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Abstract
Background and Aims—Wnt/β-catenin signaling is important in liver physiology. β-Catenin is
also pivotal in adherens junctions (AJ). Here, we investigate hepatocyte-specific β-catenin-
conditional null mice (KO), for any alterations in AJ and related tight junctions (TJ).

Materials and Methods—Using genearray, PCR, western blot, immunohistochemistry,
immunofluorescence and coprecipitation studies, we compare and contrast the composition of AJ
and TJ in KO and littermate wild-type (WT) control livers.

Results—We demonstrate E-cadherin-β-catenin association in epithelial cells in WT livers,
which is lost in the KOs. While total levels of α-catenin, E-cadherin and F-actin were modestly
decreased, KO livers show increased γ-catenin/plakoglobin. By co-precipitation, E-cadherin-β-
catenin-F-actin association was observed in WT livers, but E-cadherin-γ-catenin-F-actin
association was evident in KO livers. γ-Catenin was localized at the hepatocyte membrane at
baseline in the KO liver. While γ-catenin gene expression remained unaltered, an increase in
serine- and threonine-phosphorylated, but not tyrosine-phosphorylated γ-catenin was observed in
KO livers by immunoprecipitation. A continued presence of γ-catenin at hepatocyte membrane
without any nuclear localization was observed in liver regeneration after partial-hepatectomy at 40
and 72 hours in both KO and WT by immunofluorescence. Analysis of TJ revealed lack of
claudin-2 and increased levels of JAM-A and claudin-1 in KO livers.

Conclusions—γ-Catenin adequately maintains AJ in the absence of β-catenin in hepatocytes,
however it lacks nuclear localization. Also, β-catenin-claudin-2 may be an important mechanism
of crosstalk between the AJ and TJ.

© 2011 European Association of the Study of the Liver. Published by Elsevier B.V. All rights reserved.
Address correspondence to: Satdarshan P. S. Monga, MD, Director- Division of Experimental Pathology (EP), Associate Professor of
Pathology (EP) & Medicine (GI), University of Pittsburgh School of Medicine, 200 Lothrop Street S-421 BST, Pittsburgh, PA 15261;
Tel: (412) 648-9966; Fax: (412) 648-1916; smonga@pitt.edu.
*These authors contributed equally to this work
Financial Conflict: None for any of the authors.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
J Hepatol. Author manuscript; available in PMC 2012 December 1.

Published in final edited form as:
J Hepatol. 2011 December ; 55(6): 1256–1262. doi:10.1016/j.jhep.2011.03.014.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



INTRODUCTION
Wnt/β-catenin signaling in liver pathobiology plays roles in regulating zonation,
metabolism, development and regeneration [22]. Its aberrant activation due to mutations in
β-catenin gene, or components of its degradation complex such as axin, results in
stabilization and nuclear translocation of β-catenin that induces target genes critical to tumor
growth and survival. β-Catenin is also important in cell-cell adhesion [5, 26], and is a
constituent of Adherens Junctions (AJ) where it bridges E-cadherin to actin cytoskeleton [1].
Loss of E-cadherin-β-catenin association due to tyrosine-phoshorylation of E-cadherin and
β-catenin by receptor-tyrosine kinases such as epidermal growth factor receptor, hepatocyte
growth factor receptor, and others, results diminished intercellular adhesion, commonly seen
in tumors [13, 14, 23, 35]. Other than AJ, tight junctions (TJ) between the basolateral and
apical domains of hepatocytes, contribute to paracellular adhesion, cell polarity and serve as
occluding barriers around the biliary canaliculi [21, 24]. TJ are multiprotein complexes
composed chiefly of claudins, junctional adhesion molecules (JAM) and occludin [32].
Anomalies in TJ have been associated with an imperfect blood-bile barrier and implicated in
various hepatic pathologies [11, 29]. A cross-talk between AJ and TJ, and among other
plasma domains is reported [10].

The major goal of the current study was to understand the junctional organization in recently
reported β-catenin-conditional knockout mice (KO) generated by interbreeding transgenic
mice homozygous for floxed-β-catenin gene (Ex1-6) and transgenic mice expressing Cre-
recombinase under the Albumin promoter [37]. The KO mice exhibit lower liver weight to
body weight ratio, a modest intrahepatic cholestasis and anomalous biliary canalicular
architecture [38]. No gross defects in cell polarity or adhesion are evident in KO livers. We
wanted to explore the KO hepatic phenotype or lack thereof, through identification of
compensatory mechanisms in AJ and TJ, which enable the maintenance of a near normal
liver histology in the absence of β-catenin. Here we identify an important compensatory role
of γ-catenin (plakoglobin) at AJ along with altered organization of TJ in the KO livers.

MATERIAL AND METHODS
Animals and Surgery

All animal studies were approved by University of Pittsburgh IACUC office. Homozygous
floxed β-catenin mice (C57BL/6 strain), and albumin-cre transgenic mice were bred as
described previously [37]. Mice with genotype Ctnnblox/lox;Alb-Cre+/− are referred to as
knockouts (KO). Littermates with floxed β-catenin genotypes were used as wild-type
controls (WT). Livers from age- and sex-matched 90–120 day-old KO and WT (n≥3) were
paraffin embedded, cryo-fixed and frozen at −80°C until use. Partial-hepatectomy on KO
and WT is described elsewhere [37].

Protein Extraction
Whole-cell lysates (WCL), were obtained from the WT and KO livers using
radioimmunoprecipitation assay (RIPA) buffer (Santa Cruz Biotechnology) containing fresh
protease and phosphatase inhibitor cocktails (Sigma) as described previously [37].
Cytoskeleton-associated proteins were also extracted as described by Hugh et al [16] to
obtain Triton-insoluble or cytoskeletal-associated lysates (CAL). Protein assays were
performed using BCA (Pierce).

Western Blot Analysis
At least 3–4 independent livers from KO or WT group were used to do this analysis and
representative western blots (WBs) are shown. 18–50μg of the proteins were resolved on
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5%, 7.5% or 12% Tris-HCl precast gels (Bio-Rad Laboratories) using SDS-PAGE. The
resolved proteins were transferred to polyvinylidene difluoride (PVDF) membranes and
signal detected by Super-Signal West Pico or Femto Chemiluminescent Substrate (Pierce).
Primary antibodies used were against β-catenin (BD Transduction Laboratories); γ-catenin,
E-cadherin (Cell Signaling); α-catenin (Abcam); E-cadherin (BD Transduction
Laboratories); claudin-1, claudin-2 (Invitrogen); γ-catenin, JAM-A, occludin, GAPDH, p-
Tyr, p-Ser, p-Thr (Santa Cruz); and actin (Chemicon). Horseradish-peroxidase–conjugated
secondary antibodies were purchased from Chemicon. Densitometry was performed on
scanned autoradiographs using Image J software (NIH). For statistical analysis of
differences in protein expression between KO and WT livers, signal from each lane for a
protein was normalized to GAPDH expression in that lane. The mean (+/− standard
deviation or SD) normalized expression values of any protein in WT and KO livers, was
compared for statistical significance by the two-tailed student t test and p<0.05 was
considered significant.

Immunoprecipitation (IP)
IP studies were performed with 500μg of WCL or CAL as described elsewhere [23].
Antibodies used for IP were rabbit anti-γ-catenin (Cell Signaling), mouse anti-E-cadherin
(BD Transduction Labs) or goat β-catenin-conjugated A/G agarose beads (Santa Cruz).

Immunohistochemistry (IHC) and Immunofluorescence (IF)
IHC was performed for β-catenin (Santa Cruz) or Ki-67 (Dako) as detailed elsewhere [37].
For IF, staining was performed using rabbit (Cell Signaling) or goat (Santa Cruz) anti-γ-
catenin or E-cadherin (mouse monoclonal, BD Biosciences) and Alexa 488-conjugated
donkey anti-rabbit (Molecular probes) and Cy3-conjugated donkey anti-mouse (Jackson
Immunoresearch) secondary antibodies, as described elsewhere [23]. Sections were
counterstained with DAPI and imaged with Olympus FV1000 Confocal Microscope with
Fluoview 1.7A software.

Microarray Analysis
Livers from three KO and WT were used for Affymetrix genearray analysis as previously
published [37]. The signals from KO and WT livers were compared and presented as fold-
change.

Real-Time PCR
RNA was extracted from KO and WT mice using Trizol (Invitrogen) subjected to real-time
PCR analysis as described elsewhere [2]. Comparative ΔΔCT was used for analysis of the
data, and calculations were made without the StepOne software. The real-time PCR primer
sequences are available in Table 1.

Statistics
All statistical analysis was performed using the Microsoft Office Excel 2007 software.

RESULTS
β-Catenin is conditionally deleted from the parenchymal cells of the KO mice livers

To confirm loss in KO livers, β-catenin levels were assessed. β-Catenin protein was
significantly decreased in the WCL and CAL in KO livers as compared to WT (p<0.0005)
(Fig. 1A–B). Some remnant expression evident in KO livers was due to existence of β-
catenin in non-parenchymal cells unaffected by albumin-cre expression and due to a very
small number of hepatocytes that spontaneously escape cre-mediated deletion [6 &
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unpublished observations]. Indeed IHC in KO shows loss of membranous β-catenin in
hepatocytes and cytoplasmic β-catenin in cholangiocytes, whereas endothelial cells
remained β-catenin-positive (Fig. 1C). IP studies for β-catenin were performed next. When
blotted for E-cadherin, the association between β-catenin and E-cadherin was detected only
in WT livers (Fig. 1D). In the KO livers, E-cadherin was not pulled down by β-catenin,
confirming loss of β-catenin in epithelial compartment.

Assessment of AJ components in β-catenin KO livers
To investigate changes in gene expression in the components of AJ, we analyzed microarray
data from KO and WT livers [37]. KO livers showed altered expression of α-catenin (+2.4),
E-cadherin (+2.6) and γ-Catenin (+1.5) relative to WT (Table 2).

WB was performed to substantiate the array analysis. Insignificant differences in E-
cadherin, α-catenin and F-actin protein levels were observed in CAL and WCL from KO
and WT livers (Fig. 2A–B). Interestingly, a significant increase in γ-catenin protein
expression was observed in KO (Fig. 2A–B).

γ-Catenin associates with E-cadherin and F-actin in lieu of β-catenin in KO livers
IP studies were performed next to see if β-catenin loss impacts association between AJ
proteins. When E-cadherin was immunoprecipitated in WT and KO liver lysates, β-catenin
association was detected only in WT (Fig. 3A). We could not detect α-catenin association
with E-cadherin in WT or KO livers (data not shown). Interestingly, γ-catenin invariably
associated with E-cadherin in KO while it was only minimally evident in complex with E-
cadherin in the WT livers (Fig. 3A). When γ-catenin was immunoprecipitated in WT and
KO livers, an association with E-cadherin was detected in KO livers only (Fig. 3A). Next, IF
studies were utilized to examine co-localization of E-cadherin and γ-catenin that was
detected in KO livers at the hepatocyte membrane as compared to the WT (Fig. 3B). We
also detected F-actin association with E-cadherin by IP in both WT and KO livers in the
same complex. Thus an intact connection of E-cadherin to actin cytoskeleton is maintained
in WT and KO livers, albeit through γ-catenin and not β-catenin in the latter (Fig. 3A).

Increase in γ-Catenin appears to be regulated by post-translational modifications
To begin to address the mechanism of γ-catenin increase in KO, additional validation of
microarray analysis, which revealed an insignificant increase in JUP expression, we
performed real-time PCR. 2-ΔΔCT values revealed insignificant differences in JUP
expression between KO and WT livers in three independent experiments (Fig. 3C).

We next assessed the phosphorylation status of γ-catenin. IP studies using γ-catenin
antibody, identified greater serine and threonine phosphorylation in KO when compared to
WT (Fig. 3D). No differences were observed in tyrosine-phosphorylation of γ-catenin. Thus,
increase in γ-catenin protein in KO livers coincided greater serine and threonine
phosphorylation.

Lack of nuclear γ-catenin during hepatocyte proliferation in absence of β-catenin
Previously, others and we have reported a delay in liver regeneration after partial-
hepatectomy in KO such that hepatocyte proliferation was evident at 72 instead of 40 hours,
peak proliferation time in controls [33, 37]. We hypothesized that if γ-catenin was
compensating for nuclear β-catenin function to induce hepatocyte proliferation, KO livers
might show evidence of nuclear γ-catenin at 72 hours after hepatectomy. IF studies detected
γ-catenin only at hepatocyte membrane and not nuclei at either 40 or 72 hours after
hepatectomy in either group (Fig. 4). As expected, IHC for Ki-67 on corresponding sections
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reveal hepatocytes in S-phase of cell cycle in WT at 40 and KO at 72 hours (Fig. 4). Thus, γ-
catenin is unlikely compensating for nuclear β-catenin function in the liver.

Changes in mRNA and proteins of TJ components in the KO livers
Based on the observed crosstalk between the components of AJ and TJ [17], we analyzed
KO and WT livers for any alterations in gene expression of TJ components by microarray.
KO livers showed altered expression of claudin-1 (−2.3), claudin-2 (−8.0) and JAM-A
(−2.0) but insignificant changes in the expression of claudin-3, occludin, ZO-2 or ZO-1
(Table 2).

By WB, we assessed WCL from WT and KO livers for TJ proteins. Despite decreases in
gene expression, JAM-A and claudin-1 protein levels were significantly elevated in KO
(Fig. 5A–B). However, concordant with lower gene expression, a significant decrease in
claudin-2 protein was observed in KO (Fig. 5A–B). Insignificant differences in occludin
levels were evident (Fig. 5A–B).

DISCUSSION
In adult liver, β-catenin is chiefly observed at the hepatocyte membrane regulating cell-cell
adhesion and in the most perivenous hepatocytes displaying additional cytoplasmic and
nuclear localization to regulate zonation [3]. Yet, conditional β-catenin loss in hepatocytes
resulted in a mild phenotype [34, 37]. Here we address how β-catenin loss is compensated
especially at AJ and how TJ might be impacted by changes in β-catenin.

Hepatic architecture was well maintained in KO livers without any histological evidence of
adhesion defect despite β-catenin being a critical component of AJ. γ-Catenin was identified
to compensate for β-catenin loss to maintain AJ in KO. γ-Catenin is highly homologous to
β-catenin with 79% sequence similarity in the armadillo domains, and 45% and 27% N- and
C-terminal domain identities, respectively [8]. γ-Catenin is a unique component of
desmosomes, [31]. Unlike the above paradigm however, in the γ-catenin KO, β-catenin,
despite its presence at desmosomes, was insufficient to functionally compensate for γ-
catenin, causing embryonic lethality due to faulty desmosomes [4]. In normal liver, we
found a significant association of β-catenin and E-cadherin, but not of γ-catenin and E-
cadherin, suggesting the former complex to be a major contributor of AJ. Based on nearly
identical interactions with E-cadherin [8], it is conceivable that during steady state, these
two catenins may be competing to bind E-cadherin and their relative levels may eventually
determine their relative contribution to AJ. Our studies demonstrate that β-catenin is the
predominant catenin in hepatocytes and thus the major form associating with E-cadherin.
Indeed, increased levels of γ-catenin are known to displace β-catenin from AJ [30]. On the
other hand, in the KO, in the absence of β-catenin, γ-catenin is the clear ‘winner’. In fact, an
intact E-cadherin-γ-catenin-F-actin ternary complex was evident in KO livers in lieu of E-
cadherin-β-catenin-F-actin in the WT (Fig. 6). A similar compensation by γ-catenin for β-
catenin loss was reported to maintain normal cardiomyocyte structure and function [39].

γ-Catenin has also been shown to function as a downstream effector of the canonical Wnt
pathway, translocating to the nucleus and regulating target gene expression, as reported in
malignant mesothelioma (epithelial) cells albeit upon complete β-catenin loss [19]. γ-
Catenin contains armadillo repeats, which weakly interact with TCF/LEF, regulating distinct
Wnt signaling [36, 40]. At baseline, no nuclear γ-catenin is observed in the KO livers. Lack
of nuclear compensation is also supported by absence in the KO of β-catenin transcriptional
targets such as glutamine synthetase, CYP2E1 and CYP1A2, leading to defects in zonation,
ammonia metabolism and xenobiotic metabolism [3, 7, 34, 37]. Similarly, regenerating
livers at 40 and 72 hours after hepatectomy that represent times of peak hepatocyte
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proliferation in control and KO livers respectively, [33, 37], do not show any nuclear γ-
catenin also arguing against nuclear compensation in absence of β-catenin.

Next we begin to address the mechanism of increased γ-catenin in KO. The protein levels of
γ-catenin were disproportionately greater than its gene expression suggesting post-
translational regulation. We identified increased serine and threonine phosphorylation of γ-
catenin in KO livers along with greater γ-catenin-E-cadherin association. Changes in
phosphorylation status of γ-catenin leading to its stabilization and altered subcellular
localization have been reported previously [25]. Additional characterization is currently
underway to determine signaling mechanisms regulating γ-catenin phosphorylation and its
impact on association with E-cadherin.

β-Catenin activation due to multiple causes occurs in significant subsets of hepatocellular
carcinoma (HCC) [18, 22]. While β-catenin is no doubt a therapeutic target, it remains
unclear what impact β-catenin inhibition might have on the integrity of AJ and ultimately on
tumor cell invasion and metastasis. From our current study, it appears that while β-catenin
nuclear functions, which are more critical for tumor cell survival and proliferation may not
be compensated, its functions at the AJ are effectively substituted by γ-catenin. Such
pathways that may induce γ-catenin stabilization may need to be spared during anti-β-
catenin therapies for cancer treatment to prevent concurrent γ-catenin suppression that may
inadvertently increase tumor cell invasion.

The other components of AJ remained only minimally affected. There was an insignificant
albeit consistent decrease in E-cadherin and α-catenin proteins in KO. E-cadherin-β-catenin
complex from endoplasmic reticulum translocates to the membrane [12]. This complex
prevents exposure of PEST domain in E-cadherin for recognition by the proteosomal
degradation machinery [15]. It is conceivable, that loss of β-catenin may contribute to mild
E-cadherin destabilization. However, as γ-catenin binds to E-cadherin identically [8], it is
likely that excess degradation of E-cadherin is prevented. An increase in E-cadherin and α-
catenin gene expression might be compensatory due to decreased proteins. We were unable
to detect α-catenin in complex with E-cadherin in WT or KO livers. Recent studies have
provided evidence that β-catenin and α-catenin interactions with F-actin might be mutually
exclusive [27]. In our study we detect ternary complexes composed of E-cadherin-β-catenin-
F-actin in the WT or E-cadherin-γ-catenin-F-actin in the KO livers.

We also identify changes in protein expression of various TJ components in the absence of
β-catenin. TJ are a set of multi-protein complexes that contribute to cell-cell adhesion,
polarity, segregating various domains of the hepatocytes, enabling proper hepatocyte
secretory function [10, 21]. Claudin-2 was absent in KO livers. This is not surprising since it
is a known Wnt target gene [20] and we also reported its downregulation in KO livers
previously [37]. While gene expression of JAM-A and claudin-1 were decreased in the KO
livers, their protein levels were increased, suggesting a post-transcriptional regulation.
Interestingly, despite these changes, we reported lack of any major functional defect in the
integrity of hepatic TJ in KO mice by assaying for biliary excretion of FITC-conjugated
dextran after intravenous injection [38]. It is conceivable that loss of claudin-2 may in fact
result in tighter TJ, since it is usually contributes to leakiness in epithelia [9, 28]. Changes in
JAM-A might also have a compensatory impact on maintaining TJ in absence of claudin-2
and β-catenin. Despite its increased levels, claudin-1 is unlikely to compensate for the
absence of claudin-2 since the former is a barrier forming whilst the latter, a pore forming
claudin. While the notion of crosstalk between TJ and AJ exists, a recent study for the first
time showed an inverse relationship between E-cadherin and JAM-A in hepatocytes [17].
Based on our observations, we suggest that β-catenin/claudin-2 may be another important
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means of cross-talk between AJ and TJ through which aberrations in one junction may be
transmitted to the other (Fig. 6).

Acknowledgments
Funding support: This study was funded by NIH grants 1R01DK62277 and 1R01CA124414 to SPSM and by
Rango’s Fund for the Enhancement of Pathology Research.

Abbreviations

KO liver-specific-β-catenin conditional knockout

WT wild-type or controls

WB western blot

IF immunofluorescence

AJ adherens junctions

TJ tight junctions

JUP γ-catenin gene

JAM junctional adhesion molecules

WB western blot

WCL whole cell lysates

CAL cytoskeleton associated lysates

RIPA radioimmunoprecipitation assay

PVDF polyvinylidene difluoride

IHC immunohistochemistry

IP immunoprecipitation

PCR polymerase chain reaction

ZO zono occludens
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Figure 1. Assessment of β-catenin in KO and WT livers
A. β-Catenin (97kDa) and GAPDH (as loading control) protein levels in whole-cell lysates
(WCL) and cytoskeleton-associated lysates (CAL) of three representative KO and age-and
sex-matched WT livers by western blots (WB).
B. Normalized (to GAPDH) densitometric analysis reveals significantly lower (p <0.05)
average (+/−SD) β-catenin protein expression in KO than WT livers (n=3).
C. Liver sections from KO and WT were analyzed for β-catenin expression by
immunohistochemistry.
D. WCLs were immunoprecipitated with anti-β-catenin antibody and probed for E-cadherin
(120kDa), by WB.
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Figure 2. Quantitative analysis of AJ proteins in KO and WT livers
A-E-cadherin (120kDa), γ-catenin (83kDa), α-catenin (100kDa) and F-actin (42kDa) protein
levels were detected in whole cell lysates (WCL) and cytoskeleton-associated lysates (CAL)
from two representative KO and age-matched WT livers by WB. WB for GAPDH verified
comparable loading.
B. Normalized (to GAPDH) densitometric analysis reveals significantly higher (P <0.05)
average (+/−SD) protein expression of γ-catenin in KO than WT livers (n≥3), while other
proteins showed insignificant differences between the two groups.
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Figure 3. Mechanism of increased γ-catenin and its association with E-cadherin uniquely in KO
livers
A. Whole-cell lysates were immunoprecipitated with anti-E-cadherin or anti-γ-catenin
antibodies. WB performed for β-catenin (97kDa), γ-catenin (83kDa) and F-Actin (42kDa)
(upper panel) show differential co-precipitation of β-catenin and F-actin with E-cadherin in
WT or γ-catenin and F-actin and E-cadherin in WT livers. The conditions were reversed to
show that γ-catenin also co-precipitates with E-cadherin (120kDa) in KO (lower panel).
B. Increased membranous γ-catenin (green) associates with E-cadherin (red), prominently in
the KO hepatocytes as shown by representative double immunofluorescence utilizing liver
sections from KO and WT animals.
C. Real-time PCR shown for γ-catenin gene (JUP) and cyclophilin-A reference gene shows
insignificant difference in average mRNA expression (+/−SD) in KO versus WT livers
(n=3). Similar results were obtained for all JUP and reference gene primer combinations.
D. Whole-cell lysates immunoprecipitated with anti-γ-catenin antibody and western blotted
for anti-phosphotyrosine, anti-phosphoserine, or anti-phosphothreonine show greater serine
and threonine phosphorylation of γ-catenin in two representative KO livers as compared to
WT, with no change in tyrosine phosphorylation.
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Figure 4.
Sustained membranous localization of γ-catenin in WT and KO livers during liver
regeneration. While an increase in membrane signal of γ-catenin (green) is evident in KO as
compared to WT, it was localized to hepatocyte membrane only at both 40 and 72 hours
after partial hepatectomy, when several Ki-67+ve hepatocytes are observed in WT and KO
livers, respectively. No signal is detected in negative control when primary antibody is
omitted in the reaction as shown in the inset in upper left panel.

Wickline et al. Page 13

J Hepatol. Author manuscript; available in PMC 2012 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5. Changes in TJ protein expression in the KO livers
A. Examination of TJ protein expression by western blots using whole-cell lysates shows an
increase in JAM-A (35kDa) and claudin-1 (22kDa), no change in occludin (60–82kDa) and
absence of claudin-2 (22kDa) in KO livers. GAPDH served as the loading control.
B. Normalized (to GAPDH) densitometric analysis reveals significantly (P <0.05) lower
average (+/−SD) protein expression of claudin-2 and higher average (+/−SD) expression of
JAM-A and claudin-1 in KO than WT livers (n≥3), while occludin remained unchanged.
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Figure 6.
A cartoon representing the configuration of AJ and TJ in β-catenin KO liver (left) and
normal liver (right). While β-catenin bridges E-cadherin to F-actin in the WT livers, this
function is compensated by γ-catenin in absence of β-catenin. β-Catenin and γ-catenin are
both able to translocate to the nucleus, however β-catenin has robust nuclear interactions
with TCF/LEF and hence transactivates expression of genes such as claudin-2, which is a
means of crosstalk between AJ proteins and TJ components. However in KO, loss of
claudin-2 impacts JAM-A and claudin-1 expression, which may affect TJ functions.
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Table 1

Primer Sequences.

Primer Name Sequence

JUP Fwd 5′-ACG CCA TTG ATG CGG AGG GC -3′

JUP Rev 5′-CCC AGG CAG CTG GGT CAT GC -3′

GAPDH Fwd 5′-ACC CAG AAG ACT GTG GAT GG -3′

GAPDH Rev 5′-CAC ATT GGG GGT AGG AAC AC -3′

PBGN Fwd 5′-ATG TCC GGT AAC GGC GGC -3′

PBGN Rev 5′-CAA GGC TTT CAG CAT CGC CAC CA -3′

Cyclophilin-A Fwd 5′-CCC CAC CGT GTT CTT CGA CA -3′

Cyclophilin-A Rev TCC AGT GCT CAG AGC TCG AAA -3′

Real-time PCR was also performed with another JUP primer (SA Biosciences); two liver-specific reference genes (porphobilinogen synthase or
PBGN and cyclophilin-A), and two reference genes-glyceraldehyde 3 phosphate dehydrogenase (GAPDH); and phosphoglycerate kinase 1 (PGK)
from realtimeprimers.com.
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TABLE 2

Gene expression changes in junctional protein components in KO livers.

Gene/Protein Cell-Cell Junction GENE ID Change in KO vs. WT (fold-change)

α-Catenin AJ Ctnna1 +2.4 †

E-Cadherin AJ Cdh1 +2.6 †

N-Cadherin AJ Cdh2 NC *

Plakoglobin/γ-Catenin Desmosome/AJ JUP +1.5 †‡

Claudin-1 TJ Cldn1 −2.3 †

Claudin-2 TJ Cldn2 −8.0 †

Claudin-3 TJ Cldn3 NC

JAM-A TJ JCAM1 −2.0†

Occludin TJ Ocln −1.3 †

ZO-1 TJ Tjp1 NC

ZO-2 TJ Tjp2 −1.2

*
NC = No change

†
Western blot included in this manuscript

‡
Real-time PCR validation in this manuscript
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