2 mice
exhibited an approximately 50% reduction in Iqgap1 expression compared to controls
(Fig. 2G). Iqgap2 is more highly expressed in the control liver (Iqgap11/1 liver Cq=18 to
19) than Iqgap1 (Iqgap11/1 liver Cq=23 to 24) but is decreased in tumor tissue (Fig. 2G).
Whereas Iqgap3 expression is low in the quiescent livers (Iqgap11/1 liver Cq=30 to 31),
it is observed in proliferating cells (23, 24) and dramatically induced in tumor tissue (Fig.
2G). Notably, the expression pattern of neither Iqgap2 nor Iqgap3 was altered by Iqgap1
deletion. Thus, the effect of IQGAP1 deletion on tumor burden occurs independently of
Iqgap2 and Iqgap3 dysregulation.

IQGAP1 loss does not cause differential molecular dysregulation in HCC. We
next asked if there were any fundamental differences in the molecular characteristics
of Iqgap11/1, Iqgap11/2, and Iqgap12/2 tumors. First, liver cancer can be divided into
at least six molecular subtypes (G1 to G6) depending on their gene expression patterns
(Fig. 3A) (25). We analyzed markers of proliferation, lipogenesis, inflammation, gluco-
neogenesis, and angiogenesis (Fig. 3A) that have been previously identified to corre-
spond to these distinct molecular subtypes of human HCC (25, 26). No differences in
gene expression patterns were observed between groups, and based on expression
changes of 5 of 7 genes (Rrm2, Tgfbr1, Fasn, Pepck, and Angpt2), tumors aligned with
the G3 subtype regardless of IQGAP1 expression. Second, since DEN-induced tumors
are frequently driven by mutations in Hras (27, 28), we performed targeted DNA
sequencing to examine the mutation spectrum among the groups. Despite varied tu-
mor burden between Iqgap11/1, Iqgap11/2, and Iqgap12/2 tumors, DEN-induced
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mutations in Braf, Egfr, and Hras were conserved among them (Fig. 3B to E). Finally,
IQGAP1 has been shown to promote epithelial-mesenchymal transition (EMT) (29).
Therefore, we examined the protein levels of markers of this process, including MMP2,
E-cadherin, N-cadherin, and CDC42, and found no significant difference between the
groups (Fig. 3F). Taken together, the data indicate that DNA alterations, tumor sub-
types, and EMT are unaffected by IQGAP1 loss in the DEN tumor model.

FIG 2 IQGAP1 deletion does not inhibit liver tumor development. Male Iqgap11/1 (n=13), Iqgap11/2 (n=24), and
Iqgap12/2 (n=16) mice were treated intraperitoneally with 5mg/kg diethylnitrosamine (DEN) in sterile PBS at 12 to
15days of age. At 1year, tumor burden was assessed. (A) Representative Ki-67 immunohistochemistry images of livers
of P15 mice 24h after DEN injection. Scale bar is 50mm. (B) Quantification of Ki-67-positive cells per field (n=5
Iqgap11/1, 7 Iqgap11/2, and 6 Iqgap12/2 mice). (C) Representative photos of gross livers at one year. Tumor nodules
are indicated by a dashed border. Scale bar is 1 cm. (D) Tumor incidence based on presence of visible liver nodules.
(E) Tumor multiplicity was measured by counting the number of visible tumors per liver. (F) Liver weight normalized
to body weight divided into low and high groups. (G) Gene expression of Iqgap1, Iqgap2, and Iqgap3 in tumor-
adjacent liver tissue and tumor tissue normalized to Gapdh expression. Values are displayed as means 6 SEM. For
tumor incidence, x 2 test was used to determine significance between all 3 groups. For tumor multiplicity and largest
tumor size, one-way ANOVA with Bonferroni’s multiple-comparison test was used to determine significance between
groups. For liver-to-body-weight ratio, two-way ANOVA with Bonferroni’s multiple-comparison test was used to
determine significance between groups. For gene expression, two-way ANOVA with Tukey’s multiple-comparison test
was used to determine significance. *, P, 0.05; **, P, 0.01; ***, P, 0.001; ****, P, 0.0001.
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DysregulatedMET signaling contributes to increased cell proliferation in Iqgap12/2

tumors. Since the incidence and tumor multiplicity were modestly higher in Iqgap12/2

mice, we investigated if the proliferation of the tumors differed between the geno-
types. Ki-67 staining, a marker of nonquiescent cells, revealed increased numbers of Ki-
671 cells in tumor tissue compared to healthy adjacent liver, regardless of genotype
(Fig. 4A). Within tumor tissue, there were nearly twice as many Ki-671 cells in Iqgap12/

2 compared to WT mice. To determine why Iqgap12/2 tumors have more proliferating
cells, we investigated several oncogenic pathways implicated in hepatocellular carcino-
genesis. Because IQGAP1 can regulate RAF-MEK-ERK signaling (10, 30–32), we checked
tumors for phosphorylated ERK (P-ERK) and found positive staining in 17/23 Iqgap11/1

(74%), 17/18 Iqgap11/2 (94%), and 18/28 Iqgap12/2 (64%) tumors (Fig. 4B), indicating
ERK signaling is active across all groups. We next analyzed Wnt/b-catenin signaling by

FIG 3 Hepatic gene expression, DEN-induced mutations, and epithelial-mesenchymal transition (EMT) are
unaffected by Iqgap1 loss. (A) The table shows gene expression patterns correlating with molecular subtypes
of HCC adapted from Boyault et al. (25). Red represents upregulated genes. Blue represents downregulated
genes. Gene expression of Rrm2, Tgfbr1, Fasn, Crp, Pepck, Angpt2, and Glul in tumor-adjacent liver tissue and
tumor tissue normalized to Gapdh expression. (B to E) DNA mutation frequency at select codons in tumors of
mice 50weeks after DEN injection (n= 7 Iqgap11/1, 7 Iqgap11/2, and 8 Iqgap12/2 mice). (F) Immunoblot of
EMT markers MMP2, N-cadherin, E-cadherin, and Cdc42 in tumors of Iqgap11/1, Iqgap11/2, and Iqgap12/2 mice
50weeks after DEN treatment (n= 4 mice per group). For gene expression, two-way ANOVA with Tukey’s
multiple-comparison test was used to determine significance. One-way ANOVA with Bonferroni multiple-
comparison test was used to compare groups in panels B to E. *, P, 0.05; **, P, 0.01; ***, P, 0.001; ****,
P, 0.0001.
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analyzing the mRNA expression of b-catenin and target genes and found no evidence
of differential activation of the Wnt pathway between groups (data not shown). Finally,
we investigated the tyrosine kinase receptor MET, which is commonly activated in HCC
and has been recently shown to impact IQGAP1 activity (33–37). We measured MET
expression and activation in DEN-induced tumors, marked by the phosphorylation of
tyrosine residues 1234/1235 of MET (Y1234/1235) (36). Although Y1234/1235 phospho-
MET (P-MET) levels remained unchanged between the groups, total MET expression
was elevated in Iqgap12/2 livers after DEN treatment (Fig. 4C). Phosphorylated AKT-1

FIG 4 IQGAP1 knockdown enhances MET expression. (A) Representative images of anti-Ki-67 immunohistochemistry
staining in liver and tumor tissue of Iqgap11/1, Iqgap11/2, and Iqgap12/2 animals (n=9, 8, and 12 mice per group,
respectively). Scale bar is 100mm. (B) Representative immunohistochemistry images of anti-P-ERK staining in normal
liver tissue and tumor tissue classified as either P-ERK negative or P-ERK positive. Scale bar is 100mm. The number
of tumors with each molecular classification (n=23, 18, and 28 Iqgap11/1, Iqgap11/2, and Iqgap12/2 tumors,
respectively). (C) Immunoblot of DEN-treated Iqgap11/1, Iqgap11/2, and Iqgap12/2 tumor extracts. Each lane
contains extracts from a single mouse and quantified by densitometry. (D) Snu-449 HCC cells were transfected with
either Control or IQGAP1 siRNA for 72h. Cells were then serum starved overnight and treated with or without HGF
(50ng/ml) and with or without EMD1214063 (10nM) for 4h prior to harvest. Whole-cell lysates were immunoblotted
for phosphorylated and total forms of specific targets and normalized to GAPDH. Conditions are representative of 3
independent experiments pooled. Quantification of immunoblots with respect to only HGF1 conditions by
densitometry. Values are displayed as means 6 SEM. For ERK staining, two-way paired ANOVA with Tukey’s multiple-
comparison test was used to assess differences between groups. One-way paired ANOVA with Tukey’s multiple-
comparison test was used for all others. *, P, 0.05.
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(P-AKT-1) S473, a target downstream of MET signaling, however, remained unaltered in
Iqgap12/2 tissues (Fig. 4C).

We next decided to clarify these data by examining the MET pathway in liver cancer
cell lines. Knockdown of IQGAP1 using short interfering RNA (siRNA) increased MET
expression 2-fold (Fig. 4D). Further, upon hepatocyte growth factor (HGF) stimulation,
IQGAP1 knockdown cells showed increased phosphorylation of MET and AKT-1, sug-
gesting that the loss of IQGAP1 renders cells highly sensitive to MET pathway activation
(Fig. 4D). In addition, treatment of cells with the MET small-molecule inhibitor
EMD1214063 blocked MET and AKT-1 phosphorylation after IQGAP1 loss and HGF stim-
ulation (Fig. 4D). Taken together, these data indicate IQGAP1 depletion increases MET
expression and activity, which could facilitate HCC development.

IQGAP1 overexpression exacerbates HCC carcinogenesis in the b-catenin/MET
model. Since IQGAP1 overexpression on its own is incapable of initiating HCC develop-
ment and Iqgap1 loss only modestly increased HCC burden, we asked if IQGAP1 can
exacerbate HCC growth. Here, we used the transposon system to force expression of
(S45Y) b-catenin plus MET (B1M) (17). The combination of enhanced Wnt signaling
and MET expression promotes downstream signaling events that result in HCC (17).
Simultaneous expression of B1M induces microscopic lesions visible by 2weeks and
macroscopic HCC within 6 to 9weeks, which are 69% genetically similar to human HCC
(17).

Using the transposon system, we overexpressed epitope-tagged B1M with or with-
out simultaneous expression of epitope-tagged human IQGAP1 (B1M1I) in WT mice
and harvested livers after 4 or 8.5weeks (Fig. 5A). As early as 4weeks, tagged b-catenin
and MET were expressed in liver lysates in B1M and B1M1I groups compared to non-
treated (NT) controls, and tagged IQGAP1 was expressed only in the B1M1I group (Fig.
5B). We also checked expression of Iqgap family members and found that Iqgap2 was
unchanged, while Iqgap3 was elevated in both B1M and B1M1I livers compared to NT
controls (Fig. 5C). Upregulation of Iqgap3 in tumor tissues was also seen in DEN-induced
tumors (Fig. 2G), again suggesting that Iqgap3 induction marks cell proliferation.

Macroscopic disease was not evident after 4weeks, but at 8.5weeks, there were
visible tumor nodules in both the B1M and B1M1I groups (Fig. 5D). The LW/BW ratio
(Fig. 5E) was equivalent after 4weeks and was 2-fold higher in the B1M1I group at
8.5weeks compared to those of the controls. Alpha-fetoprotein, a marker of highly
aggressive HCC (38–40), was highest in the B1M1I group at 8.5weeks (Fig. 5F).
Microscopic tumor nodules were present at each time point (Fig. 5G). Tumors in B1M
and B1M1I groups showed typical HCC morphology, visible by hematoxylin and eosin
(H&E) staining, and, as expected for tumors induced by activated b-catenin, HCC nod-
ules were enriched for glutamine synthetase (GS) expression in both groups and at all
time points (Fig. 5G). In addition, we measured the expression of genes that differenti-
ate between G1 to G6 molecular subtypes, as described for Fig. 3A, and found changes
in 4/7 genes (Glul, Tgfbr1, Fasn, and Crp) in B1M and B1M1I tissues, indicating G5/G6
subtypes (Fig. 5H). HCC tumors with activating CTNNB1 mutations typically fall within
the G5/G6 molecular subtypes, which are characterized by low cell proliferation, chro-
mosomal stability, and a lack of inflammatory infiltrates (25, 26). Notably, HCC nodules
at 8.5weeks were advanced and highly necrotic (Fig. 5G). Thus, IQGAP1 overexpression
in the B1M tumor model accelerates HCC tumor expansion.

Overexpression of IQGAP1 does not promote HCC formation via enhanced
Wnt/b-catenin or MET signaling. Our earlier results indicate that IQGAP1 does not
cooperate with b-catenin in vivo to promote HCC (Fig. 1D and E), so we asked if this
was still the case in the background of B1M. IQGAP1 has been shown to aid b-catenin
translocation to the nucleus in vitro (9); therefore, we investigated in vivo subcellular
localization of b-catenin after IQGAP1 overexpression. Cytoplasmic and nuclear frac-
tions from whole liver samples of B1M or B1M1I mice were analyzed. As expected,
IQGAP1 cytosolic and nuclear levels were elevated in B1M1I livers compared to B1M
(Fig. 6A). Strikingly, B1M1I livers displayed a 3-fold increase in cytosolic b-catenin
compared to a modest 1.5-fold increase in the nucleus (Fig. 6A). This result suggests
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FIG 5 IQGAP1 overexpression increases HCC development in B1M transposon system. (A) Experimental design
for Sleeping Beauty transposase groups injected with either B1M or B1M1I and harvested after 4 or
8.5weeks. (B) Whole liver protein lysates isolated after 4weeks and analyzed by Western blotting to detect
epitope-tagged (HA, V5, or Myc) and total IQGAP1, MET, and b-catenin, normalized to GAPDH. (C) Gene
expression of Iqgap2 and Iqgap3 in whole livers from 4- and 8.5-week samples from the transposon model.
Gene expression was normalized to Gapdh. (D) Representative livers from nontreated, B1M, and B1M1I
groups. Macroscopic disease is visible as black or white lesions. (E) Liver weight to body weight (LW/BW) ratio.
(F) Afp expression corrected for Gapdh. (G) Serial liver sections from 4-week and 8.5-week mice stained with
H&E and GS (brown) to identify b-catenin driven HCCs. Necrotic regions are marked by asterisks. (H) Gene
expression for Rrm2, Tgfbr1, Fasn, Crp, Pepck, Angpt2, and Glul in whole livers from 4- and 8.5-week samples
from the transposon model. Gene expression was normalized to Gapdh. Graphs show means 6 SEM, and dots
represent individual mice. Two-way paired ANOVA with Tukey’s multiple-comparison test was used to
determine significance between groups in panel E, and Student’s t test was used for panel D. *, P, 0.05; **,
P, 0.01; ***, P , 0.001. Gross morphology scale bar (C) is 2.5 cm, and histology scale bars (F) are 100mm.
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FIG 6 IQGAP1 overexpression does not induce Wnt/b-catenin or MET signaling in vivo. (A) Cytosolic and nuclear
proteins from whole livers (4-week NT, B1M, and B1M1I) were analyzed for IQGAP1 and b-catenin. Cytosolic
protein was normalized to GAPDH and nuclear protein normalized to LaminB1. GAPDH and LaminB1 show purity of
cytosolic or nuclear fractions, respectively. (B) Whole liver lysates from NT (n=3), B1M (n=5), or B1M1I (n=4)
were pooled and immunoprecipitated (IP) for b-catenin and then immunoblotted (IB) for E-cadherin, IQGAP1, or
b-catenin. Sample inputs were probed for E-cadherin, b-catenin, or GAPDH to demonstrate equal amounts of
protein from each group and were used for IPs. (C) Liver sections from mice under the HDTVI model for 4weeks
stained for V5 (green), HA (red), or myc (white) to identify nodules by immunofluorescence expressing MET,
IQGAP1, and b-catenin, respectively. Tumors under the B1M condition are demarcated by a dashed line. Scale bar
is 50mm. Graphs show means 6 SEM, and dots represent individual mice. (D) Expression of Ctnnb1 and Wnt/
b-catenin target genes Birc5, Lect2, Ccnd1, and Axin2 in whole livers from 4- and 8.5-week samples, normalized to
Gapdh. (E) Whole-liver protein lysates analyzed by immunoblotting for total and phosphorylated tyrosine residues of
MET (Y1234/1235), AKT-1 (S437), mTOR (S2448), and STAT3 (Y705). Phosphorylated protein is normalized to GAPDH
and corrected for total respective protein; values are expressed relative to the NT control (set to 1). For panel D,
two-way paired ANOVA with Tukey’s multiple-comparison test and all others compared via Student’s t test to
determine significance. Graphs show means 6 SEM. *, P, 0.05; **, P, 0.01; ***, P, 0.001.
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that even though IQGAP1 overexpression leads to a slight enhancement in nuclear
b-catenin in the B1M model, the majority of activated b-catenin remains in the cyto-
sol in vivo.

Since b-catenin is enriched in the cytosolic fraction of B1M1I samples, we asked if
IQGAP1 overexpression enhances the physical interaction between b-catenin and E-
cadherin at the cell membrane. Using whole-liver lysates from B1M or B1M1I mice,
we coimmunoprecipitated b-catenin and found elevated E-cadherin in B1M1I, indi-
cating that IQGAP1 overexpression enhances b-catenin–E-cadherin interactions (Fig.
6B). Similarly, we found that b-catenin and IQGAP1 colocalize at the cell membrane in
B1M1I tissues compared to B1M tissues, where b-catenin was mostly cytoplasmic
(Fig. 6C). These data demonstrate that IQGAP1 overexpression increases cytoplasmic
and membrane-bound b-catenin expression in vivo.

The 1.5-fold increase of nuclear b-catenin in B1M1I samples suggests that Wnt/
b-catenin activity is increased; therefore, we directly investigated b-catenin activity in
B1M and B1M1I tissues. b-catenin mRNA expression was equivalent in B1M and
B1M1I groups (Fig. 6D). After 4weeks of IQGAP1 coexpression, there were no signifi-
cant differences in transcript levels of canonical Wnt/b-catenin targets Birc5, Lect2,
Ccdn1, Axin2, or Glul between B1M and B1M1I groups (Fig. 5H and 6D). However, af-
ter 8.5weeks, Ccdn1 was induced only under the B1M condition, and Birc5 was ele-
vated in the B1M1I group (Fig. 6H). Since Birc5 expression is not exclusively controlled
by Wnt/b-catenin signaling but can be regulated by the Hippo pathway, our results
suggest that IQGAP1 does not enhance b-catenin signaling in the B1M model.

We next examined the MET pathway, since MET is overexpressed in the B1M model
and IQGAP1 overexpression is associated with increased MET activity (37). MET is
known to activate protumorigenic pathways, including MEK/ERK, phosphatidylinositol
3-kinase (PI3K)/AKT/mTOR, and others, resulting in increased protein phosphorylation
(36). We assessed P-MET Y1234/1235 as well as total MET expression in B1M and
B1M1I livers (Fig. 6E). Despite 2-fold higher phosphorylated MET at Y1234/1235 in
B1M1I, total MET expression as well as the downstream targets of MET activation
(AKT-1, mTOR, and STAT3) were comparable (Fig. 6E). These results suggest that the
IQGAP1-mediated tumorigenesis is independent of MET pathway activation in the
B1M model.

IQGAP1 overexpression drives HCC via Hippo/YAP signaling. We next turned to
the Hippo pathway, which can regulate Birc5 and Glul (Fig. 5H and 6D) (41, 42), both of
which were dysregulated in the B1M1I livers. Activation of Hippo kinases results in
cytoplasmic retention of Yes-associated protein 1 (YAP1), and IQGAP1 has been shown
by others to regulate YAP1 level and activity in vitro (43, 44). We first investigated YAP
activation using a YAP luciferase reporter assay. Liver cancer cells were transfected
with IQGAP1 or activated (S127A) YAP1 (Fig. 7A). Overexpression of IQGAP1 alone failed
to increase reporter activity compared to green fluorescent protein (GFP). However, coex-
pression of IQGAP1 with activated YAP1 consistently increased activity 2- to 4-fold com-
pared to cells transfected with activated YAP1 alone (Fig. 7B).

Elevated YAP1 activity is known as an early oncogenic event in HCC (45). To better
understand the IQGAP1-YAP1 relationship, we harvested B1M and B1M1I livers after
2weeks in the transposon system. GS-positive cells were detected in pericentral
regions, as expected, but there were 2.5-fold more ectopic GS-positive cell clusters that
were 1.5-fold larger in B1M1I samples (Fig. 7C), and 35% of nuclei were positive for
nuclear YAP1 in the B1M1I group compared to less than 1% in B1M samples (Fig.
7D). Next, to further verify that IQGAP1 overexpression in the B1M model affects YAP1
signaling in vivo, we investigated YAP1 subcellular localization, focusing on the 4-week
time point where tumor tissue is abundant but not necrotic (Fig. 5G). YAP1 was lowly
detected in the cytoplasm but was elevated 2.5-fold in the B1M1I nuclear fraction
compared to B1M (Fig. 7E). Despite increased nuclear YAP1 protein, mRNA expression
of Yap1 and its target genes (Amotl2, Ccn1, Ccn2, and Jag1) remained unchanged
between B1M and B1M1I groups except for Ccn2 (Fig. 7F). These data are consistent
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with recent findings that reveal Amotl2, Ccn1, Ccn2, and Jag1 have minimal functional
roles in HCC pathogenesis in vivo (46–51), even though they are important in tracking
hepatoblastoma progression (52–55).

Recently, YAP1-driven HCC tumorigenesis was shown to be mediated by NUAK2 ki-
nase, which positively regulates YAP1 activity in a feed-forward manner (56, 57). We
first tested if NUAK2 expression is altered in HCC cells when IQGAP1 and YAP1 are
overexpressed. We found that both NUAK2 mRNA and protein expression are signifi-
cantly elevated if IQGAP1 and YAP1 are overexpressed together (Fig. 8A and B).
Additionally, IQGAP1 and YAP1 cooverexpression contributes to exacerbated cell pro-
liferation (Fig. 8C). While investigating in vivo expression of Nuak2, we found higher
Nuak2 expression when IQGAP1 is overexpressed in the B1M model at the 4-week
time point compared to B1M alone where Nuak2 is derepressed (Fig. 8D). This is not
observed at the 8.5-week time point (Fig. 8D), suggesting that the IQGAP1-YAP1 regu-
lation is lost in late stages of tumorigenesis. Similarly, there is 1.5-fold more NUAK2

FIG 7 IQGAP1 overexpression drives YAP1 nuclear translocation and activity. (A) HepG2 cells were transfected
with 6mg GFP, 4mg IQGAP1, or 2mg (S127A) YAP1 constructs for 24 h. Expression for IQGAP1 or YAP1 was
normalized to B2M. (B) HepG2 cells were transfected with 500, 1,000, or 1,500 ng GFP, 1,000 ng IQGAP1, or
500 ng (S127A) YAP1 expression constructs for 24 h. YAP1 activity was measured using the YAP1 luciferase
reporter and corrected using renilla luciferase. (C) Liver sections from 2-week NT, B1M, or B1M1I mice stained
with GS (brown) to identify normal pericentral (demarcated by white dashed line) or ectopic (demarcated by black
dashed line) regions. Scale bar is 100mm. (D) Serial liver sections from 2-week mice stained to mark YAP1 nuclei
(top, defined by arrows) or GS (bottom). Scale bar is 50mm. (E) Cytosolic and nuclear protein from whole livers (4-
week pooled NT [n=3], B1M [n=5], and B1M1I [n=4]) were analyzed for YAP1 or IQGAP1. Cytosolic protein was
normalized to GAPDH and nuclear protein to LaminB1. GAPDH and LaminB1 show purity of cytosolic or nuclear
fractions, respectively. (F) Expression of Yap1 and Hippo/YAP target genes Amotl2, Ccn1, Ccn2, and Jag1 in whole
livers from 4- and 8.5-week samples, normalized to Gapdh. Graphs show means 6 SEM, and dots represent
individual mice. Data in panels A and B are representative of studies replicated in Snu-449 and Huh7 HCC cells. For
panel F, two-way paired ANOVA with Tukey’s multiple-comparison test was used, and all others were compared
using Student’s t test. *, P, 0.05; **, P, 0.01; ***, P, 0.001; ****, P, 0.0001.
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FIG 8 NUAK2 expression is elevated in HCCs with IQGAP1 overexpression. (A) HepG2 cells were transfected
with 6mg GFP, 4mg IQGAP1, or 2mg (S127A) YAP1 constructs for 24 h. Expression for NUAK2 was normalized to
B2M. (B) Whole-cell lysates were immunoblotted for IQGAP1, YAP1, and NUAK2 and normalized to GAPDH.
Conditions presented are representative of 3 independent experiments pooled. (C) Huh7 HCC cells were
transfected with 6mg GFP, 4mg IQGAP1, or 2mg (S127A) YAP1 constructs for 24 h. Cells were pulsed with EdU
for 30 min prior to fixation and staining for EdU (green) and Hoechst (blue). (D) Expression of Nuak2 in whole
livers from 4- and 8.5-week NT, B1M, and B1M1I samples, normalized to Gapdh. (E) Whole-liver protein
lysates from 4-week NT, B1M, and B1M1I mice analyzed by Western blotting to detect NUAK2 and YAP1,
which are normalized to GAPDH. (F) Pie charts demonstrating the distribution of HCC cases with IQGAP1High

expression from the TCGA cohort. Distribution further breaks down the number of cases with IQGAP1High that
also contain NUAK2High expression. (G) Overall survival for a subset of patients with IQGAP1High/NUAK2High

expression compared to IQGAP1Unaltered/NUAK2Unaltered patients. (H) RNA-sequencing data from the TCGA samples
with elevated IQGAP1/NUAK2 expression compared to those without was used for IPA analysis to determine
molecular pathways that are activated/inhibited (left) with corresponding changes to the genes that regulate
respective molecular pathways (right). Graphs show means 6 SEM, and dots represent individual mice. Data in
panels A to C are representative of studies replicated in multiple HCC cell lines. (G) Log-rank (Mantel-Cox) test
was used to determine significance for survival curve, and Student’s t test was used for all others. *, P, 0.05;
**, P, 0.01; ****, P, 0.0001.
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protein expression in B1M1I than B1M livers at the 4-week time point, while YAP1
protein expression remains unchanged (Fig. 8E). Together, these data suggest that
IQGAP1 overexpression enhances YAP1 activity and NUAK2 expression, which contrib-
utes to enhanced HCC growth in the B1M model.

We propose that IQGAP1 stabilizes YAP1 activity by promoting NUAK2 expression
during early stages of HCC oncogenesis. To further understand the clinical implications
of the IQGAP1-NUAK2 axis in HCCs, we identified 20 of 371 HCC patients in The Cancer
Genome Atlas (TCGA) with high IQGAP1 mRNA expression (Fig. 8F). Intriguingly, NUAK2
was high in 35% of these patients. Patients with IQGAP1High/NUAK2High expression
exhibited worse survival than other HCC patients, although the trend was not signifi-
cant (P=0.107), mostly likely due to low sample size (Fig. 8G). Furthermore, transcrip-
tomic analysis revealed activation of multiple progrowth and prosurvival signaling
pathways in IQGAP1High/NUAK2High patients compared to other HCC patients (Fig. 8H).
Taken together, our data suggest that IQGAP1 overexpression in tumors exacerbates
Hippo/YAP signaling via enhanced NUAK2 expression, which may be a druggable
mechanism for a specific subset of HCC patients.

DISCUSSION

Our results show that the overexpression of IQGAP1, a scaffold protein, in the back-
ground of oncogenic b-catenin and MET signaling can promote HCC in the murine
liver. Consistent with our finding, IQGAP1 is frequently induced and is associated with
a worse prognosis in human HCC (6–9, 58). Similar to b-catenin, a known HCC tumor
driver, gain or loss of IQGAP1 is insufficient to drive spontaneous hepatocellular carci-
nogenesis (17, 59) (Fig. 1D and E). While Ctnnb12/2 mice develop a robust HCC
response driven by PDGFRa signaling with DEN administration (60), this is counter to
Iqgap12/2 mice compared to control mice (Fig. 2). However, under the right conditions,
IQGAP1 overexpression can exacerbate HCC, demonstrating its role as a tumor driver
(Fig. 5).

We and others have shown that IQGAP1 overexpression can promote Wnt/b-cate-
nin signaling in vitro (9, 16) (Fig. 1B). However, coexpression of activated b-catenin and
IQGAP1 fail to synergize, increasing neither b-catenin reporter activity in vitro (Fig. 1C)
nor HCC formation in vivo (Fig. 1D and E). It is possible that the b-catenin plus IQGAP1
condition does not promote HCC development, since IQGAP1 overexpression shifts
excess b-catenin to the cell membrane (Fig. 6A to C) (61–63). These results suggest
IQGAP1 overexpression acts as a tumor suppressor by translocating b-catenin to the
cell membrane. Intriguingly, we do not find alterations in Wnt signaling when IQGAP1
is overexpressed or in Iqgap12/2 livers after DEN administration (data not shown), de-
spite previous studies showing that IQGAP1 facilitates b-catenin’s nuclear transloca-
tion and activity (9, 16, 64). Why b-catenin signaling does not change in the absence
of IQGAP1 warrants future investigation. We did find that in vitro knockdown of
IQGAP1 increased MET expression and activation (Fig. 4). MET expression was also
modestly induced in Iqgap12/2 liver tumors, suggesting that this increase is compensa-
tory to the loss of IQGAP1 expression, or IQGAP1 may regulate turnover of the MET
protein.

On the other hand, we demonstrate that increased expression of IQGAP1 is sufficient
to increase tumor burden and exacerbates HCC development in the B1M model (Fig. 5).
This enhanced tumor burden is not driven by increased MET or Wnt signaling (Fig. 6).
Even though IQGAP1 overexpression can enhance b-catenin activity in vitro (Fig. 1B) and
significantly increase cytosolic b-catenin protein in vivo (Fig. 6A), we find that b-catenin
and IQGAP1 colocalize at the cell membrane in B1M1I livers (Fig. 6C). This implies that a
higher level of IQGAP1 prevents b-catenin nuclear translocation and is in line with a well-
known mechanism regulated by IQGAP1 that enhances E-cadherin–b-catenin complexes
at the adherens junctions (61–63, 65).

HCC tumors are heterogenous and are not driven by a singular oncogenic pathway,
and IQGAP1 is known to enhance multiple oncogenic pathways (25, 26, 66). We found
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one such pathway in our model to be the Hippo/YAP signaling pathway. IQGAP1 is
known to interact with and modulate YAP activity (43, 44). We found significantly ele-
vated expression of Birc5, a target strongly linked to YAP activity (42), when IQGAP1 is
overexpressed in the B1M model (Fig. 6D). In addition, we found IQGAP1 cooperates
with mutant (S127A) YAP1 in vitro (Fig. 7 and 8). Overexpressing IQGAP1 in the B1M
model also results in enhanced nuclear YAP1 as early as 2weeks after HCC induction
(Fig. 7D and E). While YAP1 targets not involved in neoplasia remained unchanged
when comparing B1M to B1M1I samples (Fig. 7F), we found NUAK2 expression is
consistently higher when IQGAP1 is overexpressed, resulting in exacerbated YAP1 ac-
tivity (Fig. 8A to E). To evaluate the translational relevance of these findings, we mined
the TCGA database. Thirty-five percent of patients with high IQGAP1 expression also
had high NUAK2 levels (Fig. 8F); these patients exhibited increased proliferative signal-
ing pathways and poor survival (Fig. 8G and H). Additionally, these patient samples
have no activating CTNNB1 mutations (data not shown), which indicates therapies tar-
geting IQGAP1 and/or NUAK2 are more beneficial. The IQGAP1-YAP1-NUAK2 axis
needs to be studied in a larger cohort of patients to better understand how this molec-
ular signature affects patient outcomes. Globally, there were about 953,000 liver cancer
cases in 2017 (67). Considering that 1.9% of patients in the TCGA cohort have increased
IQGAP1 and NUAK2 expression, this equates to roughly 18,000 patients per year world-
wide. This is likely an underestimate due to our use of TCGA mRNA expression data,
since IQGAP1 protein is elevated in 60 to 80% of HCCs (6–9).

In summary, we show that IQGAP1 acts as an HCC tumor driver by enhancing YAP1 sig-
naling. IQGAP1 can demonstrate multiple functions in HCC by potentially saturating excess
b-catenin and, in turn, activating YAP1 signaling. Therefore, targeting domain-specific
interactions of IQGAP1 may be a useful strategy to combat hepatic tumorigenesis.

MATERIALS ANDMETHODS
Animals. The Institutional Care and Use Committee approved all mouse experiments. Iqgap11/1,

Iqgap11/2, and Iqgap12/2 mice maintained on a 129/SVJ background (129-Iqgap1tm1aber/VsJ) were used
for all diethylnitrosamine (DEN) experiments. These mice were generated in Andrew Bernards’s labora-
tory (Massachusetts General Hospital, Boston, MA, USA) and were obtained from Valentina Schmidt
(Stony Brook University, New York, USA). FVB/NJ mice were obtained from the Jackson Laboratory (Bar
Harbor, ME). Animals were housed at the University of Illinois at Urbana-Champaign on conventional
racks or the University of Pittsburgh in Optimice cages (AnimalCare Systems, Centennial, CO) with Sani-
Chip coarse bedding (P. J. Murphy, Montville, NJ) at 24°C on a 12/12-h light/dark cycle with lights on
starting at 5 a.m. central standard time, corresponding to Zeitgeber time (ZT) 0. Genotype was con-
firmed by PCR analysis of genomic DNA from tail clips. Mice were allowed ad libitum access to water and
either Teklad F6 Rodent Diet (8664; Envigo) or standard mouse chow (Purina ISO Pro Rodent 3000;
LabDiet, St. Louis, MO). Mice were provided huts and running wheels for enrichment. All animals were
sacrificed between 9 a.m. and noon daily.

Mouse experiments. Male (n = 77) littermate Iqgap11/1, Iqgap11/2, and Iqgap12/2 mice were
injected with 5mg/kg of body weight DEN (N0258; Sigma-Aldrich) in sterile 1� phosphate-buffered
saline (PBS) at 12 to 15 days of age via intraperitoneal injection (10 ml/g body weight). Mice were
sacrificed at both 20weeks and 50 weeks after administration to assess tumor burden.

Six- to 8-week-old male FVB/NJ mice were used for hydrodynamic tail vein injections. Mice were
injected with 20mg of pT3-EF5a-hMet-V5, pT3-EF5a-S45Y-b-catenin-Myc, or pT3-EF5a-IQGAP1-HA, a
combination of EF5a-hMet-V5 and pT3-EF5a-S45Y-b-catenin-Myc, or a combination of EF5a-hMet-V5,
pT3-EF5a-S45Y-b-catenin-Myc, and pT3-EF5a-IQGAP1-HA along with the Sleeping Beauty transposase
(SB) (0.8mg) in a ratio of 25:1. Injections were diluted to a total of 2ml of normal saline (0.9% NaCl) and
injected into the lateral tail vein in 5 to 7 s.

At the time of sacrifice, blood was collected by retroorbital bleeding, and serum was separated by
centrifugation and immediately stored at 280°C in opaque tubes. Liver, gonadal white adipose tissue,
spleen, and quadriceps tissues were collected, weighed, and flash-frozen for analysis. A piece of each
liver/tumor and the lungs were fixed in 10% formalin for histological analysis.

Body weight and LW/BW. Livers from experimental animals were excised, washed in PBS, and
weighed. The percentage of the weight occupied by the liver was determined by dividing the liver
weight by the total body weight of the mouse.

Cell lines. Human HepG2, Hep3B, Snu-449, and Huh7 hepatoma cell lines were obtained from the
American Type Cell Culture (ATCC). HepG2, Hep3B, and Huh7 were maintained in 10% fetal bovine se-
rum (FBS) (Atlanta Biologicals) in Dulbecco’s modified Eagle’s medium. Snu-449 cells were maintained in
10% FBS in RPMI 1640. Cells were incubated at 37°C in a humidified 5% carbon dioxide atmosphere.

Constructs used. pEGFP-IQGAP1 was a gift from David Sacks (plasmid number 30112; Addgene).
Using this construct, a hemagglutinin (HA) tag was added to IQGAP1 and cloned via Gateway PCR
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(Invitrogen, Carlsbad, CA) into a pT3-EF5a vector. pT3-EF1aH Yap S127A was a gift from Xin Chen (plas-
mid number 86497; Addgene). 8�GTIIC-luciferase (YAP1 luciferase reporter) was a gift from Stefano
Piccolo (plasmid number 34615; Addgene). Additional constructs used can be found in Table S1 in the
supplemental material.

Luciferase assay. Cell lines were transfected simultaneously with 400 ng TOPFlash firefly lucifer-
ase reporter or 400 ng YAP1 luciferase reporter (plasmid number 34615; Addgene) and 100 ng renilla
luciferase constructs alongside either siRNA or expression constructs listed in Table S1 using
Lipofectamine 2000 (Life Technologies). Transfected cells were harvested after 72 h and processed
with a Dual-Luciferase reporter assay kit (Promega). Luciferase activity was detected with an Infinite
M200 PRO microplate reader (Tecan, Männedorf, Switzerland). Relative luciferase activities of trans-
fected plasmids are represented as the activity of firefly luciferase activity normalized to renilla
activity.

Histology. Liver samples were fixed in formalin for.24 h. They were then processed and embedded
in paraffin wax. Four- or five-micrometer sections were cut. For immunohistochemistry, sections were
deparaffinized using xylene and graded ethanol (100 to 95%) washes and incubated in citric acid-based
antigen retrieval (Vector Labs, Burlingame, CA). Following antigen retrieval, liver sections were treated
with 3% hydrogen peroxide to quench endogenous peroxidase and blocked with either 5% normal goat
serum in 5% bovine serum albumin in Tris-buffered saline with Tween 20 (TBST) or avidin-biotin block-
ing solution (SP-2001; Vector Labs). Slides were incubated with primary antibody followed by biotinyl-
ated secondary antibody or horseradish peroxidase (HRP)-conjugated secondary antibody (concentra-
tions indicated in Table S2). Avidin-conjugated peroxidase (ABC kit PK-6100; Vector Labs) with ImmPACT
DAB peroxidase substrate (SK-4105; Vector Labs) or DAB HRP substrate kit (SK-4100; Vector Labs) was
used to visualize stained tissues. Sections were counterstained with modified Harris hematoxylin (72711;
Richard Allen) dehydrated with ethanol and xylene washes and mounted with Permount (Fisher).

Briefly, H&E staining was performed after deparaffinization. Slides were first stained with hematoxylin and
rinsed with water, followed by dipping in 5% glacial acetic acid. Shandon’s bluing reagent (ThermoScientific,
Kalamazoo, MI) was used to retain hematoxylin counterstain. Slides were then dipped in eosin for 1 min and
dehydrated with ethanol and xylene washes, followed by mounting with Permount.

Quantification of GS-positive clusters. After sections were stained for GS, pericentral and ectopic
GS regions were identified. Ectopic GS clusters are defined as 1 or more cells located immediately adja-
cent. ImageJ (National Institutes of Health, Bethesda, MD) was used to measure the area of defined GS
clusters.

RNA isolation, qRT-PCR, and PCR. Total RNA from fresh liver and tumor samples collected at sacri-
fice was extracted using TRIzol solution (Invitrogen) and subjected to quantitative reverse transcriptase
PCR (qRT-PCR) to quantify the expression of protein-coding genes. A260/280 and bleach RNA gel were
used to assess RNA quality. RNA with an A260/280 of .2.0 and a 28S/18S RNA ratio of approximately 2 was
used for further analysis. Complementary DNA (cDNA) synthesis and qRT-PCR were performed either as
previously described (68) or using Moloney-murine leukemia virus (Life Technologies), followed by qPCR
performed with SYBR green PCR master mix (Life Technologies), Bullseye EvaGreen PCR master mix
(Midwest Scientific), or TaqMan probes (Life Technologies) with TaqMan Universal master mix II (Life
Technologies). Primer sequences and TaqMan probe identifiers (IDs) are described in Table S3. Reactions
were performed using a StepOnePlus system (Life Technologies). Relative expression was calculated
using the DDCT method. Gapdh was used as a housekeeping gene.

TaqMan probe IDs and primer sequences are listed below. Reactions were performed using a
StepOnePlus system (Life Technologies).

DNA mutation analysis. Genomic DNA was isolated from DEN-induced liver tumors at 50weeks
posttreatment using QIAamp Fast DNA tissue kit (Qiagen). Fluidigm technology was used to sequence
the DNA using four primer sets (Table S4). The read files were demultiplexed by primer and then by sam-
ple. Fastp, version 0.19.5, was used to perform quality filtering and trimming of the raw reads. The files
were qc-trimmed and aligned to the mouse reference genome, version GRCm38.p6, with NCBI WebBlast
to obtain the absolute coordinates in the forward strand version of the genome with bwa, version
0.7.17, using default parameters. Bam-read count, version 0.8, was run to generate the read counts at
each of the locations identified. A customized R script then was run to generate a summary of nucleo-
tide frequencies at the codons of interest. The base pair with the lowest percentage of reads matching
the wild-type sequence was used to determine the prevalence of mutation at that codon in each
sample.

Western blotting.Whole-tissue protein lysates were prepared from approximately 50mg frozen tis-
sue using SDS-based lysis buffer (50mM Tris-HCl [pH 8.0], 10mM EDTA, 1% SDS) containing protease/
phosphatase inhibitors (radioimmunoprecipitation assay [RIPA] buffer). Lysates were removed to a fresh
1.5-ml tube and centrifuged at 18,400 � g for 10min at 4°C to remove clear supernatant to a new 1.5-ml
tube while disposing of the pellet. Samples were stored at 280°C until utilization or determination of
protein concentration via bicinchoninic acid (BCA) protein assay (Fisher) to ensure equal protein concen-
trations for subsequent assays. For Western blotting, 50 to 200mg total protein was loaded onto 8% to
12% SDS-PAGE gels. Proteins were transferred to Immobilon-P polyvinylidene difluoride membrane
(IPVH00010; Millipore) either for 1 h at 100 V at 4°C or overnight at 35 V and 4°C. After transfer, the mem-
branes were blocked in either 5% nonfat dry milk or 5% BSA dissolved in Blotto (0.15 M NaCl, 0.02 M Tris
[pH 7.5], 0.1% Tween in distilled H2O), followed by incubation with antibodies described in Table S2.
Membranes were exposed to SuperSignal West Pico chemiluminescent substrate (Thermo Scientific
Pierce, Pittsburgh, PA) for 1 to 2min at room temperature, and bands reflective of target proteins were
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viewed by a ChemiDoc imaging system (Bio-Rad). Bands were quantified with ImageJ (National
Institutes of Health, Bethesda, MD).

Nuclear/cytoplasmic fractioning. Whole-liver samples were processed either by using the NE-PER
nuclear and cytoplasmic extraction kit (Life Technologies) by following the manufacturer’s recommenda-
tions or lysed using SDS-free subcellular fractionation buffer (20mM HEPES, 10mM KCl, 2mM MgCl2,
1mM EDTA, 1mM EGTA) containing protease/phosphatase inhibitors. Samples were manually agitated
and incubated on ice for 30 min prior to centrifugation at 3,000 rpm for 5 min at 4°C. The supernatant
containing the cytosolic fraction was moved to a fresh, 1.5-ml tube, while the pellet was washed 5�
with subcellular fractionation buffer. After a final wash, the nuclear pellet was lysed using TBS with 0.1%
SDS. Samples were stored at 280°C until use in protein quantification and Western blotting as previ-
ously described.

Immunoprecipitation. Whole-liver samples were lysed using immunoprecipitation lysis buffer
(20mM Tris base, 150mM NaCl, 1mM EDTA, 1mM EGTA, 1% TritonX, pH 7.5) containing protease/phos-
phatase inhibitors. Samples were manually agitated and incubated on ice for 30 min prior to centrifuga-
tion at 15,000 rpm for 15 min at 4°C. Supernatants were removed to a fresh 1.5-ml tube, while the pellet
was discarded. Samples were stored at 280°C until utilization or determination of protein concentration
via BCA protein assay (Fisher) to ensure equal protein concentrations. Equal amounts of protein from re-
spective groups were pooled and precleared on ice using normal control mouse IgG (Life Technologies)
for 30 min, followed by incubating with A/G Plus-agarose beads (Santa Cruz) overnight at 4°C with gen-
tle agitation. Samples were centrifuged for 5 min at 3,000 rpm, and supernatants were removed to a
fresh 1.5-ml tube together with 5mg of b-catenin monoclonal antibody (Table S2) overnight at 4°C with
gentle agitation. A/G Plus-agarose beads were applied to each sample overnight at 4°C with gentle agi-
tation. The supernatant was then removed from beads via centrifugation to a fresh 1.5-ml tube, and the
pellet was washed four times with PBS containing protease/phosphatase inhibitor to prevent the disrup-
tion of delicate protein-protein interactions. Samples were then processed for Western blotting as previ-
ously described.

Cell proliferation assay. Cells transfected with respective constructs were incubated overnight.
Cells were then serum starved for 6 h prior to a 30-min incubation with 5-ethynyl-2¨-deoxyuridine (EdU)
to a final concentration of 10mM. Cells were washed with 1� PBS and fixed using 4% paraformaldehyde
for 15 min, followed by a subsequent wash using 1� PBS. Cells were then stained for EdU using a Click-
iT Alexa-647 EdU flow cytometry assay kit (Life Technologies) by following the manufacturer’s
instructions.

Data analysis. RNA-sequencing gene expression data from the Hepatocellular Carcinoma TCGA
Firehose Legacy data set were downloaded from the cbioportal (www.cbioportal.org) (69, 70). Patients
were separated into two cohorts, those that have amplified IQGAP1 and NUAK2 mRNA expression fitting
a cutoff z-score threshold of 62 and those without. Gene expression data were analyzed through the
use of IPA (Qiagen Inc.; https://www.qiagenbioinformatics.com/products/ingenuitypathway-analysis)
using an experimental P value of .0.02 and a false discovery rate q value of .0.04 (71). Canonical path-
way amplification/downregulation was determined using a 2log(P value) of,2.3 and a z-score of ,2.5
while thresholding at 0.05. Fisher’s exact test was used to determine the significance of pathway altera-
tions. Finally, pathways were filtered for relevance to liver biology and disease pathogenesis. For survival
analysis, clinical data from the TCGA were analyzed to determine overall survival calculated from diagno-
sis date to the death date or date of last contact, taking censoring into consideration. Overall survival
was then calculated for the patients using Kaplan-Meier methods.

Statistical analysis. Data are expressed as means 6 standard errors of the means (SEM). All statisti-
cal analyses were performed using GraphPad Prism software, version 7. For contingency data, x2 test
was used to compare 3 groups and Fisher’s exact test was performed to assess differences between 2
groups. One-way analysis of variance (ANOVA) with Bonferroni posttest was performed to compare 3
groups, while two-way ANOVA with Tukey’s posttest was used to assess differences between two paired
tissues (liver and tumor) in three groups. Asterisks in figures indicate a statistically significant difference
between groups. Significance is defined as a P value of ,0.05. Outliers were determined by Grubbs’ test
and were removed from analysis along with any paired data.

Study approval. Animal studies were approved by the Institutional Animal Care and Use
Committees at the University of Illinois at Urbana-Champaign and University of Pittsburgh. All animal
studies were carried out as outlined in the Guide for the Care and Use of Laboratory Animals (72).

Data availability. The raw sequence data have been uploaded to NCBI BioProject (http://www.ncbi
.nlm.nih.gov/bioproject/629000).
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