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Abstract
Background & Aims—Wnt/β-catenin activation is observed in normal liver development,
regeneration, and liver cancer. Our aim was to elucidate the regulation and mechanism of this pathway
in liver.

Methods—We report the generation and characterization of liver-specific nonmutated β-catenin–
overexpressing transgenic mice. Transgenic livers were examined for their morphology and
phenotype by histology, proliferation, apoptosis, and microarray analysis.

Results—Transgenic livers displayed a significant increase in cytoplasmic, membranous, and
nuclear β-catenin in hepatocytes as compared with their wild-type littermates, which display a
predominant membranous localization only. A 15%–20% increase in the liver weight–body weight
ratio was evident in transgenic mice secondary to increased hepatocyte proliferation. Microarray
analysis showed differential expression of approximately 400 genes in the transgenic livers.
Epidermal growth factor receptor RNA and protein and increased levels of activated epidermal
growth factor receptor and Stat3 were observed in the transgenic livers. Epidermal growth factor
receptor promoter analysis showed a T-cell factor–binding site, and subsequent reporter assay
confirmed epidermal growth factor receptor activation in response to Wnt-3A treatment that was
abrogated by frizzled related protein 1, a known Wnt antagonist. Epidermal growth factor receptor
inhibition successfully decreased liver size in transgenic mice. Next, 7 of 10 hepatoblastomas
displayed simultaneous β-catenin and epidermal growth factor receptor up-regulation, thus
suggesting a strong relationship between these 2 proteins in tumors.

Conclusions—β-Catenin transgenic mice show an in vivo hepatotrophic effect secondary to
increased basal hepatocyte proliferation. Epidermal growth factor receptor seems to be a direct target
of the pathway, and epidermal growth factor receptor activation might contribute toward some
mitogenic effects of increased β-catenin in liver: epidermal growth factor receptor inhibition might
be useful in such states.

The process of tumorigenesis is characterized by aberrant signal transduction.1 One such
pathway that is reported to be abnormally active in many tumors, such as those of the colon,
rectum, breast, and skin, is the Wnt/β-catenin pathway.2 This pathway is indispensable for
normal development, as has been observed in numerous transgenic or loss-of-function studies
that also elaborate and emphasize its ubiquitous distribution and functionality.3–5 The role of
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this pathway has been elucidated in key physiological phenomena, such as lineage
specification, differentiation, stem cell renewal, epithelial–mesenchymal transition,
proliferation, apoptosis, and cell–cell adhesion.3,6,7 Because of these roles, one can appreciate
the implications of activation of this pathway during the process of tumorigenesis.

The Wnt/β-catenin pathway is normally turned “off” during the adult stage in many tissues.8
As shown previously, Ctnnb1 expression is low in hepatocytes, although significant levels of
β-catenin protein are observed at the hepatocyte membrane, thus indicating its regulation at
the level of degradation, as has been shown previously.9,10 In this phase, the key component
of the pathway—β-catenin—is phosphorylated at specific serine and threonine residues by
glycogen synthase kinase 3β and, with the aid of axin and adenomatous polyposis coli gene
product (APC), is presented to β-transducin repeat-containing protein to undergo ubiquitin-
mediated proteosomal degradation.11–13 This ensures minimal free cytosolic β-catenin levels
for its nuclear signaling. During development in the presence of any of the Wnts or in cancers
when either of the degradation complex components displays inactivating mutations or when
the β-catenin gene itself displays mutations that alter the crucial serine and threonine residues,
the pathway is active. This leads to nuclear translocation of β-catenin, where it, along with its
cofactors T-cell factor family proteins (TCF), transactivate many target genes, such as c-myc,
cyclin D1, urokinase plasminogen activator receptor, and others that act as ultimate effectors.
14–16 Other important interactions of the β-catenin protein are at the cell membrane, where it
complexes with E-cadherin and the hepatocyte growth factor receptor c-met, especially in
hepatocytes.17,18

These interactions are regulated mainly by tyrosine phosphorylation of β-catenin at the C-
terminal, and this further influences intercellular adhesion. However, we have also reported
tyrosine phosphorylation–mediated nuclear translocation of β-catenin in hepatocytes, and this
opens the possibility that various tyrosine kinases (such as hepatocyte growth factor) also
influence downstream signaling of β-catenin via a noncanonical pathway.18 The role of β-
catenin in liver pathology, especially in tumors such as hepatocellular carcinoma (HCC) and
hepatoblastoma, is well established.19,20 Specific mutations in Ctnnb1 and axin have been
shown to stabilize β-catenin protein in both of these tumor types in patients and in animal
models.21–26 We have reported its activation during regulated liver growth in early liver
regeneration after two-thirds partial hepatectomy.27 More recently, we have identified that a
temporal expression of β-catenin during liver development and in vitro ablation of β-catenin
in embryonic liver cultures at embryonic day 10 of mouse development affects proliferation,
survival, and differentiation of the constituent cell population at that stage.9,28,29 In this study,
we addressed the regulation of this pathway in liver by generating transgenic mice that
overexpress nonmutated β-catenin under the transcriptional control of albumin promoter and
enhancer. Simultaneously, we wanted to identify any novel target genes of the pathway that
might be playing a noteworthy role in hepatic pathophysiology for possible therapeutic
consequences.

Materials and Methods
Albumin/β-Catenin Expression Construct

An approximately 2.4-kilobase human β-catenin gene (Ctnnb1) consisting of its open reading
frame (nucleotides 189–2554) was amplified from normal human liver by using primer 1
(CGGGATCCCAGCGTGGACAATGGCTA) and primer 2
(CCGGATCCAGGATGATTTACAGGTCA) containing BamHI sites. The fragment was
inserted into the BamHI sites of an albumin promoter/enhancer-driven expression vector that
also contained a polyadenylation cassette, kindly donated by Dr Zarnegar (University of
Pittsburgh), to generate the transgenic plasmid.30
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Generation of Albumin/β-Catenin Transgenic Mice
The previously described construct was linearized and microinjected into C57BL/6 × SJL
hybrid mouse eggs to create transgenic mice by DNX Transgenic Sciences Corporation
(Cranbury, New Jersey). The transgenic mice were identified by Southern blot and polymerase
chain reaction (PCR) analysis by using tail genomic DNA digestion and primer 3
(ATGGGATCTGCATGCCCTCATCTAATG) and primer 4
(GTATGATTTTGTAATGGGGTAGGAACC). The transgenic founder mice were bred to
C57BL/6 wild-type mice to produce F(1) hemizygous mice and bred further to obtain
homozygous gene dosage. Out of the 11 lines generated initially, 3 lines were expanded on the
basis of the robust protein expression of β-catenin, as described subsequently. All animal
studies were performed in strict accordance with the institutional animal use and care
committee at the University of Pittsburgh School of Medicine and Institutes of Health
guidelines.

Protein Extraction and Western Blots
Transgenic and wild-type livers (n > 5) were used for whole-cell lysate preparation by using
RIPA buffer (9.1 mmol/L dibasic sodium phosphate, 1.7 mmol/L monobasic sodium
phosphate, 150 mmol/L sodium chloride, 1% Nonidet P-40, 0.5% sodium deoxycholate, and
0.1% sodium dodecyl-sulfate [pH adjusted to 7.4]) containing fresh protease- and phosphatase-
inhibitor cocktails (Sigma, St Louis, MO), as described previously.27 Protein concentration
was determined by bicinchoninic acid protein assay. The lysates from transgenic and wild-type
livers were kept separate for analysis (n > 5) unless mentioned specifically. All experiments
were performed in triplicate, and the data shown are representative of the 3 sets. The transgenic
and wild-type mice were matched for age and sex for all analyses. The protein analysis
presented is from 1- or 3-month-old transgenic and wild-type livers and has been specified in
Results. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis analysis was performed
by using 20 μg of protein on 7.5% ready gels by using the mini–PROTEIN 3 electrophoresis
module assembly (Bio-Rad, Hercules, CA). After overnight transfer to Immobilon
polyvinylidene difluoride membranes (Millipore, Bedford, MA), the Western blot was
performed as discussed elsewhere.27 The blots were subjected to fresh Super-Signal West Pico
Chemiluminescent Substrate (Pierce, Rockford, IL) and visualized by autoradiography. Blots
were stripped in immunoglobulin G elution buffer (Pierce) for reprobing.

Primary antibodies used in this study were against β-catenin, epidermal growth factor receptor
(EGFR), cyclin D1, and c-myc (Santa Cruz Biotechnology, Santa Cruz, CA); anti–serine 45/
threonine 41 β-catenin, anti–serine 33 and 37/threonine 41 β-catenin, anti–tyrosine 992 EGFR,
anti–serine 217 and 221 MEK/ERK, and anti–phospho-Stat3 (tyrosine 705; Cell Signaling,
Beverly, MA); anti–Ki-67 (Dako, Carpinteria, CA); anti–proliferating cell nuclear antigen
(PCNA; Signet Laboratories, Dedham, MA); and anti-actin (Chemicon, Temecula, CA).
Horseradish peroxidase–conjugated secondary antibodies (Chemicon) were used at 1:50,000
dilution.

Nuclear Protein Isolation and Electrophoretic Mobilization Shift Assay for β-Catenin
Activation

Liver tissue (0.2–0.5 g) from 3-month-old transgenic (n = 4) or wild-type (n = 3) males was
finely chopped and then homogenized in a glass Dounce homogenizer (50–100 strokes) in 1
mL of hypotonic buffer (10 mmol/L HEPES, pH 7.9, 10 mmol/L NaH2PO4, 1.5 mmol/L
MgCl2, 1 mmol/L dithiothreitol [DTT], 0.5 mmol/L spermidine, and 1 mol/L NaF, with
protease- and phosphatase-inhibitor cocktails [Sigma; P8340, P5726, and P2850] used at 1:100
dilution). Homogenization was monitored under a microscope by using trypan blue dye to
control for release of nuclei. The homogenates were centrifuged for 5 minutes at 800g. The
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pelleted nuclei were washed and repelleted 2 times in 2 mL of hypotonic buffer. Nuclei pellets
were snap-frozen in liquid nitrogen.

Nuclear proteins were extracted in 25–50 μL of hypertonic buffer (30 mmol/L HEPES, pH 7.9,
25% glycerol, 450 mmol/L NaCl, 12 mmol/L MgCl2, 1 mmol/L DTT, and 0.1 mmol/L
ethylenediaminetetraacetic acid [EDTA], with protease- and phosphatase-inhibitor cocktails
[Sigma; P8340, P5726, and P2850] used at 1:200 dilution) for 30–45 minutes at 4°C with
continuous agitation. Extracts were centrifuged at 30,000g for 30 minutes. The supernatants
were collected, and protein concentration was determined by bicinchoninic acid assay with
bovine serum albumin as a standard.

Electrophoretic mobility shift assay was performed by incubating 5 μg of nuclear protein
extracts with a 32P end-labeled oligonucleotide containing the core TCF/lymphoid
enhancement factor (LEF) binding site (5′-
CTCTGCCGGGCTTTGATCTTTGCTTAACAACA-3′) at room temperature for 20 minutes.
31 The binding reaction conditions were 15 mmol/L HEPES, pH 7.9, 75 mmol/L NaCl, 6
mmol/L MgCl2, 0.025 mmol/L EDTA, 2.5 mmol/L Tris, pH 7.6, 12.5% glycerol, and 1 mmol/
L DTT, with protease- and phosphatase-inhibitor cocktails (Sigma; P8340, P5726, and P2850)
at 1:400 dilution. Reaction products were analyzed on a 5% nondenaturing polyacrylamide gel
with 0.5% Tris/borate/EDTA buffer. The specificity of the DNA binding complex was
determined by the addition of 20× cold TCF/LEF oligonucleotide as a competitor. Gels were
dried and exposed to BioMax MR film (Eastman Kodak, Rochester, NY).

Histology and Immunohistochemistry
Sections from the age- and sex-matched transgenic and wild-type littermates’ livers were
subjected to immunohistochemical analysis for β-catenin, EGFR, PCNA, and Ki-67 to
determine their expression, localization, or both by using the indirect immunoperoxidase
technique as discussed previously.9 Briefly, 4-μm-thick paraffin sections were passed through
xylene and graded alcohol and rinsed in phosphate-buffered saline. Endogenous peroxide was
inactivated by using 3% hydrogen peroxide (Sigma). Slides were microwaved in citrate buffer
for 20 minutes, followed by blocking in the blue blocker (Shandon Lipshaw, Pittsburgh, PA)
and overnight incubation at 4°C in the anti–β-catenin antibody (Santa Cruz Biotechnology).
After washing, the sections were incubated in the secondary anti-mouse horseradish
peroxidase–conjugated antibody (Chemicon) for 1 hour at room temperature, and signal was
detected by using an ABC Elite kit (Vector Laboratories, Burlingame, CA) according to the
manufacturer’s instructions. Sections were counterstained with Harris hematoxylin solution
(Sigma) and passed through a dehydration process, followed by coverslipping and mounting
by using DPX (Fluka Labs, St Louis, MO). For negative control, the sections were incubated
with secondary antibodies only. Slides were viewed under an Axioskop 40 (Zeiss) upright
research microscope, and digital images were obtained by a Nikon Coolpix camera. Collages
were prepared with Adobe Photoshop 5.0 software.

For proliferation assay in the age- and sex-matched transgenic and wild-type livers,
immunohistochemistry was performed for PCNA that recognizes cells in the cell cycle. To
detect apoptosis, we used terminal deoxynucleotidyl transferase–mediated deoxyuridine
triphosphate nick-end labeling staining with the ApopTag Peroxidase kit (Intergen Company).
The apoptotic nuclei were detected by the presence of positive brown staining.

RNA Isolation and Affymetrix Microarray
Three male transgenic livers and 3 male wild-type littermate livers from 3-month-old mice
were used for isolating and purifying RNA by Qiagen RNeasy kit (Qiagen, San Diego, CA).
Increased protein levels (2.5-fold) of β-catenin in transgenic mice were confirmed by Western
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blots, as described previously. RNA was used for chromosomal RNA (cRNA) preparation and
for generating a biotinylated cRNA probe from transgenic and wild-type livers; further steps
were performed according to the Affymetrix protocols and as described previously.9 Briefly,
5 μg of total RNA was used in the first-strand complementary DNA (cDNA) synthesis with
T7-d(T)24 primer Superscript II (GIBCO-BRL, Rockville, MD). The second-strand cDNA
synthesis was performed at 16°C by adding Escherichia coli DNA ligase, E coli DNA
polymerase I, and ribonuclease H to the reaction. The newly synthesized cDNA was purified
and incubated at 37°C for 4 hours in an in vitro transcription reaction to produce cRNA labeled
with biotin by using a MEGAscript system (Ambion, Inc, Austin, TX). This probe was further
used for Affymetrix chip hybridization (U74A) according to the manufacturer’s instructions.
After hybridization, the chips were washed in a fluidic station and stained with streptavidin
phycoerythrin, followed by incubation with biotinylated mouse anti-avidin antibody and
restaining with streptavidin phycoerythrin. The chips were scanned in an HP ChipScanner
(Affymetrix Inc, Santa Clara, CA) to detect hybridization signals. Final analysis was performed
by using Affymetrix Microarray Suite 5.0 software, and data were exported and organized in
an Excel spreadsheet (Microsoft Corp, Redmond, WA). The signals from the transgenic and
wild-type livers were averaged and compared and are presented as -fold change. The cutoff
was 2-fold or higher, representing the genes that were up-regulated in the transgenic livers,
and 0.5-fold or lower, representing the down-regulated genes in the transgenic livers. The data
were specifically examined for some of the more relevant and liver-specific pathways.

Cell Culture and Luciferase Assay
Wnt-3A–conditioned medium containing biologically active Wnt-3A was obtained after the
culture of the L Wnt-3A (CRL-2647, American Type Culture Collection).32 Control
conditioned medium was generated from the recommended parental cell line (CRL-2648,
American Type Culture Collection). Human recombinant soluble frizzled related protein
(sFRP)-1 to also confirm the specificity of the Wnt-conditioned media was a kind gift from Dr
Jeffery S. Rubin (Laboratory of Cellular and Molecular Biology, Institutes of Health, Bethesda,
MD). These media were used to evaluate luciferase activity in the MCF7 cells stably transfected
with a full-length EGFR promoter and a luciferase reporter construct (EGFR-luc), which were
a kind gift from Dr Alfred Johnson (Laboratory of Molecular Biology, Center for Cancer
Research, National Cancer Institute, Institutes of Health). The cells were cultured to confluence
and treated with control media or Wnt-conditioned media alone or in the presence of sFRP-1
for 3 hours, and cells were lysed and prepared by using the luciferase reporter assay system
(Promega, Madison, WI). The activity was read on a luminometer (Lumat; EG & G Berthold).

Drug Treatment of Transgenic Mice
Anti-EGFR compound (AG1478) was purchased from Tocris Cookson Inc (Ellisville, MO).
It was dissolved in dimethyl sulfoxide (DMSO; Sigma) to prepare a stock solution. Six
transgenic mice, aged 3 months, were divided into a control or treatment group. The control
group (1 male and 2 females) received intraperitoneal DMSO twice a week for 5 weeks. The
treatment group received intraperitoneal AG1478 (1 μg per mouse) twice a week for 5 weeks.
The animals were killed according to institutional animal care and utilization committee
guidelines, and livers were weighed and stored.

Examination of Patient Tissues
Paraffin blocks from 10 hepatoblastoma patients were obtained from the Department of
Pathology at Children’s Hospital at the University of Pittsburgh School of Medicine under an
approved institutional review board protocol. Four-micrometer-thick sections were examined
for β-catenin and EGFR expression and localization by indirect immunohistochemistry as
described previously.
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Statistical Methods
For comparing the liver weight–body weight ratios, averages ± SEM were calculated for the
age-matched transgenic and wild-type mice and were compared for statistical significance by
Student t tests. For quantitative assessment, Western blots were scanned and subjected to
densitometry by NIH Image software. The mean integrated optical density was compared in
the wild-type and transgenic mice for statistical significance by the Student t test (InStat 2.01;
GraphPad Software), and P < .001 was considered significant.

The proliferation labeling index was calculated by counting the number of PCNA-positive cells
per the total number of cells in 5 fields from 3 transgenic and 3 wild-type 3-month-old male
mice. The index (mean ± SEM) was compared for statistical significance by using the Student
t test.

For the EGFR-inhibitor effect on liver weights, the livers harvested from the control and
experimental groups were weighed. The weight comparisons were performed by paired tests
(InStat 2.01), and 2-tailed P values of <.05 were considered significant. The values were
exported to Kaleidagraph (Synergy Software) for generating bar graphs.

Results
Increased β-Catenin Protein in Transgenic Mice

By using the albumin/β-catenin construct injection into the blastocysts, transgenic mice were
generated (Figure 1A). Out of the 11 founder lines obtained that expressed the transgene as
shown by the PCR analysis (Figure 1B), 3 were chosen for expansion on the basis of the robust
protein expression of β-catenin. One such representative analysis in 1-month-old (upper panel)
and 3-month old (lower panel) mice shows the presence of transgene and increased levels of
hepatic β-catenin protein in transgenic mice only (Figure 1C). On average, the transgenic livers
(n = 20) displayed 2.4-fold higher protein levels of β-catenin than their sex- and age-matched
wild-type littermates (n = 10), and this was statistically significant (P < .001; Figure 1D). The
β-catenin protein levels were proportional to the gene copy numbers on the basis of hemizygous
or homozygous gene dosage. On average, the gene copy was >25 gene copies per cell equivalent
(not shown).

Next, transgenic and wild-type livers were examined for β-catenin distribution by
immunohistochemistry. In wild-type littermate livers, β-catenin is con-fined to the hepatocyte
membrane (Figure 1E). The transgenic livers show cytoplasmic staining, in addition to its
physiological membranous localization (Figure 1F). In addition, several hepatocytes also show
nuclear distribution of β-catenin. Representative transgenic and matched controls were used
for nuclear protein isolation that confirmed the presence of increased β-catenin protein in most
transgenic livers (Figure 1G). To further confirm the activity of β-catenin, nuclear protein was
examined for β-catenin/TCF binding by electrophoretic mobility shift assay. Enhanced β-
catenin/TCF binding was evident in transgenic livers, as shown in a representative analysis of
3-month-old transgenic and wild-type liver (Figure 1H). Most transgenic livers that displayed
an increase in total β-catenin protein showed enhanced cytoplasmic and nuclear localization
of β-catenin, as well as enhanced β-catenin/TCF binding, thus showing its activation in these
livers.

β-Catenin Transgenic Mice Display Hepatomegaly but No Tumors
β-Catenin transgenic mice were examined for any obvious phenotypes. The mice were
followed up to 18–24 months. There was no difference in survival of these mice as compared
with their wild-type littermates. On death at different ages, no unusual lesions or tumors were
observed in the transgenic or wild-type mice. However, the transgenic mice displayed larger
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livers as early as 30 days after birth. Approximately 70% of all transgenic mice consistently
display hepatomegaly. A representative analysis from 1-month-old transgenic (n = 20) and
wild-type (n = 10) mice, along with their liver weight–body weight ratios, is provided in Table
1. The liver weight–body weight ratio (liver weight/body weight × 100) for most transgenic
mice ranged from 5.42 to 5.91 (mean, 5.50) as compared with their wild-type littermates, which
displayed a ratio range from 4.21 to 5.0 (mean, 4.65). The difference in these ratios is
approximately 15% and is statistically significant (P < .0001; Figure 2). This analysis clearly
emphasizes a hepatotrophic effect of excess β-catenin in most transgenic mice as compared
with their wild-type littermates.

Increased Basal Proliferation in Transgenic Livers: Apoptosis Unaffected
To comment on the increased liver weight–body weight ratios in the transgenic mice, we
examined the histology of the transgenic livers. Representative analysis from 3-month-old male
transgenic and wild-type livers is shown in this section. Routine H&E stains for the transgenic
livers were unremarkable as compared with those for the wild-type livers (Figure 3A and B).
To elucidate the mechanism of increased liver size, we next examined the livers for any
decrease in apoptosis as being the cause of liver enlargement by examining the numbers of
apoptotic nuclei after terminal deoxynucleotidyl transferase–mediated deoxyuridine
triphosphate nick-end labeling staining. This analysis was also unremarkable, with no
differences between transgenic and wild-type livers (Figure 3C and D). Next, by
immunohistochemistry for PCNA, we examined whether the change in proliferation was
contributing to the enlarged livers. The 3-month-old transgenic livers displayed more PCNA-
positive cells than their wild-type littermates, thus indicating increased basal proliferation in
β-catenin transgenic livers (Figure 3E–H).

The proliferation index was determined and compared for statistical significance between the
transgenic and wild-type mice as described in Materials and Methods. On average, there was
an approximately 67% increase in proliferation index in the transgenic livers as compared with
their wild-type littermates, and this was statistically significant (P < .001), thus implying that
increased basal hepatocyte proliferation could be the contributing factor for the enlarged
hepatic phenotype observed in the β-catenin overexpressers (Figure 4).

Distinct Gene Expression Changes in Transgenic Livers
To elucidate the molecular mechanism of hepatomegaly in the β-catenin transgenic mice, 3
livers from 3-month-old male transgenic mice (showing at least a 2.5-fold increase in total β-
catenin protein by Western blots) and their 3 age- and sex-matched wild-type mice were used
for messenger RNA (mRNA) extraction and Affymetrix gene array by using the U74A mouse
gene chip. The analysis showed at least 210 genes that displayed ≥2.0-fold expression as
compared with their wild-type littermate livers (additional information available online at
http://www.pathology.pitt.edu/lectures/monga/onlineSupplement.pdf). Also, another 189
genes showed a ≥2.0-fold decrease in the transgenic livers. A list of some of the more relevant
liver genes, along with their -fold change in expression, is shown in Table 2.

This gene-array analysis provides insight into some of the genes that seem to be modulated by
increased expression of β-catenin and thus might also be among the molecular basis for the
observed changes in the transgenic livers, including a positive effect on cell proliferation. In
general, several of the up-regulated genes are known to have a metabolic role. More
importantly, by regulating some of the known transcription factors such as ZT2, Hey1, and
ring finger protein 3, β-catenin might be influencing multiple other effectors and affectors.
Also, other stimulators of growth in terms of proliferation, such as adrenergic receptor β1 and
fibroblast growth factor (FGF)-4 (an established target), might be contributing to the increased
liver size as well. However, a more crucial and relevant observation seems to be an in crease
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in the expression of EGFR that clearly possess liver mitogenic activity. The transcription
factors hepatocyte nuclear factor (HNF)-1 βand HNF-3/forkhead homolog 1 showed a decrease
in their mRNA expression. Additional negative regulators of cell proliferation that are
significantly down-regulated in transgenic livers are the protein kinase inhibitors p58, cyclin-
dependent kinase (Cdk)4, and Cdk6 inhibitor p19 protein and the growth arrest–specific 1
protein. Thus, there seems to be a global trend of an up-regulation of the stimulatory genes that
is supplemented by a concomitant decrease in some of the growth-inhibitory genes, thus giving
an overall growth advantage to the transgenic livers in terms of their cell proliferation.

Epidermal Growth Factor Receptor Up-regulation and Activation in Transgenic Livers
One of the more established stimulatory pathways for hepatocytes is the epidermal growth
factor (EGF). Gene-array analysis also showed a 2.2-fold higher expression of EGFR in the
transgenic livers as compared with their littermates (Table 2). A representative Western blot
shows increased total EGFR protein in transgenic mice as compared with their age- and sex-
matched wild-type littermates at 1 and 3 months of age (Figure 5A). These corresponded to
their respective β-catenin levels. Quantitative assessment after densitometry showed an
approximately 2-fold increase that was significantly higher than that in the wild-type littermates
(P < .001; Figure 5B).

Next we wanted to examine the status of the EGF pathway. Normal, essential amounts of EGF
are present in the portal circulation. EGFR up-regulation would thus imply more downstream
effector availability for the ligand and, hence, the activity of that pathway. This led us to
investigate and compare the tyrosine phosphorylation status of EGFR by using a
phosphospecific antibody against the same (tyrosine 992). Again, increased levels of tyrosine-
phosphorylated or active EGFR were apparent in the transgenic mice as compared with their
age-and sex-matched wild-type littermates at 1 and 3 months of age, as shown in Figure 5C.
The increase was >2.5-fold in the transgenic livers and was statistically significant (P < .001;
Figure 5D).

To further comment on the downstream effectors of EGFR in response to increased activation
of EGFR in transgenic livers, we examined the status of Stat3 and Erk1/2. Whereas an increase
in activated Stat3 was observed in the transgenic livers as compared with controls, the phospho-
Erk1/2 levels remained unchanged, as shown in a representative Western blot in Figure 5E.
This suggests preferential activation of Stat3 in response to increased β-catenin and EGFR
activation. Thus, transgenic livers show activation of the EGF/EGFR/Stat3 axis that is among
the more prominent mitogenic pathways for liver and thus may be a crucial basis for liver
enlargement in transgenic mice.

EGFR is a direct target of the Wnt/β-catenin pathway. To further our understanding of
regulation of EGFR by the Wnt/β-catenin pathway, we examined the promoter of EGFR for
any potential β-catenin or TCF binding sites. We observed a single consensus sequence for
TCF binding (5′-WWCAAWG-3′) that was located at nucleotides −79 to −86 (GCCAACG)
in the EGFR promoter. Next, we examined the reporter activity by using the EGFR/luciferase
construct stably transfected in the MCF7 cells. The MCF7 cells with this construct and the
control plasmid were grown to confluence and cultured in the Wnt-3A–negative control media
and Wnt-3A–conditioned media with or without sFRP-1. An approximately 3-fold increase in
the luciferase activity was observed in the presence of the Wnt-3A–conditioned media as
compared with the negative control media (Figure 5F). In addition, the presence of sFRP-1 in
the Wnt-3A–conditioned media, which sequesters Wnt-3A and makes it unavailable to
transduce β-catenin stabilization, blunted the luciferase activity to the one observed in the
presence of negative control media (Figure 5F). This analysis shows EGFR as a novel target
of the Wnt/β-catenin pathway.
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Concomitant β-Catenin and Epidermal Growth Factor Receptor Increase in Hepatoblastomas
Next, to establish any relationship between the EGFR status and β-catenin in clinical samples,
we examined 10 hepatoblastoma liver samples that were available to us.
Immunohistochemistry showed aberrant β-catenin localization in all 10 samples, clearly
displaying nuclear and cytoplasmic abundance in the tumors (Figure 6A, C, E, and G). This
shows activation of the Wnt/β-catenin pathway in all the examined hepatoblastomas. The same
samples were next analyzed for EGFR status in consecutive sections. Seven of the 10 samples
showed a concomitantly increased immunohistochemical localization of EGFR in the tumors.
Also, the tissue distribution was identical to that of the β-catenin in the tumors (Figure 6B,
D, and F). However, the remaining 3 samples did not show any EGFR up-regulation, especially
in the areas of tumors that displayed β-catenin activation (Figure 6G and H). These results
indicate a concurrent β-catenin and EGFR up-regulation in a significant number of patient
tumors and thus strengthen the hypothesis that EGFR is regulated by β-catenin in these tumors.

Epidermal Growth Factor Receptor Inhibition Normalized Liver Weights in Transgenic Mice
To examine the functional relevance of EGFR up-regulation in the transgenic mice, we initiated
intra-peritoneal injections of AG1478 or DMSO only twice a week for 5 weeks in 3-month-
old transgenic mice (n = 6). There was a consistent decrease in liver weights after 5 weeks in
the age- and sex-matched controls (Figure 7A). This was statistically significant and amounted
to a 15% decrease in liver weights as compared with the transgenic mice that received vehicle
injection only (Figure 7B). The harvested livers from all mice showed increased β-catenin
protein by Western blot (not shown). This study indicates the importance of EGFR inhibition
in increased– β-catenin protein states.

A Subset of Transgenic Mice Maintain Normal β-Catenin, Epidermal Growth Factor Receptor,
and Liver Size

Another interesting observation was the presence of normal β-catenin protein levels in
approximately 30% of all transgenic mice examined. The livers in these transgenic mice
retained normal β-catenin levels that were comparable to those of their wild-type littermate
livers, as shown in this representative analysis in 1-month-old transgenic mice (Figure 8A). In
addition, most of these mice preserved their normal liver weight–body weight ratio, which was
akin to that of their wild-type littermates. When investigated for their total EGFR levels, these
animals retained normal EGFR levels in their livers, which were again comparable to those of
their littermates (not shown).

To further investigate the mechanism of maintenance of the normal β-catenin levels in such a
subset, especially for epigenetic regulation, because these mice still had high gene copies per
cell equivalent, we studied its degradation by examining the serine/threonine phosphorylation
status of β-catenin. Using phosphospecific antibody against serine 45/threonine 41, we detected
increased levels in the fraction of transgenic livers that retain normal total β-catenin levels
(Figure 8A). This indicates a spontaneous activation of β-catenin phosphorylation and
degradation that is able to preserve normal β-catenin levels and normal liver weight–body
weight ratios in a subset of transgenic mice. However, how these mice differ from the remaining
transgenic mice that display increased levels of total β-catenin and continued decreased
phosphorylation remains undetermined (Figure 8A). The inverse relationship of total β-catenin
and the percentage of serine 45/threonine 41–phosphorylated β-catenin is better shown in a
densitometric analysis from the same representative blot, which suggests the mechanism of
β-catenin regulation in the transgenic mice (Figure 8B).
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Discussion
The molecular basis of tumors has long been studied; nevertheless, its importance has been
restricted to the pathogenesis of these disorders. More recently, aberrant signal transduction
has been increasingly studied from a therapeutic viewpoint.33,34 However, such studies have
shown several new issues, such as the differences in involved molecular pathways in patients
with a similar histological tumor type. Another closely associated issue is the differences in
tissue specificity of transcriptional targets of a pathway. These are among a few challenges
that daunt custom chemotherapy. In our effort to address the tissue specificity of a pathway
that has been shown to be aberrantly activated in multiple tumors and for which no specific
therapy is available, we generated a liver-specific transgenic mouse that overexpresses β-
catenin, a component of the Wnt pathway.

Activation of the Wnt/β-catenin pathway has been observed during early liver development
and during liver regeneration.9,27–29 These events are characterized by nuclear translocation
of β-catenin, as well as some stabilization and increased transcription of this protein. Although
mutations in ctnnb1 or in other components of this pathway have been shown to occur in certain
subsets of HCCs and hepatoblastomas, transgenic mice that have been generated by using such
mutated β-catenin have not displayed any liver tumors.35 Our results from the transgenic mice
that overexpress wild-type β-catenin (nonmutated) in their livers are also in agreement because
of the absence of any spontaneous hepatic tumorigenicity in these animals. The lack of tumors
in our transgenic mice could be multifactorial. One prominent reason could be the strain of
mice used for generating these mice. C57BL/6 mice are known to be resistant to
hepatocarcinogenesis, and we used this model in an effort to reproduce the patient scenario.
36–38 This might be supplemented by the successful degradation of overexpressed wild-type
β-catenin protein, which kept the total β-catenin levels regulated enough that they were unable
to induce spontaneous tumors. This is supported by a recent study that shows spontaneous
hepatomas in APC conditional knockout mice secondary to increased and activated β-catenin,
although most HCC patients with β-catenin stabilization have not shown any mutations in the
APC gene.39–41 As shown in another study, it is possible that β-catenin alone is insufficient
to initiate HCC and that it acts in concert with other pathways, such as H-Ras.42

However, an overall similar (although milder) phenotype that consists of liver enlargement
was observed in our transgenic mice. This could clearly be the influence of the nondegradable
form of β-catenin or might be due to a dissimilar promoter/enhancer system used by other
investigators. We observed an increase in total β-catenin protein, its cytoplasmic stabilization,
and its nuclear translocation and activation in most transgenic mice. These events resulted in
stimulating liver growth secondary to increased basal proliferation of hepatocytes in the
nonchallenged transgenic livers. It is interesting to note that we did not observe any major
difference in apoptosis as could have been expected according to our earlier results in ex vivo
liver cultures, in which a decrease in β-catenin accelerated apoptosis in developmental
hepatocytes and biliary epithelial cells.28 In light of these differences, β-catenin might be
playing a role in regulating apoptosis during prenatal liver development, in which more
apoptotic nuclei are normally evident as compared with normal adult livers, which show
minimal apoptosis (unpublished data).

Although most of the transgenic mice displayed hepatomegaly secondary to increased
proliferation, β-catenin, and EGFR, a subset of these mice were able to regulate their β-catenin
levels. This was sufficient to normalize their liver weights, as was evident by an increase in
the serine 45/threonine 41–phosphorylated fraction of β-catenin in these animals. We do not
have an adequate explanation for the molecular basis of this observed difference in the ability
of some of these transgenic mice to be able to successfully down-regulate β-catenin by
enhancing its phosphorylation and, hence, degradation, and it might be due to the existence of
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some additional autocrine feedback loops. Several such loops are known to exist in this pathway
at many different levels. One such example is that many of the positive and negative regulators
of this pathway, such as sFRP-2, axin 2, and TCF-1, are in fact downstream targets of this
pathway.43–45 Studies relating the qualitative and quantitative changes in these proteins and
other crucial components of the pathway are ongoing.

Gene-array studies were aimed at giving a global molecular mechanism of the hepatomegaly
observed in the β-catenin transgenic mice. Some of the genes that are showing increased
expression in the transgenic livers are related to the synthetic and metabolic functions of the
hepatocytes. These are genes such as cytochrome P450, 7b1, amino levulinate synthase,
inositol polyphosphate-5-phosphatase, sterol 12-α hydroxylase cytochrome P450 8B1
(Cyp8b1), glyceraldehyde-3-phosphate dehydrogenase, and pyruvate kinase. However,
although these do define a metabolically heightened environment, the specific genes involved
in glutamine metabolism that have been previously shown to be regulated by mutated β-catenin,
including glutamate transporter 1, glutamine synthetase, and ornithine aminotransferase,
remained unchanged.46 These differences might be due to differences in the transcriptional
activation capability and specificity of mutated vs wild-type β-catenin. However, we believe
that varied expression of these genes might be a function of multiple other factors, such as diet,
time of the day, species, age, and other such factors.

The transgenic livers also displayed up-regulation of some factors, such as ZT2, Hey1, and
ring finger protein 3, which have not yet been investigated for their importance in the liver.
47,48 Hey1 might be of specific interest because of its involvement in proliferation and because
it is a direct target of the Notch pathway.49 Others, such as FGF-4, are known targets of this
pathway.50 We have also previously defined changes in β-catenin distribution secondary to
exogenous FGF application, and, thus, interactions between the 2 pathways might be at multiple
levels.51 However, some of the more prominent targets, such as c-myc and cyclin D1, remained
unaffected in the transgenic livers, thus indicating tissue or stage specificity of the β-catenin
targets.14,15 These results are also in accordance with the mutated β-catenin transgenic mice.
35 Other relevant genes included frizzled 7 (Wnt receptor) and Nedd8-conjugating enzyme
(ubiquitination), which might be part of the autoregulatory loop within the Wnt/β-catenin
pathway. Some of the other genes showing an up-regulation had a more specific function, such
as aquaporin 1 (expressed in bile ducts and intrahepatic cholangiocytes and required for fat
absorption), annexin VII (tumor-suppressor gene in prostate carcinoma and HCC), and
adrenergic receptor β1 (nor-epinephrine-mediated comitogen effect on liver).52–55 Some of
the genes that display a decrease in their expression are the liver-specific transcription factors
HNF-1 β and HNF-3 (forkhead homolog 1), which have been shown to correlate with decreased
proliferation and increased differentiation of hepatocytes.56,57 Other specific genes that are
more defined growth inhibitors, such as Cdk4 and Cdk6 inhibitor p19 protein and the growth
arrest–specific 1 protein, also show a significant decrease in transgenic livers.58,59 Other
genes that show a decreased expression possess developmental and/or tumor-suppressor
properties, such as Dutt1 mRNA, SDF-1, and Notch gene.60–64 Other down-regulated genes
with specific functions were Tie1 (angiogenesis) and metallothionein (cytoprotective against
heavy metals and metabolism of trace elements).65,66 The collective premise that emerges
from the microarray is an up-regulation of pro-mitogenic factors and a down-regulation of
antimitogenic factors, thus giving a basis of the observed phenotype in the transgenic livers.

Although enhanced proliferation and liver size may be multifactorial, we attempted to examine
the EGFR/β-catenin interaction in depth. EGFR up-regulation and its therapeutic inhibition
have been shown to be effective in many cancers, such as those of the lung, breast, and prostate.
67,68 The availability of EGFR inhibitors has greatly influenced the prognosis of these
malignancies. More importantly, the availability of such drugs that affect individual signal
transduction pathways at various levels provides an opportunity to customize therapies in many
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of the cancers.33 In our study, we show higher levels of EGFR mRNA and protein in β-catenin–
overexpressing livers. The functionality of this interaction was further substantiated by the
presence of activated EGFR in the transgenic livers that is probably secondary to the presence
of normally higher levels of EGF that are synthesized by the Brunner’s glands and make their
way into the portal circulation. Thus, EGFR up-regulation is sufficient to increase the
sensitivity of hepatocytes to the available EGF to further prove to be mitogenic. This was
further strengthened by the observed Stat3 activation in these livers. Stat3 activation is
responsible for inducing proliferation in various tumors, such as those of the breast and skin.
69,70

More than 80 target genes are known to be functioning in response to the Wnt/β-catenin
pathway, and their tissue and stage specificity are becoming increasingly evident
(http://www.stanford.edu/~rnusse/pathways/targets.html). As mentioned, we did not find any
changes in c-myc or cyclin D1 levels, similar to the mutated β-catenin transgenic mice.35 Also,
because of the unavailability of molecular therapies against β-catenin, it is vital to define any
newer downstream effectors of this pathway that might be targeted during the activation of this
pathway in an organ-specific manner. The EGFR promoter showed a TCF-binding site that is
a binding cofactor of β-catenin to support transcriptional activation effectively. The relevance
of this site is clear from the EGFR/luciferase reporter activation in the presence of Wnt-3A–
conditioned media that is abrogated by the presence of sFRP-1 in the same.29,32,71 Nuclear
translocation of β-catenin in response to Wnt-3A–conditioned media has been described
extensively.10,32 This observation was also extended to hepatoblastoma tumors. These
pediatric tumors are known to harbor mutations in the Ctnnb1 gene, thus resulting in activation
of the β-catenin pathway.20,24 Upon examination, we detected a concomitant increase and
nuclear translocation of β-catenin and EGFR in a significant number of these tumors. Nuclear
EGFR has been reported previously and indicates a positive correlation with cell proliferation.
72–74 This observation suggests that EGFR up-regulation might be one of the downstream
signaling events secondary to β-catenin activation and that it might be relevant to interfere with
EGFR signaling in β-catenin–activated states. Indeed, when EGFR inhibitor was administered
to the transgenic mice, there was an approximately 15% decrease in their liver weights to
normal levels as compared with the control-treated animals. Again, we cannot rule out the
possibility of interaction of the Wnt/β-catenin and EGF pathway at more than 1 level, as has
been shown previously.75,76 Our study thus shows a direct regulation of EGFR expression by
β-catenin, thus highlighting the relevance of therapeutic EGFR inhibition in β-catenin–
increased states. Thus, although these distinct mitogenic pathways might have cooperative
detrimental pathogenic implications, there might also be exploitable therapeutic benefits of
such a relationship.
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APC  

adenomatous polyposis coli gene product
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cdk  
cyclin-dependent kinase

cRNA  
chromosomal RNA

DMSO  
dimethyl sulfoxide

DTT  
dithiothreitol

EGF  
epidermal growth factor

GFR  
epidermal growth factor receptor

FGF  
fibroblast growth factor

HCC  
hepatocellular carcinoma

HNF  
hepatocyte nuclear factor

PCNA  
proliferating cell nuclear antigen

PCR  
polymerase chain reaction

sFRP  
soluble frizzled related protein

TCF  
T-cell factor family protein
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Figure 1.
β-Catenin transgenic mice display successful transgene integration and increased levels of
cytoplasmic and nuclear β-catenin protein. (A) A 2.4-kilobase human β-catenin gene
(Ctnnb1; open box) was amplified from adult human liver by using primers 1 and 2 and was
inserted into the BamH1 site of human growth hormone (h-GH; black boxes) exon 1, regulated
by albumin promoter/enhancer (gray box and vertical hatches), and a human growth hormone
polyadenylation site (black horizontal hatched box). (B) Eleven founders were confirmed for
the transgene by using primers 3 and 4 as compared with the positive controls with purified
construct as a template for PCR confirmation (C1 to C4). C1, 1 gene copy per cell equivalent;
C2, 5 gene copies per cell equivalent; C3, same as C1 with mouse genomic DNA; C4, same
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as C2 with mouse genomic DNA. bp, base pairs. (C) A representative analysis showing
transgenic status confirmation by PCR in the upper panel and Western blot showing increased
total β-catenin protein (1-month-old mice) and actin loading control in the middle panel. The
lower panel is a Western blot from additional mice at 3 months of age showing variation in the
increased β-catenin levels in transgenic mice. (D) Bar graph displays an overall increase of
more than 2-fold in total β-catenin protein in the transgenic livers (n = 20) as compared with
wild-type littermates (n = 10) from approximately 1-month-old mice; this is statistically
significant (P <.001). IOD, integrated optical density. (E) A representative section from wild-
type liver at 3 months of age displays predominantly membranous localization of β-catenin
(original magnification, 40×). (F) A representative section from transgenic liver at 3 months
of age displays membranous, cytoplasmic (arrow), and nuclear (arrowhead) localization of
β-catenin (original magnification, 40×). (G) A representative Western blot using nuclear
extracts from livers of 3-month-old male transgenic mice (T1 and T2) and matched control
(W) shows increased β-catenin protein in transgenic livers only. (H) A representative
electrophoretic mobility shift assay using nuclear lysates from livers of 3-month-old transgenic
(T1) and wild-type (W) liver displays β-catenin/TCF binding in the transgenic liver only. F,
free probe; Wc, competition with cold probe in wild-type liver nuclear lysate; Tc, competition
with cold probe in nuclear lysate from transgenic liver; ATG, methionine start site; L, ladder;
P, positive controls; WB, Western blot.
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Figure 2.
Column comparison by analysis of variance shows a significant increase in the liver weight–
body weight ratio by approximately 15% in this representative analysis from 20 transgenic and
10 wild-type littermates (P < .0001). The mean increase was more than 20% if the outliers
(liver weight–body weight ratio ≤5.26) were excluded from the analysis. WT, wild type; TG,
transgenic.
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Figure 3.
β-Catenin transgenic mice display increased proliferation, whereas histology and apoptosis
remain unaffected. (A) A representative H&E-stained section from a wild-type liver at 3 months
of age displays normal hepatic architecture (original magnification, 40×). Inset shows normal
hepatocytes (original magnification, 60×). (B) A representative H&E-stained section from a
transgenic liver at 3 months of age also displays normal hepatic architecture (original
magnification, 40×). Inset also displays normal hepatocytes (original magnification, 60×).
(C) TUNEL staining shows minimal apoptosis as seen by the presence of a single apoptotic
nucleus (arrowhead) in this field in a wild-type liver. (D) Terminal deoxynucleotidyl
transferase–mediated deoxyuridine triphosphate nick-end labeling (TUNEL) staining in a
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representative transgenic liver also shows comparable numbers of apoptotic nuclei
(arrowhead). (E) Representative PCNA staining shows only 1 cell to be positive
(arrowhead) in this low-power field (original magnification, 20×) in a 3-month-old wild-type
liver. (F) Representative PCNA staining shows many cells to be positive (arrowheads) in this
low-power field (original magnification, 20×) in a 3-month-old transgenic liver. (G) High-
power magnification of wild-type liver shows no PCNA-positive cells (original magnification,
60×). (H) High-power magnification (original magnification, 60×) of transgenic liver shows
2 PCNA-positive cells (arrowheads).
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Figure 4.
Bar graph shows a significantly higher proliferation index in transgenic mice as compared with
wild-type mice (P < .001). Five fields from 3 transgenic and wild-type livers, aged 3 months,
were used for this analysis.

TAN et al. Page 23

Gastroenterology. Author manuscript; available in PMC 2007 March 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5.
EGFR is regulated by β-catenin in liver and is a direct target of the Wnt/β-catenin pathway.
(A) Western blot shows an increase in total EGFR protein in livers from three 1-month-old
transgenic male mice as compared with their wild-type male littermates; this was proportional
to their β-catenin levels. The lower set of Western blots shows a representative analysis from
3-month-old female transgenic and wild-type littermates showing increased levels of EGFR
protein in transgenic livers only. These were also comparable to the total β-catenin levels. The
lower EGFR autoradiograph was a very short exposure to highlight the difference between the
wild-type and transgenic EGFR content. WT, wild type; TG, transgenic. (B) Normalized mean
integrated optical density (IOD) obtained from densitometric analysis of the blots shows more
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than a 2-fold increase in total EGFR protein in the transgenic livers; this was statistically
significant (P < .001). (C) Representative Western blots show increased levels of tyrosine-
phosphorylated EGFR in transgenic livers, with minimal levels in wild-type littermates. The
upper panel is a Western blot showing tyrosine-phosphorylated EGFR in liver lysates from 3-
month-old wild-type males, 3 transgenic males, and 2 transgenic females, along with their
respective total β-catenin levels (from left to right). The lower panel shows tyrosine-
phosphorylated EGFR in 1 wild-type and 3 transgenic livers from 1-month-old males. Tyr,
tyrosine. (D) Column comparison shows a 2.5-fold increase in tyrosine 992/EGFR levels in
transgenic livers as compared with the wild-type littermate livers; this is statistically significant
(P < .001). (E) Representative Western blots show increased levels of phospho-Stat3 in 3-
month-old transgenic livers as compared with control (top). No change was evident in phospho-
Erk1/2 levels (middle). β-Actin was used as a loading control (bottom). (F) Wnt-3A–
conditioned medium induced approximately 3.0-fold EGFR reporter activity as compared with
the control medium that was abrogated by the addition of sFRP-1, a Wnt antagonist. The
luciferase activity was normalized to the negative control media.

TAN et al. Page 25

Gastroenterology. Author manuscript; available in PMC 2007 March 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6.
Concomitant β-catenin and EGFR increase in pediatric hepatoblastomas. (A) Low-power view
(original magnification, 5×) shows β-catenin distribution in a pediatric liver with
hepatoblastoma. (B) An adjacent section displays a similar distribution of EGFR in the same
tumor (original magnification, 5×). (C) Another hepatoblastoma displays aberrant nuclear β-
catenin localization in the tumor (original magnification, 20×). (D) An adjacent section shows
abnormal EGFR up-regulation in the same sample (original magnification, 20×). (E) Another
patient also displays abnormal β-catenin localization in the hepatoblastoma (original
magnification, 20×). (F) A consecutive section displays a similar anomalous increase in EGFR
(original magnification, 20×). (G) Another hepatoblastoma sample shows abnormal
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cytoplasmic and nuclear 3-catenin (original magnification, 20×). (H) No EGFR was observed
in the adjacent section in this tumor (original magnification, 20×).

TAN et al. Page 27

Gastroenterology. Author manuscript; available in PMC 2007 March 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 7.
EGFR inhibition affected liver weights in transgenic mice. (A) Paired liver weights (sex
matched) from 3-month-old transgenic mice after AG1478 or DMSO treatment for 5 weeks
are displayed in this bar graph, which shows a consistent decrease in the experimental group.
(B) Paired t tests showed a significant decrease in liver weights in the experimental group as
compared with the controls (P < .05), thus confirming the role of EGFR in β-catenin–induced
increase in liver size.
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Figure 8.
Increased degradation of β-catenin enables maintenance of its normal levels in a subset of
transgenic mice. (A) A representative Western blot analysis shows increased levels of serine
45/threonine 41–phosphorylated β-catenin, corresponding to lower levels of total β-catenin in
livers (TG1, TG2, and TG4) of 1-month-old transgenic mice. The higher levels of total β-
catenin protein corresponded to less phosphorylation (TG3) and more cytoplasmic and nuclear
localization (not shown). (B) A bar graph depicts a clear inverse relationship between total β-
catenin levels in arbitrary units (closed box) and serine 45/threonine 41–phosphorylated β-
catenin (open box), thus indicating some transgenic animals can regulate β-catenin levels by
enhancing its degradation. Wild-type livers display reasonable levels of β-catenin and less
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phosphorylation; however, the gene expression is also very low as compared with all transgenic
mice (not shown). WT, wild type; TG, transgenic; IOD, integrated optical density.
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Table 1
A Representative Analysis of 20 Transgenic Mice and 10 Wild-type Littermates Displaying an Increase in the
Liver Weight–Body Weight Ratio at or Around 1 Month of Age

No. TG/WT Sex Body weight (g) Liver weight (g) Ratio (×100)

1 TG F 18 1.0 5.56
2 TG F 16 0.9 5.62
3 TG F 20 1.1 5.50
4 TG F 21 1.2 5.71
5 TG F 19 1 5.26a
6 TG F 18 1 5.56
7 TG F 17 1.0 5.88
8 TG F 20 1.1 5.50
9 TG F 19 1 5.26a
10 TG F 18 1 5.56
11 TG M 22 1.3 5.91
12 TG M 22 1.2 5.45
13 TG M 23 1.2 5.22a
14 TG M 21 1.2 5.71
15 TG M 24 1.2 5.00a
16 TG M 24 1.3 5.42
17 TG M 22 1.1 5.00a
18 TG M 21 1.2 5.71
19 TG M 20 1 5.00a
20 TG M 22 1.2 5.45
21 WT F 20 0.9 4.50
22 WT F 19 0.8 4.21
23 WT F 17 0.8 4.71
24 WT F 21 1 4.76
25 WT F 19 0.8 4.74
26 WT M 22 1 4.55
27 WT M 21 1 4.76
28 WT M 23 1.1 4.78
29 WT M 20 1 5.00
30 WT M 20 0.9 4.50

TG, transgenic; WT, wild type.

a
Outliers: transgenic mice that displayed relatively lower liver weight–body weight ratios (≤5.26).
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Table 2
Selected List of Genes That Were Up-regulated or Down-regulated in Transgenic Livers as Compared with the
-Wild-type Livers (Additional Information Available Online at
http://www.pathology.pitt.edu/lectures/monga/onlineSupplement.pdf)

Gene -Fold change

Up-regulated
 ZT2 gene encoding zinc finger protein 125 3.8
 Basic-helix-loop-helix protein (Hey1 gene) 3.7
 Cytochrome P450, 7b1 3.7
 Creb-rp, Tnx, and Cyp21 genes for cAMP response element–binding protein-related protein, tenascin X, and
steroid 21-hydroxylase

3.3

 Cyclin-dependent kinase inhibitor 1A (P21) 3.1
 Calcium-modulating ligand/cds 3.1
 Tubby 3.1
 Fibroblast growth factor 4 2.7
 Aquaporin 1 2.7
 Glycosylphosphatidylinositol anchor attachment 1(GPAA1) 2.6
 Cyclin A2 2.6
 Amino levulinate synthase (ALAS-H) 2.6
 Frizzled homolog 7 2.6
 Annexin VII 2.5
 Ring finger protein 3 mRNA 2.5
 Inositol polyphosphate-5-phosphatase 2.5
 Eph-and Elk-related kinase (eek) 2.3
 Epidermal growth factor receptor (EGFR) 2.2
 NEDD8-conjugating enzyme (Uba3) 2.2
 Sterol 12α hydroxylase CYP8B1 (Cyp8b1) 2.2
 Catenin α2 2.2
 Mouse glyceraldehyde-3-phosphate dehydrogenase mRNA 2.1
 Pyruvate kinase 2.1
 Peroxisome membrane protein PEX2 2.1
 Adrenergic receptor 31 2.1
Down-regulated
 Protein kinase inhibitor p58 0.5
 Dutt1 mRNA 0.5
 Calpain large subunit (nCL-4) mRNA 0.5
 Adrenergic receptor β3 0.5
 Stromal cell–derived factor 1 0.5
 Glutamate receptor, ionotropic, δ1 0.4
 MAdCAM-1 mRNA 0.4
 Cdk4 and Cdk6 inhibitor p19 protein mRNA 0.4
 TRA1 mRNA 0.4
 HNF-1β mRNA for hepatic nuclear factor 1β long form 0.4
 Growth arrest–specific 1 protein mRNA 0.4
 Plexin 2 mRNA 0.4
 Plasminogen activator, tissue 0.4
 HNF-3/forkhead homolog 1 0.4
 Mouse liver receptor homologous protein (LRH-1)mRNA 0.3
 Notch gene homolog 3 0.3
 Casein kinase II α subunit mRNA 0.3
 Glutamate receptor, ionotropic, δ2 0.3
 Apoptosis associated tyrosine kinase (AATYK) mRNA 0.3
 TIE1 mRNA 0.3
 Metallothionein 2 0.2
 Metallothionein 3 0.2

cAMP, adenosine 3′, 5′-cyclic monophosphate.
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