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Background: �-Catenin plays diverse temporal roles in liver development.
Results: We report calpain-induced truncated �-catenin during mid- to late- hepatic development that resides in maturing
hepatocytes nuclei and at membrane. RNA-seq studies identified novel targets.
Conclusion: This may be a mechanism of the pleiotropic functions of �-catenin in hepatic development.
Significance: Identification of different �-catenin species may have diagnostic implications in differentiating fetal and embry-
onal hepatoblastomas.

Hepatic competence, specification, and liver bud expansion
during development depend on precise temporal modulation of
the Wnt/�-catenin signaling. Also, loss- and gain-of-function
studies have revealed pleiotropic roles of �-catenin in prolifer-
ation and hepatocyte and biliary epithelial cell differentiation,
but precisemechanisms remain unknown.Here we utilize livers
from different stages of murine development to determine
�-catenin signaling and downstream targets. Although during
early liver development full-length �-catenin is the predomi-
nant form, at late stages, where full-length�-catenin localizes to
developing biliary epithelial cells only, a 75-kDa truncated
�-catenin species is the principal form localizing at the mem-
brane and in the nucleus of differentiating hepatocytes. The
truncated species lacks 95 N-terminal amino acids and is tran-
scriptionally active. Our evidence points to proteolytic cleavage
of �-catenin by calpain as the mechanism of truncation in cell-
free and cell-based assays. Intraperitoneal injection of a short
term calpain inhibitor to timed pregnant femalemice abrogated
�-catenin truncation in the embryonic livers. RNA-seq revealed
a unique set of targets transcribed in cells expressing truncated
versus full-length �-catenin, consistent with different function-
alities. A further investigation using N- and C-terminal-
specific �-catenin antibodies on human hepatoblastomas
revealed a correlation between full-length versus truncated
�-catenin and differentiation status, with embryonal hepato-
blastomas expressing full-length �-catenin and fetal hepato-
blastomas expressing �-catenin lacking its N terminus. Thus
we conclude that calpain-mediated cleavage of �-catenin
plays a role in regulating hepatoblast differentiation inmouse
and human liver, and the presence of the �-catenin N termi-
nus correlates with differentiation status in hepatoblastomas.

Applications of hepatocytes derived from stem cells can
range from modeling human disease and toxicity screening
tools to cell therapy and regenerative medicine and thus are of
high significance (1). Althoughmany attempts have beenmade
to differentiate stem cells from various sources into fully func-
tional hepatocytes suitable for patient transplantation, even the
most effective protocols produce cells that retain expression of
�-fetoprotein (AFP), a marker of undifferentiated cells, and
lack expression of many key cytochrome p450 enzymes critical
to mature liver function, revealing that our understanding of
this differentiation program is incomplete (2).
A key pathway known to guide liver development is theWnt/

�-catenin pathway. Wnt/�-catenin has a role in patterning the
foregut endoderm from which the liver arises, in producing a
gradient involved in hepatic induction that patterns the gut
along the anterior-posterior axis, and in promoting expansion
of bipotential hepatoblasts that form the nascent liver bud
(3–12). The importance of theWnt/�-catenin pathway in liver
persists throughout the life of an adult organism, as it plays
roles in zonal metabolism (13–16), hepatic progenitor mainte-
nance (17–21), and liver regeneration (22–27), and its dysregu-
lation is observed in many liver cancers (28).
Although compelling evidence supports the role of�-catenin

in proliferation of hepatoblasts during liver bud expansion,
seemingly conflicting reports exist on the role of �-catenin in
hepatoblast differentiation into biliary epithelial cells and hepa-
tocytes. Premature activation of �-catenin via targeted dele-
tion of Adenomatous Polyposis Coli gene product (APC) in the
livers of developing mice results in pronounced biliary differ-
entiation of hepatoblasts at the expense of hepatocytes (29) and
is consistent with a role for �-catenin activity in promoting
hepatoblast differentiation into biliary epithelial cells (29).
Hepatoblast-specific, FoxA3-Cre driven �-catenin deletion,
however, leads to not only defects in biliary specification of
hepatoblasts but also maturation of hepatocytes (12). Embryos
possessing the �-catenin deletion die late in gestation, with
livers exhibiting abnormalities beginning at approximately
embryonic day 13, when hepatoblast differentiation starts to
occur. Knock-out livers appear to arrest at this stage, composed
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of cells exhibiting the high nuclear-to-cytoplasmic ratio and
unpolarized morphology reminiscent of uncommitted E13/14
stage hepatoblasts. Knock-out livers show an absence of bile
ducts and also expression of the hepatocyte-specific transcrip-
tion factors C/ebp� and HNF4� as well as reduced expression
of several other hepatocyte markers (12). This suggests that
�-catenin activity is necessary for both biliary epithelial cell and
hepatocyte differentiation, but it is unclear what mechanism
could account for both of these observations.
In addition, the role of �-catenin in hepatoblastomas (HB)2

has been reported, and monoallelic mutations and deletions in
exon 3 of CTNNB1, the region where �-catenin is targeted for
degradation by the proteasome, are present in 50–90% of HB
(30–35). Based on the predominant stage of hepatoblasts con-
stituting a HB, they may be classified as either fetal (resembling
livers from around days E14.5-E18.5 in developing mouse) or
embryonal (resembling the hepatoblasts seen during approxi-
mately E11.5-E12.5 ofmouse liver development) (36). This clas-
sification is significantly correlatedwith prognosis (37), but his-
tology may not always be sufficient to make that distinction.
In this study we describe a novel truncated 75-kDa �-catenin

species that appears in developing liver whose localization and
appearance in hepatocytes coincides with hepatocyte matura-
tion. Moreover, we demonstrate that this form of �-catenin is
produced post-translationally via proteolytic cleavage of its
N-terminal 95 amino acids by calpain and that it localizes to the
membranes and nuclei of hepatocytes in late fetal liver. RNA-
seq studies on transfected primary hepatocytes reveal known as
well as unique target genes of the truncated �-catenin. We fur-
ther reveal that �-catenin status correlates with hepatoblas-
toma differentiation, with embryonal morphology correlating
with full-length �-catenin, and truncated �-catenin associated
with fetal forms. Thus, in summary, we report that calpain-
mediated cleavage of �-catenin occurs during normal liver
development, producing a truncated species with a distinct
function that produces a gene expression pattern unique from
that of full-length �-catenin.

EXPERIMENTAL PROCEDURES

Immunoblotting—Whole livers isolated from wild-type
C57BL/6 mice at various developmental time points (E12.5,
E14.5, E16.5, E17.5, E18.5, and adult) were lysed in Nonidet
P-40 buffer (1%Nonidet P-40, 50mMTris-HCl, pH 8.0, 150mM

NaCl) subjected to SDS-PAGE and blotted onto PVDF mem-
branes then blocked in 5% nonfat milk in TBST, 5% BSA in
TBST, or 5% fish gelatin in TBST. Thereafter, membranes were
incubated overnight in the appropriate primary antibody
diluted in blocking solution, washed in TBST, incubated with
secondary antibody (Millipore) diluted 1:30,000–1:80,000 in
blocking buffer, washed, and signal-visualized using ECL. Anti-
bodies used were: C-terminal �-catenin (amino acids 670–781;
BD Biosciences #610154), N-terminal �-catenin (amino acids
1–18; Abcam #ab32572), �-catenin (amino acids 29–49)
Millipore #06-734), phospho-Tyr-142 �-catenin (Abcam
#ab27798), phospho-Tyr-654 �-catenin antibody (custom,

Aves Labs), TCF4 (Millipore #05-511, 1:250), focal adhesion
kinase (Cell Signaling, #3285, 1:1000),�-calpain (Cell Signaling
#2556, 1:500), and actin (Millipore MAB1501, 1:500).
Northern Blotting—mRNA was isolated from E12.5, E14.5

E16.5, E17.5, and E18.5 livers using Poly(A)PuristTM kit
(Ambion). Samples were then pooled, and Northern blot anal-
ysis was performed according to standardmethods using a full-
length, radiolabeled �-catenin DNA probe.
RT-PCR—Whole livers isolated from wild-type C57BL/6

mice at various developmental time points (E12.5, E14.5, E16.5,
E17.5, E18.5, and adult) were pooled (n� 3), and total RNAwas
extracted with TRIzol (Invitrogen) according to the manufac-
turer’s instructions. SuperScript III (Invitrogen) was used to
synthesize first strand cDNA from 1 �g of total DNase-treated
RNA with oligo(dT)20 primers according to manufacturer’s
instructions. The cDNA was used as the template for RT-PCR
performed with primers complementary to the 5�-UTR (5�-
AAGCCCTCGCTCGGTGG-3�) and 3�-UTR (5�-CTGAAC-
CATTTCTATAACCGCATCTGTTG-3�) and SYBR Green
PCR Master Mix reagent (SuperArray Bioscience).
Cell Fractionation Studies—Nuclear/cytoplasmic fractions

and membrane fractions were extracted using the NE-PER kit
andMEM-PER kit (Pierce), respectively, according to theman-
ufacturer’s instructions. Protein were boiled in SDS gel loading
buffer, loaded onto polyacrylamide gels, and subjected to SDS-
PAGE. Although 30 �g of protein was loaded for the nuclear
and cytoplasmic fractions, 1 �g of protein was loaded for the
membrane fraction.
Immunoprecipitation Studies—500 �g of liver lysates in

Nonidet P-40 buffer were diluted to 700 �l in Nonidet P-40
buffer containing protease/phosphatase inhibitors. For
�-catenin immunoprecipitations, 20 �l of agarose beads pre-
conjugated to rabbit anti-�-catenin antibody (Santa Cruz,
sc-1496-R AC) were added and incubated on an inverter for 1 h
at 4 °C. For E-cadherin and TCF4 immunoprecipitations, 2 �g
of antibody (TCF4: Millipore, E-cadherin: BD Biosciences
#610182) was added to tube and incubated on an inverter 1 h at
4 °C, and then 20 �l of Protein A/G Plus-agarose beads (Santa
Cruz, sc-2003) were added and incubated at 4 °C for 1 h on an
inverter. All reactions were then spun to collect beads, super-
natant was removed, and beads were washed 4 times in 800 �l
of Nonidet P-40 buffer; beads were then boiled in 1� SDS load-
ing buffer for loading on gels.
Immunostaining—To prepare tissue for immunohistochem-

istry, whole livers (or whole embryos in the case of E12.5
embryos) were fixed in 10% buffered formalin followed by 70%
ethanol before paraffin embedding. Four- to five-�m-thick par-
affin sections were deparaffinized, antigen retrieval was per-
formed by microwaving in citrate buffer (10 mM citric acid, pH
6.0) for 12 min and cooled to room temperature, and endoge-
nous peroxidase activity was quenched by treatment for 7 min
with 3% H2O2. Tissue was then blocked by Large Ultra V Block
(Labvision) for 5 min followed by incubation in primary anti-
body diluted in TBST containing 5% serum from the species in
which the secondary antibody was raised (normal donkey
serum or normal goat serum; Jackson ImmunoResearch) over-
night at 4 °C. Sections were washed in PBS then incubated in
1:500 dilution of biotinylated secondary antibody (Millipore) at

2 The abbreviations used are: HB, hepatoblastoma; TCF, T-cell factor-4; TBST,
TBS-Tween.
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room temperature for 30 min, washed, and then developed
using diaminobenzidine and counterstained in Shandon
Instant Hematoxylin. Paraffin sections from 16 HB patients
were also used for immunohistochemistry for �-catenin. The
HBs were labeled as being positive or negative for nuclear and
cytoplasmic �-catenin by a single pathologist. Correlations
between staining and tumor subtype were assessed using Fish-
er’s Exact Test, and p � 0.001 was considered significant. Anti-
bodies used for staining were: C-terminal �-catenin (amino
acids 670–781; BD Biosciences #610154), N-terminal
�-catenin (amino acids 1–18)Abcam#ab32572), and�-catenin
(amino acids 29–49) Millipore #06-734).
TOPFLASH Assay—HEK293 cells (�50% confluent) were

fed with fresh medium (antibiotic free, freshly made minimum
Eagle’s medium� 10% FBS) just before transfection. Cells were
transfected with a 3�l of FuGENE:2�g of DNA ratio (800 ng of
�-catenin (WT, �95 �-catenin, or empty vector), 800 ng of
TOPFLASH DNA, 400 ng of Renilla) according to Dual Lucif-
erase Reporter (Promega) protocol and read on a luminometer
(EG&G Berthold Lumat LB 9507). Luciferase activity was then
quenched, and Renilla expression was detected by the addition
of 100 �l of STOP-GLO reagent. TOPFLASH values were cal-
culated as ratios of Luciferase signal to Renilla signal.
In Vitro Calpain Assay—Recombinant GST-�-catenin (Mil-

lipore) was diluted to 22.5 nM in calpain reaction buffer (10 mM

HEPES, pH 8, 2 mM DTT, 1 mM EDTA) in 1.5-ml Eppendorf
tubes coated with Silicote (Sigma) and added to a 2.5 nM dilu-
tion of recombinant calpain (Calbiochem #208718) in the same
buffer, incubated at room temperature for 15min, and boiled in
SDS buffer for 5 min to stop the reaction. Identical reactions
were performed in the presence of 10 mM EGTA to inhibit
calpain and in the absence of calpain were used as negative
controls for �-catenin cleavage by calpain. These samples were
loaded onto gels, and immunoblots were performed using anti-
�-catenin antibody (1:500 BD Biosciences #610154).
Calpain Activity Assay—Freshly isolated E14.5, E18.5, and

adult livers were pooled and lysed in Nonidet P-40 buffer in the
absence of protease inhibitors. Protein concentrations were
measured by BCA assay and diluted in Hepes/DTT/EDTA
buffer (10 mM HEPES, pH 7.2, 10 mM DTT, and 1 mM EDTA).
Diluted lysate was added to an equal amount of prepared Cal-
pain-GLO reagent (Promega) and incubated for 15 min, and
luminescence was measured on a plate reader (Biotek Synergy
HT). Hepes/DTT/EDTA buffer containing 45 nM calpain (Cal-
biochem #208718) was used as a positive control, and lysates
mixed with Calpain-GLO reagent in the presence of EGTA
were used as a negative control to ensure specificity of assay for
calpain activity.
Animal Studies—Timed pregnant animals obtained from

Charles River were injected intraperitoneally at E13.5 with
either 12mg/kgMDL28170 (Sigma) or vehicle (DMSO, Sigma).
Embryonic livers were removed 2–3 h later and lysed in Non-
idet P-40 buffer containing 2� Halt Protease and Phosphatase
Inhibitor Mixture (Thermo Scientific), protein concentration
was measured by BCA assay, and equal amounts of liver from
DMSO-treated and MDL28170-treated animals were loaded
onto gels for SDS-PAGE/immunoblot analysis.

cDNA Library Generation—Primary mouse hepatocytes
were plated in serum-containing medium, allowed to adhere
for 40 h, then changed to antibiotic-free, serum-free medium
and transfected with a 2:1 ratio of Lipofectamine 2000:pAAV
(�95 or full-length)�-catenin internal ribosomal entry siteGFP
DNA in 10-cm dishes (60 �l of Lipofectamine, 30 �g of DNA).
The medium was changed 5 h after transfection, and cells were
harvested 30 h later. Total RNA was extracted from 50 mg of
tissues with the TRIzol method (Invitrogen). The extraction
procedure was performed according to themanufacturer’s rec-
ommendation. Thiswas followed by removal of ribosomal RNA
using RIBOZERO kit (Nextera, Inc). After phenol/chloroform
and ethanol purification of the digested products, random hex-
amers were used in the first strand cDNA synthesis with 20 ng
of RNA and Superscript II TM (Invitrogen). The second strand
cDNA synthesis was carried out at 16 °C by adding Escherichia
coli DNA ligase, E. coli DNA polymerase I, and RNase H in the
reaction. This was followed by the addition of adenosine nucle-
otide in the 3� ends of newly synthesized cDNAand ligatedwith
adaptors provided by Illumina RNASeq kit. The ligation prod-
ucts were amplified for 15 cycles of PCR using adaptor primers.
Cluster Generation and Sequencing through Illumina

HiSeq2000—The library cDNAswere denatured in 0.1 NNaOH
for 5 min and neutralized in hybridization buffer. The samples
were loaded onto C-bot amplifier to generate sequencing clus-
ters in a Illumina TruSeq v3 flowcell. This was followed by
chemical sequencing in HiSeq2000 sequencer. The detailed
procedure follows the recommendations of the manufacturer.
The bcl files generated fromHiSeq2000were converted to fastq
files using CASSAVA 1.8 software. The fastq files weremapped
to mouse genome downloaded from NCBI using Genome-
bench from CLC BIO, Inc. The coverage analysis was subse-
quently exported to Excel to generate a spreadsheet.

RESULTS

Expression of a Truncated �-Catenin Species Correlates with
Hepatoblast Differentiation—Time of hepatoblast differentia-
tion to hepatocytes and bile ducts during murine liver develop-
ment is well understood (38, 39). To begin investigating the role
of �-catenin in hepatoblast differentiation, we immunoblotted
liver lysates from mice at embryonic days 12.5 (E12.5), E14.5,
E16.5, E17.5, and E18.5 and also samples taken from adult (�28
days) mouse livers for �-catenin. Although this analysis reveals
the presence of full-length (�97 kDa) �-catenin at E12.5 and
E14.5, we also observe a truncated, 75-kDa �-catenin species
beginning at E12.5. The truncated species increases during
development concurrently with the decrease in full-length pro-
tein and exists as the predominant form of �-catenin from
E16.5 until birth (Fig. 1A).
Truncated �-Catenin Is Not the Result of Alternative Splicing—

To determine whether the shorter �-catenin species is the
result of alternative splicing, we performed Northern blot and
RT-PCR analyses. A Northern blot on pooled mRNA from
embryonic days E12.5, E14.5, E16.5, E17.5, and E18.5 using a
full-length, radiolabeled �-catenin probe reveals only a single
mRNA transcript at the expected size for Ctnnb1 (Fig. 1B).
Likewise, RT-PCR on cDNA from E14.5 (both full-length and
truncated �-catenin-expressed), E18.5 (predominantly trun-
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cated �-catenin-expressed), and adult liver (predominantly
full-length �-catenin-expressed) using primers against the
5�-UTR and 3�-UTR of Ctnnb1 produces a single PCR product
consistent with the expected full-length transcript length of
3565 bp (Fig. 1C).
Truncated �-Catenin Lacks 95 N-terminal Amino Acids—

Next we sought to establish which region of �-catenin was
absent in the truncated species. Immunoblotting of embryonic
liver samples with antibodies against various �-catenin
epitopes (amino acids 571–781, Tyr(P)-654; amino acids 1–18,
Tyr(P)-142, amino acids 29–49) reveals that the truncated spe-
cies retains amino acids 571–781, Tyr(P)-654, and Tyr(P)-142,
but not amino acids 1–18 and amino acids 29–49 (Fig. 1D).
Tandem mass spectrometry peptide sequencing of immuno-
precipitated 75-kDa �-catenin from E18.5 mouse livers detects
amino acid 96 as the N-terminal-most amino acid as well as
inclusion of amino acids 96–125, 134–151, 159–170, 486–
495, 535–541, 550–564, 647–660, and 673–683 (Fig. 1E).
Thus, we have identified a 75-kDa truncated �-catenin that is
expressed during normal liver development and lacks the
N-terminal 95 amino acids.
Truncated �-Catenin Is Present at Membranes and in Nuclei

of Hepatocytes in Late Fetal Liver—Cell fractionation experi-
ments were done next to address relative abundance of full-
length and the truncated form of �-catenin especially if abun-
dance of one may overshadow the other in whole cell lysates
(Fig. 2A). Indeed, only 1 �g of protein loaded for membrane
resembles whole cell lysates, suggesting this compartment to
contain most of the �-catenin. Blots using 30 �g for other frac-
tions reveal the presence of truncated �-catenin in both the
membrane and nuclear fractions (Fig. 2, A and B). In addition,
co-immunoprecipitation experiments indicate an association

of truncated �-catenin with both its adherens junction binding
partner E-cadherin and its nuclear binding partner TCF4 (Fig.
2C). Immunohistochemistry on serial E12.5 and E18.5 liver sec-
tions was performed using antibodies against the N terminus
(to detect full-length �-catenin) and C terminus of �-catenin
(to detect full-length plus truncated �-catenin). Both forms are
present atmembrane and in the cytoplasm and nuclei of cells at
E12.5, whereas at E18.5 full-length �-catenin expression was
limited to the nucleus and cytoplasm of bile duct cells, whereas
the anti-C-terminal antibody detects those regions but also
exhibits abundant membranous and nuclear staining in hepa-
tocytes (Fig. 2D).
Presence of �95 �-Catenin Correlates with �95 �-Catenin Is

Transcriptionally Active—Next, to further explore whether
�95�-catenin acts as a dominant-negative or is able to promote
expression of �-catenin targets, we performed transient trans-
fections of vectors expressing �95-�-catenin, full-length
�-catenin, or empty vector into HEK293 cells, which were then
treated with conditioned media either from control L cells or
those expressing WNT3A. As measured by the TOPFLASH
assay, �95 �-catenin exhibits the capacity to activate gene
expression in bothmedia, further supporting a role for the trun-
cated species in the nucleus (Fig. 2E).
Calpain Is the Protease Responsible for Truncation of

�-Catenin in Developing Liver—Because it has been reported
that calpain cleavage of the N-terminal 95 amino acids leads to
generation of a 75-kDa truncated �-catenin product (40, 41),
we explored whether calpain might be responsible for produc-
ing this cleavage during development. Western blot revealed
the appearance of �-calpain at E12.5 that increased dramati-
cally between E14.5 and E18.5 and coincided with the presence
of 75-kDa species of �-catenin (Fig. 3A). However, because cal-

FIGURE 1. A truncated �-catenin species produced by post-translational cleavage of the N-terminal 95 amino acids is produced in developing liver
during hepatoblast differentiation. A, an immunoblot analysis reveals a truncation of �-catenin from 97 to �75 kDa occurring as liver develops. B, a Northern
blot on pooled mRNA from E12.5, E14.5, E16.5, E17.5, and E18.5 livers probed with a radiolabeled, full-length Ctnnb1 probe reveals only one �-catenin transcript
at the expected size of �3565 bp. C, RT-PCR on cDNA from E14.5, E18.5, and adult using primers against the 5�-UTR and 3�-UTR of the Ctnnb1 transcript livers
also indicates the presence of one mRNA species coding for �-catenin. D, immunoblots on liver lysates from E12.5, E14.5, E16.5, E17.5, and E18.5 using
antibodies against different �-catenin epitopes shows that that antibodies targeting amino acids 571–781, phospho-Tyr-654, and phospho-Tyr-142 bind to the
truncated �-catenin species, but those targeting amino acids 1–18 or 29 – 49 do not. E, tandem mass spectrometry on truncated �-catenin protein immuno-
precipitated from pooled E18.5 liver lysate detected peptides comprising amino acids 96 –125, 134 –151, 159 –170, 190 –199, 486 – 495, 535–541, 550 –564,
647– 660, and 673– 683.
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pain activity is regulated post-translationally, we performed a
calpain activity assay on lysates from freshly isolated embryonic
livers at E14.5 and E18.5 as well as adult liver. High activity of
calpain was indeed observed during development (Fig. 3B).
Activity was highest at E14.5, approximately when truncated
�-catenin begins to be prominently produced, and is apprecia-
ble at E18.5 when truncated form is still significant. Calpain
activity is lowest in the adult liver where truncated �-catenin is
scarce. As another way to assess calpain activity, we probed
embryonic liver lysates for focal adhesion kinase, a known cal-
pain target, and found cleavage of this protein paralleling that
of �-catenin (Fig. 3C). To demonstrate the feasibility of cleavage
of �-catenin by calpain, we treated GST-tagged recombinant
�-catenin protein with recombinant calpain in vitro in a cell-free
assay. Such treatment produced a cleavage product of similar
molecular weight to the truncated species observed in develop-
ment (Fig. 3D).
Inhibition of Calpain Activity in Developing Embryos Pre-

vents the Production of Truncated �-Catenin—Finally, to
directly test the role of calpain in producing truncated
�-catenin during in vivo development, we injected timed-preg-
nant female mice at E13.5 stage of gestational development
with the specific calpain inhibitorMDL28170 or vehicle control
(DMSO). Three hours after injection, the livers from embryos
were assayed for �-catenin byWestern blot. A marked absence
of �-catenin cleavage was observed in the calpain inhibitor-
treated animals but not the DMSO-injected group, consistent
with calpain being responsible for the physiological post-trans-
lationalmodification of�-catenin during hepatic development.
To verify efficacy of calpain inhibitor, we examined focal adhe-
sion kinase cleavage after injection of inhibitor and DMSO.We
observed a dramatic decrease in the cleavage of focal adhesion
kinase as indicated by a gain of its uncleaved higher molecular
weight form after the inhibitor and not DMSO treatment (Fig.
3E).
Expression of �95 and Full-length �-Catenins Led to Tran-

scription of Unique Sets of Targets—To determine whether
truncated �-catenin was capable of transcribing different tar-
gets than full-length, we transfected primary hepatocytes (Fig.
4A) with both constructs and compared gene expression by
RNA-seq. Because �95-�-catenin is more stable, as it lacks
GSK3� phosphorylation sites, we expected and found higher
expression of known TCF targets such as Lect2, cyclinD1
(Ccnd1), regucalcin (Rgn), and glutamine synthetase (Glul) (Fig.
4B). However, we also found 75 genes up-regulated at least 2-fold
in �95-�-catenin expressing cells relative to full-length (supple-
mental Table 1). A list of the top 19 genes shows several targets to
be histone- and mitosis-regulating genes (Fig. 4C). Interestingly,
only one gene, Egr1, was expressed 2-fold more in full-length
�-catenin-expressing cells than �95-expressing cells.

FIGURE 2. Truncated �-catenin is expressed in differentiating hepatocytes
and is transcriptionally active (A and C). Cell fractionation studies reveal trun-
cated �-catenin present in membrane and nuclear fractions of liver during
E16.5, E17.5, and E18.5, whereas cytoplasmic and nuclear fractions contained
full-length �-catenin (B). Co-immunoprecipitation indicates that truncated
�-catenin binds both E-cadherin and TCF4. IgG band served as loading con-
trol (D). Immunohistochemistry with antibodies against N terminus of
�-catenin to detect full-length �-catenin and C terminus to detect both forms

of �-catenin reveal that truncated �-catenin (regions positive with anti-C-
terminal but not anti-N-terminal antibody) is located in the nuclei and at
membranes of hepatocytes. Full-length �-catenin expression is limited to
biliary epithelial cells only. E, �95 �-catenin transfection of HEK293 cells acti-
vates TOPFLASH, supporting a role as a nuclear transactivator (full-length (FL)
�-catenin versus �95 �-catenin; control (Cntl) medium p � 0.0003; WNT3A
medium p � 0.003, Student’s t test). The immunoblot (right) on transfected
cells shows expression levels of �95 and full-length �-catenin in each. IP,
immunoprecipitate; WB, Western blot; WCL, whole cell lysates.
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FIGURE 3. Calpain cleavage of �-catenin is responsible for production of the truncated �-catenin species. A, immunoblot analysis indicates that calpain
is expressed in developing liver and that its expression level is highest at times when �-catenin cleavage is observed. B, calpain-GLO activity assay detects active
calpain during liver development, with activity highest at E14.5, when significant �-catenin cleavage appears, and persisting at E18.5 when the truncated
�-catenin is the predominant form present. Calpain activity is lowest but still present in adult samples when minimal �-catenin cleavage is observed. No calpain
activity is seen in samples lacking the addition of liver lysates or purified calpain (far left), and positive control for calpain (45 nM purified enzyme added) is
positive for calpain activity (far right). In each case the addition of EGTA, a known calpain inhibitor, results in significant quenching of calpain activity. C, an
immunoblot for the known calpain substrate focal adhesion kinase (FAK) shows a cleavage pattern paralleling that of �-catenin and provides further evidence
that calpain is active in developing liver. (D). In vitro protease assay combining purified calpain and recombinant GST-tagged �-catenin produces a �-catenin
cleavage pattern identical to that seen in developing liver. This cleavage is inhibited by EGTA, a known inhibitor of calpain activity. E, livers from embryos of
timed pregnant mice at 13.5 days post-coitus injected intraperitoneally with the calpain inhibitor MDL28170 (12.5 mg/kg) show a lack of truncated �-catenin
production relative to vehicle-treated animals. Immunoblot performed in parallel for focal adhesion kinase shows that the calpain-mediated cleavage of focal
adhesion kinase is inhibited as well.

FIGURE 4. Identification of unique genes overexpressed in primary murine hepatocytes transfected with truncated �-catenin. A, an immunoblot
performed on primary mouse hepatocytes transfected with �95 �-catenin (b-cat) and full-length (FL) �-catenin indicates expression of the appropriate
proteins. B, RNA-seq analysis reveals up-regulation of several known �-catenin targets after overexpression of �95 �-catenin. C, RNA-seq also reveals genes
uniquely expressed by �95 �-catenin, and the top 20 targets are shown. D, Genomatix search for common transcription factor (TF) binding sites in promoters
of potential �95 targets reveals binding sites for many factors present at a frequency significantly above what is seen in the genome at large, suggesting one
or more of these factors may be co-regulating �95 �-catenin targets.
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To determine whether �95-�-catenin could plausibly be
interactingwith one (ormore) specific transcription factor(s) to
promote target gene expression, we used Genomatix to search
for common transcription factor binding sites in the top 50
targets. Our analysis revealed 12 candidate transcription factor
families for which the binding sites are disproportionately rep-
resented in our targets relative to their frequency in the genome
(Fig. 4D) (p � 0.01). Two of these were core transcription fac-
tors, which is interesting in light of the recent finding that core
promoter binding elements play roles in differentiation (42, 43).
Also intriguing, 5 of the 12 are transcription factors families
withmembers known to interact with�-catenin: SP1/Klf4 (44),
HIF/Hif1� (45), PERO/PPAR� (46), NF�B/NF�B (47), and
EGR/Egr1 (48). This suggests that �95-�-catenin may be dif-
ferentially interacting with these factors to eventually deter-
mine target genes and biological outcome such as hepatocyte
maturation.

�-Catenin Species Distinguish Histological Subtypes of
Hepatoblastoma—Because hepatoblastomas arise in prenatal
liver, we speculated that if our model were correct and applica-
ble to humans, we might see a relationship between �-catenin
species and differentiation status in hepatoblastomas. Hepato-
blastomas are classified based on whether they morphologi-
cally resemble hepatoblasts (embryonal type) or late prenatal
hepatocytes (fetal type), and these classifications are associ-
ated with different patient outcomes (36). Using antibodies
against the N terminus and C terminus of �-catenin, we
investigated whether N-terminally deleted �-catenin
expression was associated with the more differentiation fetal
morphology in hepatoblastoma patients. We stained 16 HBs,
scoring them as positive or negative for each, as well as scor-
ing them histologically as fetal or embryonal (Table 1).
Astoundingly, we found that tumors positive for N-terminal
�-catenin and C-terminal �-catenin (corresponding to full-
length �-catenin expression) were invariably embryonal
(8/8), whereas those positive for C-terminal �-catenin but
negative for N-terminal �-catenin (corresponding to an
N-terminally truncated �-catenin) were always of the fetal
subtype (7/7). By Fisher’s Exact test (Table 2), this represents
a highly significant correlation (p � 0.00016), clearly indi-
cating the utility of N- and C-terminal-specific �-catenin
antibodies to distinguish embryonal from fetal HB and sup-

porting a model in which truncated �-catenin promotes
hepatoblast differentiation.

DISCUSSION

The results presented here highlight the existence of a novel
75-kDa species of �-catenin that is produced via proteolytic
cleavage of theN-terminal 95 amino acids by calpain andwhose
expression and localization point to a role hepatocyte differen-
tiation. In particular, we observed the truncated �-catenin spe-
cies localized to the membranes and nuclei of hepatocytes,
whereas full-length �-catenin became limited to the nuclei and
cytoplasm of biliary epithelial cells. Although further work to
characterize the specific function of truncated �-catenin in dif-
ferentiating hepatocytes is ongoing in our laboratory, we
believe at this time that full-length �-catenin may promote bil-
iary epithelial cell differentiation and that calpain is activated in
cells fated to become hepatocytes, leading to production of the
truncated �-catenin species that promotes the process of hepa-
tocyte differentiation and maturation through expression of a
unique set of gene targets (Fig. 5). Reports that both stabiliza-
tion of (full-length)�-catenin and its deletion lead to a defect in
hepatocyte differentiation (12, 29) we believe can be explained
by the necessity of the �95-�-catenin in this process.
Several lines of evidence support a role for�-catenin in hepa-

tocyte differentiation. Livers ofmicewith a hepatoblast-specific
�-catenin deletion exhibit failures in both hepatocyte as well as
biliary epithelial cell differentiation (12), suggesting �-catenin
is critical for differentiation of both cell types. In developing
human livers, Wnt3a expression is seen in the parenchyma of
second trimester livers, correlating with early hepatocyte dif-
ferentiation (49). Furthermore, although a hepatic progenitor
cell line established from day E14.5 mouse liver cells can differ-
entiate into mature hepatocytes via treatment with dexameth-

TABLE 1
Summary of immunohistochemistry for N-terminal and C-terminal �-catenin-directed antibodies in hepatoblastoma patients

Case no.
Histologic
subtype

C-terminal nuclear and/or
cytoplasmic (�/�)

N-terminal nuclear and/or
cytoplasmic (�/�)

HB-83B E � �
HB-85 E � �
HB-70A E � �
HB-50A E � �
HB-24 E � �
HB-2B E - 87% � �
HB-3B E � �
HB-39 E treated � �
HB-84B F � 	
HB-83B F � 	
HB-85 F 	 	
HB-50A F � 	
HB-25 F � 	
HB-23 F � 	
HB-14 F � 	
HB-41A F � 	

TABLE 2
Fisher Exact Test for correlation studies of �-catenin immunohisto-
chemistry in hepatoblastomas

Staining
Histological subtype Total

casesaEmbryonal Fetal

N-term � C-term � 8 0 8
N-term 	 C-term � 0 7 7

8 7 15
a p � 0.0002.
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asone, this differentiation is inhibited by the Wnt/�-catenin
pathway antagonist SFRP3, lending further support to the role
of �-catenin in hepatocyte differentiation (50).
Furthermore, the idea that a truncated�-catenin speciesmay

play a role in differentiation of a particular cell type is supported
in the literature. Expression of a �-catenin species lacking the
N-terminal tail in developing mammary gland results in either
precocious lobuloalveolar development and differentiation (51)
or precocious lateral bud formation, hyperproliferation, and
premature differentiation of luminal epithelium during preg-
nancy (52), depending on the cell type targeted. Intriguingly,
this phenotype is different from that induced by Wnt overex-
pression in the mammary gland, which would instead result in
stabilization of full-length�-catenin, and induces ductal hyper-
branching (53, 54). Expression of �89 �-catenin in the small
intestine, however, resulted in increased cell division in undif-
ferentiated cells in the proliferative compartment as well as
increased apoptosis and an increase in E-cadherin at adherens
junctions but no observable changes in cell fate outcomes (55).
We also uncovered a role for calpain in truncating �-catenin

and modifying its activity in developing liver. Although abun-
dant support exists for the role of calpain in differentiation of
various cell types, including muscle cells, osteoblasts, and adi-
pocytes (56–63), and there is evidence that �-catenin is a sub-
strate for calpain in differentiatingmuscle cells (64), no role had
been identified for calpain in hepatocyte differentiation. Unfor-
tunately, the calpain inhibitor we employed that crosses the
placenta has a very short half-life (2 h) and does not provide
inhibition long enough for us to investigate effects on pheno-
type. Additional studies to characterize the functions of cal-
pain-mediated �-catenin are ongoing.

�-Catenin lacks DNA binding property and relies on other
transcription factors to dictate target gene expression for a spe-
cific biological response. We found that expression of a �95
�-catenin led to significant up-regulation expression of a set of
expected and known gene targets based on the stability of the
protein. However, there were several uniquely overexpressed
genes in �95 �-catenin transfected cells, and many of these are
histone H3 and H2 proteins. Since these proteins are involved
in nucleosome structure and function, which is pertinent for

histone-DNA interactions, and chromatin compaction, �89
�-cateninmay eventually influence the epigenetic regulation of
gene expression (65).Other genes likeCenph are known to have
a role in spindle formation and chromosomal segregation dur-
ing cell division (66). In addition, several of these novel targets
possessed binding sites for transcription factors known to
interact with �-catenin, including Hif1�, Klf4, Egr1, andNF�B.
Whether alteration in the structure of�-catenin due to deletion
of 95 amino acids at theN terminus allows for differential inter-
action with these factors to activate the hepatocyte differentia-
tion program will be explored in the future.
Notably, we found a strong correlation between expression

of N-terminal-truncated �-catenin and a more differentiated,
fetal morphology in hepatoblastomas. These tumors often har-
bor monoallelic mutations or deletions affecting the N termini
of�-catenin gene. Inmany cases they aremissing exon 3 and/or
part of exon 4, producing a truncated and stable �-catenin
resembling the species described herein (31, 32, 34, 35). Pres-
ently, it remains undetermined whether the product of the two
mechanisms differs or relates in their functions. However, the
relationship between the presence or absence of the �-catenin
N terminus and differentiation is still noteworthy, as it supports
our model and extends it to a disease and may be a reliable way
to distinguish embryonal from fetal HB. In addition, a separate
analysis of HBs has also indicated a relationship betweenN-ter-
minal deletions of �-catenin and “pure fetal” morphology (as
opposed to embryonal or mixed fetal/embryonal cases), cor-
roborating our findings. Intriguingly, a recent report indicated
that expression of Lect2, one of the putative targets of truncated
�-catenin, is increased in a large fraction of hepatoblastomas
(67). Based on our findings, we surmise that it may correlate
with those expressing N-terminal-truncated �-catenin.
In summation, we believe that ourwork has important impli-

cations for those attempting to produce differentiated hepato-
cytes ex vivo as well as for the classification of embryonic versus
fetal hepatoblastoma. Furthermore, in light of the focus on
�-catenin mutations in hepatic cancers, we feel it is important
to challenge the idea that pointmutations and deletions of exon
3 produce “activated” �-catenins equivalent in function. Our
observation that expression of �-catenin lacking its N terminus
appears to promote a more differentiated state in developing
hepatocytes as well as hepatoblastomas lends evidence in sup-
port of the movement away from viewing �-catenin activity as
typically “oncogenic” (68) and toward viewing it as highly pleio-
tropic demanding additional studies.
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