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Transforming growth factor-� cooperates with onco-
genic Ras to activate nuclear �-catenin during the
epithelial to mesenchymal transition of hepatocytes,
a process relevant in the progression of hepatocellu-
lar carcinoma (HCC). In this study we investigated the
role of �-catenin in the differentiation of murine,
oncogene-targeted hepatocytes and in 133 human
HCC patients scheduled for orthotopic liver trans-
plantation. Transforming growth factor-� caused dis-
sociation of plasma membrane E-cadherin/�-catenin
complexes and accumulation of nuclear �-catenin in
Ras-transformed, but otherwise normal hepatocytes
in p19ARF�/� mice. Both processes were inhibited by
Smad7-mediated disruption of transforming growth
factor-� signaling. Overexpression of constitutively
active �-catenin resulted in high levels of CK19 and
M2-PK, whereas ablation of �-catenin by axin overex-
pression caused strong expression of CK8 and CK18.
Therefore, nuclear �-catenin resulted in dedifferenti-
ation of neoplastic hepatocytes to immature progen-
itor cells, whereas loss of nuclear �-catenin led to a
differentiated HCC phenotype. Poorly differentiated
human HCC showed cytoplasmic redistribution or
even loss of E-cadherin, suggesting epithelial to mes-
enchymal transition. Analysis of 133 HCC patient
samples revealed that 58.6% of human HCC exhibited
strong nuclear �-catenin accumulation, which corre-
lated with clinical features such as vascular invasion
and recurrence of disease after orthotopic liver trans-

plantation. These data suggest that activation of
�-catenin signaling causes dedifferentiation to malig-
nant, immature hepatocyte progenitors and facili-
tates recurrence of human HCC after orthotopic liver
transplantation. (Am J Pathol 2010, 176:472–481; DOI:

10.2353/ajpath.2010.090300)

Hepatocellular carcinoma (HCC) is one of the most com-
mon cancers worldwide and results in poor prognosis
with 5-year survival rates of only 8.9% despite of treat-
ment.1 Various risk factors such as viral infections, alco-
hol abuse, exposure to fungal hepatotoxins, or hereditary
diseases can cause inflammation, fibrosis and cirrhosis,
which finally lead to HCC.2 Major problems in combating
HCC include diagnosis at advanced stages and thus few
therapeutic options.3 Curative treatments involving tumor
resection or orthotopic liver transplantation (OLT), which
abolishes underlying cirrhosis, offer promising results but
are limited to early stages.4 Since 1996, selection of HCC
patients for OLT is restricted to those with few, small liver
tumors, which excludes many patients at the time of
diagnosis.5 This generates a need for novel parameters
to assess risk of tumor recurrence, which are applicable
even in patients that exceed the established criteria of
tumor burden.6 Although clinicopathological features
such as up-regulation of cytokeratin (CK)19 were found
to be correlated with high risk of HCC recurrence after
OLT, the underlying molecular and cellular mechanisms
are still poorly understood.7

Molecular alterations responsible for HCC develop-
ment and progression include 1) loss of tumor suppres-
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sors such as p53, retinoblastoma protein (Rb), p16INK4A

or p14ARF; 2) activation of oncoproteins such as c-myc or
c-Met; 3) activation and secretion of cytokines such as
transforming growth factor (TGF)-�; and 4) alterations in
the Wnt/Frizzled signaling leading to nuclear accumula-
tion of �-catenin, which are found in 33 to 67% of HCC
cases.8–11 While mutations of �-catenin are rather rare,
other mechanisms activating Wnt signaling such as se-
cretion of Frizzled7 contribute to nuclear accumulation of
�-catenin and transcription of its target genes such as
cyclin D1.10,12 Activation of �-catenin is essential for liver
development as shown by deletion of �-catenin in gene-
targeted mice, causing death around embryonic day 17
due to impaired liver cell proliferation and increased ap-
optosis.13 Furthermore, canonical Wnt/Frizzled signaling
is connected to tumor progression and modulates differ-
entiation and stemness of the intestinum.14 Noteworthy,
nuclear �-catenin accumulation was strikingly demon-
strated in cells of the invasive front and surrounding
tissues in colon carcinomas.15 These data raise the ques-
tion whether �-catenin-positive, migratory cancer stem
cells (CSCs) are capable of causing tumor dormancy and
distal metastases.

The epithelial to mesenchymal transition (EMT), a pro-
cess particularly implicated in embryonic development,
has increasingly been recognized as a crucial step in
tumor progression and metastasis.16 Disruption of E-cad-
herin from the cell membrane as well as nuclear �-cate-
nin accumulation are hallmarks of EMT as described in a
variety of carcinoma models.15 Previous studies revealed
numerous effectors of EMT of which TGF-� is a particu-
larly potent one.16 In mouse models of hepatocellular
EMT, TGF-� evades tumor-suppressive functions and in-
duces a highly malignant, invasive phenotype of hepato-
cytes in collaboration with Ras/MAPK signaling, which is
accompanied by autocrine TGF-� secretion.17,18 Inter-
estingly, both urine and serum of patients with advanced
liver tumors contain high TGF-� levels.19 In human HCC,
EMT and thus invasiveness were also induced by the
signal transducer and activator of transcription (STAT) 5b
in cooperation with the hepatitis B oncoprotein HBX, or by
TGF-� plus laminin-5.20,21 HCC cell lines having under-
gone EMT and expressing elevated levels of integrin-
linked kinase were also largely resistant to inhibitors of
the epidermal growth factor receptor.22 This is in line with
observations that erlotinib or cetuximab showed only
modest effects in HCC therapy, although they were highly
effective in other cancer types.23

In this study, we show that the TGF-�-induced activa-
tion of nuclear �-catenin in neoplastic hepatocytes cor-
relates with their transdifferentiation to early hepatocyte
progenitors that abundantly express M2-PK and CK19,
but lack epithelial CK8 and CK18. In human patients,
primary HCC with high-level nuclear �-catenin expres-
sion showed disintegration of plasma membrane com-
plexes of E-cadherin and �-catenin, suggesting EMT.
Furthermore, nuclear �-catenin accumulation associated
with enhanced vascular invasion and elevated recur-
rence of HCC after OLT.

Materials and Methods

Cell Culture

Epithelial MIM-R hepatocytes were generated by intro-
ducing a retroviral construct bicistronically expressing
oncogenic v-Ha-Ras and green fluorescent protein into
cultured, immortalized p19ARF�/� hepatocytes (MIM1-
4).17 Retroviral transmission of MIM-R hepatocytes either
with the constitutive active mutant �-catenin �GSK-KT3,
its negative regulator axin or with Smad7 resulted in
epithelial MIM-R-ABC, MIM-R-Axin, and MIM-R-S7 cells,
respectively.24,25 Treatment of epithelial MIM-R cells with
1 ng/ml TGF-�1 (R&D Systems, Minneapolis, MN) over 14
days resulted in a stable fibroblastoid cell line, termed
MIM-RT. MIM-R-S7 cells were termed MIM-RT-S7 after
comparable TGF-�1 treatment. Fibroblastoid cells were
grown on plastic, whereas epithelial cells required culture
dishes coated with rat tail collagen, prepared as de-
scribed.26 All cells were grown in RPMI 1640 plus 10%
fetal calf serum and antibiotics at 37°C and 5% CO2, and
were routinely screened for the absence of mycoplasma.

Subcutaneous and Orthotopic Tumor Formation

Cells were each trypsinized and washed with phosphate-
buffered saline. Thereafter, 1 � 106 cells in 100 �l of
Ringer’s solution were subcutaneously injected each into
three individual immunodeficient CB-17 SCID recipient
mice as described.24 To induce orthotopic liver tumors,
5 � 105 cells in 20 �l of Ringer’s solution were injected
into the spleen of immunodeficient CB-17 SCID recipient
mice.27 All injected cell types caused experimental tu-
mors with an incidence of 100%. The experiments were
performed twice using three mice per cell type and per-
formed according to the Austrian guidelines for animal
care and protection.

Immunohistochemical Analysis

Subcutaneous tumors and liver tissue were fixed in 4%
phosphate-buffered paraformaldehyde and embedded in
paraffin.24,25 Sections 4 �m thick were stained with hema-
toxylin and eosin (H&E) for standard microscopy. For im-
munohistochemistry, paraffin-embedded sections were
treated with citric acid buffer (0.01 mol/L, pH 6.0) before
staining with the following antibodies: anti-�-catenin (Trans-
duction Laboratories, Lexington, UK), 1:100; anti-nonde-
structible, active �-catenin (Upstate, Lake Placid, NY),
1:100; anti-E-cadherin (Transduction Laboratories), 1:100;
anti-CK8 (PROGEN, Heidelberg, Germany), 1:50; anti-
CK18 (PROGEN), 1:50; anti-CK19 (University of Iowa, Iowa
City, IA), 1:100; anti-M2-PK (Rockland, Philadelphia, PA),
1:100; anti-HNF-6 (Santa Cruz Biotechnology, Santa Cruz,
CA), 1:100; anti-glutamine synthetase (Abcam, Cambridge,
UK), 1:100. For staining with anti-green fluorescent protein
antibody (Santa Cruz Biotechnology) at a dilution of 1:100,
sections were pretreated with trypsin. After washing, sec-
tions were stained with corresponding, biotinylated second-
ary antibodies and visualization was performed with the
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Vectastain ABC kit using diaminobenzidine as substrate
(Vector Laboratories, Burlingame, CA). Biotinylated anti-
bodies against peanut agglutinin and Dolichos biflorus ag-
glutinin (both Vector Laboratories) were each used at a
dilution of 1:100.

HCC Tissue Array

The HCC tissue arrays used contained paraffin-embed-
ded specimens of tumors and adjacent normal tissue
collected from a total of 133 female and male HCC pa-
tients, all of which have undergone OLT for HCC at the
Department of Transplantation Surgery, Medical Univer-
sity of Vienna, between 1982 and 2002.28 The anony-
mous pathology reports were obtained and the baseline
characteristics of all 133 HCC cases analyzed in this
study are outlined in Supplemental Table 1 at http://
ajp.amjpathol.org. All histological specimens were re-
viewed for histological type and grade. Core biopsies
with diameter of 0.6 mm were taken from each donor
paraffin block, arrayed in triplicate, and 4-�m-thick sec-
tions cut from the array. After antigen retrieval in sodium
citrate buffer (pH 6.0), sections were stained with the
anti-active �-catenin antibody (Upstate) at a dilution of
1:100 or with anti-CK19 (Dako, Glostrup, Denmark),
1:100. Secondary antibody was used and visualization
was performed with the Vectastain ABC kit using diami-
nobenzidine as substrate (Vector Laboratories). Evalua-
tion of tissue arrays was performed by two independent
researchers (G.Z. and M.M.) who were blinded regarding
patient details. Immunostaining using the anti-active
�-catenin antibody was scored on triplicate tissues by
using the following arbitrary scale: no staining, low stain-
ing, medium staining, and high staining, judging both
staining intensity of nuclei in �-catenin-positive tumor
cells and percent nuclei positive in tumor tissues. Immu-

nostaining using the anti-CK19 antibody was scored on
triplicate tissues by evaluating the absence or the pres-
ence of staining in malignant hepatocytes.

Statistical Analysis

Nuclear �-catenin accumulation ordinal values were com-
pared between groups of clinical features by means of the
exact Jonckheere-Terpstra and Wilcoxon signed rank test
in StatXact (StatXact Version 4.0, Cytel Software Corpora-
tion) and SAS (SAS. SAS/STAT User’s Guide, Version 9,
Cary, NC 27513: SAS Institute Inc., 2002–2003). P values
are two-sided. P values below 0.05 were considered as
statistically significant. The 95% confidence intervals for
percentages were calculated in StatXact.

Results

Inhibition of TGF-� Signaling by Antagonistic
Smad7 Abolishes EMT Signatures

Experimental HCC were generated in mice by orthotopic
transplantation of green fluorescent protein-positive, onco-
genic Ras-expressing hepatocytes (MIM-R), which display
an epithelial organization. These liver tumors were com-
pared with experimental HCC derived from fibroblastoid
MIM-RT cells, in which EMT was induced by long-term
TGF-�1 treatment of cultured MIM-R hepatocytes (see Sup-
plemental Figure S1 at http://ajp.amjpathol.org).17

MIM-R tumors expressed a complex of the adherens
junction proteins E-cadherin and �-catenin at the plasma
membrane, while MIM-RT-derived tumors showed cyto-
plasmic expression or even loss of E-cadherin as well as
delocalization of the plasma-membrane-bound �-catenin
to cytoplasm and nucleus (Figure 1).24 However, liver

Figure 1. TGF-�-dependent EMT of hepato-
cytes associates with dissociation of E-cadherin/
�-catenin complexes. Ras-transformed epithelial
MIM-R hepatocytes, the same after EMT induced
by TGF-� (MIM-RT cells), and MIM-R-S7 cells
overexpressing Smad7, which disrupts TGF-�
signaling, were transplanted into the spleen of
immunocompromised SCID mice to generate or-
thotopic experimental HCC. The resulting liver
tumors (Tu) and neighboring tissue from MIM-R
tumors (adjacent) were collected after 20 days
and processed for standard histology by H&E
staining and for immunohistochemical staining by
using antibodies against E-cadherin and total �-cate-
nin (�-catenin). Black lines in upper panels indi-
cate tumor-host borders. Scale bar � 25 �m.
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tumors generated by MIM-R-S7 hepatocytes overex-
pressing the TGF-� signaling inhibitory protein Smad725

retained localization of E-cadherin/�-catenin complexes
at the plasma membrane (Figure 1). Accordingly, subcu-
taneous tumors derived from MIM-RT-S7 cells, which
failed to undergo EMT even after long-term TGF-�1 treat-
ment,25 displayed intact E-cadherin/�-catenin complexes at
cell borders (see Supplemental Figure S2 at http://ajp.
amjpathol.org). These results demonstrate that TGF-� sig-
naling is responsible for the dissociation of E-cadherin/
�-catenin complexes at cell boundaries in orthotopic tu-
mors, a process indicating EMT.

Inhibition of TGF-� Signaling Abrogates Nuclear
�-Catenin Localization

Immunohistochemical analysis of MIM-R liver tumor sec-
tions using an anti-active �-catenin antibody revealed
clear nuclear staining in MIM-R hepatocytes,29 while ad-
jacent tumor tissue was essentially negative (Figure 2A).
MIM-RT-derived liver tumors showed even stronger nu-
clear accumulation of �-catenin in a high proportion of
malignant hepatocytes, while inhibition of TGF-� signal-
ing in MIM-R-S7 hepatocytes strongly reduced nuclear
�-catenin staining (Figure 2A). Although this was ob-
served in most MIM-R-S7-derived tumors (Figure 2B, up-
per panel), some nodules retained nuclear �-catenin with
signal intensities much weaker than in MIM-RT tumors
shown to have undergone EMT (Figure 2B, lower panel).

Interestingly, nuclear �-catenin accumulation in MIM-R-
S7-derived tumors occurred predominately at tumor-host
borders (Figure 2, lower panels) suggesting a cross-talk
with the tumor stroma. In conclusion, stabilization of nu-
clear �-catenin in liver tumors depends on both, TGF-�
signaling and occurs in the context of EMT, but may also
be associated with EMT-independent events since liver
tumors generated by MIM-R hepatocytes also showed
nuclear localization of �-catenin.

Gain of Nuclear �-Catenin Induces Marker
Proteins of Hepatic Progenitor Cells

Orthotopic liver tumors generated by MIM-R cells ex-
pressed cytokeratins CK8 and CK18, two markers of
mature epithelial hepatocytes (Figure 3). A similar CK8/
CK18 staining indicating a mature hepatocyte phenotype
was observed in liver tumors derived from MIM-R-Axin
hepatocytes, in which Wnt signaling and thus nuclear
�-catenin accumulation is inhibited by axin.24 In contrast,
liver tumors generated from fibroblastoid MIM-RT cells
failed to express CK8 and CK18, suggesting a more
immature phenotype (Figure 3). Accordingly, liver tumors
of MIM-RT cells showed increased intrahepatic metasta-
sis (data not shown). Overexpression of N-terminally trun-
cated, constitutively active �-catenin in MIM-R cells
(MIM-R-ABC) elicited a fourfold higher activity in �-cate-
nin-responsive luciferase constructs and expression of
known target genes of �-catenin such as c-myc and

Figure 2. Accumulation of nuclear �-catenin is
blocked by interference with TGF-� signaling. A:
Experimental HCC generated by MIM-R, MIM-RT
or MIM-R-S7 hepatocytes (Figure 1) were analyzed
by immunohistochemical staining using an anti-
body against active �-catenin. “Adjacent” desig-
nates peritumoral tissue of MIM-R tumors. Insets:
Part of panels at 10-fold higher magnification.
Scale bar � 100 �m. B: Detailed analysis of MIM-
R-S7-generated tumors stained as in A. Black lines
indicate tumor-stroma border. Black boxes in left
panels show location of fivefold magnified re-
gions (middle panels). Boxed regions in upper
middle panel show further fourfold magnifica-
tions of the stroma and the tumor (upper and
lower right panels, respectively). Boxed regions
in lower middle panel show low nuclear �-cate-
nin levels in central tumor regions (upper small
panel), whereas regions at the host-tumor border
show intense staining for nuclear �-catenin (lower
small panel). Tu, tumor. Scale bar � 500 �m.
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cyclin D1, as shown recently.24 In addition, the expres-
sion of glutamine synthetase, which represents a further
target of �-catenin in hepatocytes,30 could be detected in
MIM-R-ABC tumors but was hardly expressed in MIM-R-
Axin tumors which are devoid of nuclear �-catenin (see
Supplemental Figure S3 at http://ajp.amjpathol.org). Inter-
estingly, those MIM-R-ABC cells also showed a sup-
pressed CK8 and CK18 expression, although not to the
same extent as observed in MIM-RT tumors (Figure 3).
These data suggest that MIM-R tumors might contain
rather well-differentiated hepatocytes, whereas tumors
induced by MIM-RT cells that have undergone EMT lack
hepatocytic differentiation.

To substantiate these findings, we analyzed various
experimental liver tumors for the expression of M2-PK
and CK19, two marker proteins for immature hepatic
progenitors such as oval cells and for cholangiocytes. A
positive correlation of these markers with nuclear accu-
mulation of �-catenin would argue for the dedifferentia-
tion of tumor cells to immature hepatocyte progenitors
driven by Wnt/�-catenin signaling. Tumors derived from
fibroblastoid MIM-RT cells and MIM-R-ABC cells dis-
played strong M2-PK and CK19 expression, while MIM-
R-Axin tumors, in which �-catenin signaling is blocked,
failed to express both markers similar to normal liver
tissue adjacent to the tumors (Figure 4). Interestingly,
MIM-R-derived tumors already expressed M2-PK and
CK19. In addition, MIM-R-ABC generated tumors showed
duct-like cell structures similar to the morphology exhib-
ited in cholangiocarcinoma (see Supplemental Figure
S1at http://ajp.amjpathol.org). The strong staining for Doli-
chos biflorus agglutinin and peanut agglutinin and the

Figure 3. Activation of nuclear �-catenin in liver tumors by TGF-� or
constitutive active �-catenin abolishes expression of the epithelial differen-
tiation markers CK8 and CK18. The same cell types as in Figure 1 (MIM-R,
MIM-RT) plus MIM-R cells with blocked (MIM-R-Axin) or constitutively active
�-catenin signaling (MIM-R-ABC) were orthotopically transplanted into im-
munocompromised SCID mice. Green fluorescent protein-positive liver tu-
mors were collected after 20 days and processed for immunohistochemistry
using anti-CK8 or anti-CK18 antibodies. Scale bar � 25 �m.

Figure 4. Nuclear �-catenin accumulation in liver tumor cells correlates with
an immature hepatocyte progenitor phenotype. Orthotopic liver tumors
generated by the same cell types as in Figure 3 were collected after 20 days
and immunohistochemically stained with anti-M2-PK and anti-CK19 antibod-
ies. Sections in middle panels show an overview of CK19 staining at lower
magnification. Adjacent liver: Tissue surrounding MIM-R tumors. Arrow
indicates bile duct in normal tissue. Black lines show tumor-host borders.
Tu, tumor. Scale bar � 25 �m.
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absence of hepatocyte nuclear factor (HNF)-6 underlines
the presence of duct-like cell structures in MIM-R-ABC-
derived tumors, which nearly fails to occur in tumors gen-
erated fromMIM-R-Axin cells (see Supplemental Figures S3
and S4 at http://ajp.amjpathol.org). These data suggest
that malignant hepatocytes induced with TGF-� (MIM-
RT) or expressing constitutive Wnt/�-catenin (MIM-R-
ABC) might have the potential to dedifferentiate into
hepatic progenitors.

Loss or Redistribution of Plasma
Membrane-Localized E-Cadherin Suggests
EMT of Hepatocytes in Poorly Differentiated
Human HCC

In an attempt to bridge human hepatocarcinogenesis to
our mouse HCC models using normal murine hepato-
cytes with defined genetic alterations,24,27 we analyzed
the epithelial organization of randomly selected primary
human HCC by the immunolocalization of E-cadherin.
Well differentiated human HCC of histological grade G131

showed plasma membrane expression of E-cadherin in
63% of cases (Figure 5A; Table 1), suggesting intact
epithelial cell-cell communication of these human malig-
nant hepatocytes. This finding was corroborated by
semiquantitative evaluation of E-cadherin localization to
plasma membrane, cytoplasm or its respective loss (Ta-
ble 1). On the contrary, poorly differentiated human HCC
(histological grade G3) frequently exhibited loss of

plasma membrane E-cadherin expression (60% of HCC;
Figure 5B; Table 1), which was retained at the membrane
in only a minor proportion of HCC (Table 1; see Supple-
mental Table 2 at http://ajp.amjpathol.org). These data
reveal that disruption of the E-cadherin/�-catenin com-
plexes indicates changes of epithelial plasticity such as
EMT of neoplastic hepatocytes in mouse (Figure 1) and
human HCC (Figure 5B). Since �-catenin accumulation in
cell nuclei of malignant hepatocytes is a strong, although
not exclusive hallmark of EMT during hepatocarcinogen-
esis, the above observations predict that progression of
human HCC involves nuclear �-catenin localization.

Nuclear �-Catenin Accumulation Predicts
Vascular Invasion and Recurrence of Disease
(ROD) in HCC Patients after OLT

To assess the role of nuclear �-catenin accumulation for
HCC progression, we evaluated the expression of nu-
clear �-catenin by immunohistochemical analysis of hu-

Figure 5. Poorly differentiated human HCC
show cytoplasmic dislocation or loss of E-cad-
herin expression at plasma membrane, suggest-
ing EMT. Human HCC samples were stained
with H&E or anti-E-cadherin (E-cadherin) anti-
body. Two representative examples from both
well-differentiated HCC (histological grading
G1) (A) and poorly differentiated HCC tissues
(histological grading G3) (B) are shown. The left
panels show H&E staining. Black boxes in mid-
dle panels are regions depicted at fourfold mag-
nification in right panels. E-cadherin is expressed
at cell borders in HCC with G1 grade, whereas
poorly differentiated HCC with G3 grade show
either cytoplasmic delocalization or loss of E-
cadherin. Hepatocytes of peritumoral tissues
(adjacent) show plasma membrane-localized
E-cadherin (right panels). Scale bar � 50 �m.

Table 1. Localization of E-Cadherin in Human HCC

HCC grading
E-cad at cell

borders
Cytoplasmic

E-cad
Loss of
E-cad

G1 (n � 11) 7/11 5/11 3/11
G3 (n � 10) 1/10 3/10 6/10

E-cad, E-cadherin; G1, differentiated HCC; G3, poorly differentiated
HCC.
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man HCC tissue arrays covering a total number of 133
samples from patients scheduled for OLT. Noteworthy,
58.6% of HCC patients analyzed before OLT showed a
medium to high nuclear �-catenin accumulation. To ob-
tain more quantitative data, we discriminated between
no, low, medium or high staining intensity (Figure 6A),
indicating the degree of nuclear �-catenin stabilization.
These data of nuclear �-catenin expression were then
correlated with clinical parameters such as vessel inva-
sion, cirrhosis, histological grading, metastasis, and ROD
(see Supplemental Table 1 at http://ajp.amjpathol.org).
Noteworthy, cirrhosis was not linked to nuclear stabiliza-
tion of �-catenin as we found moderately higher levels of
nuclear �-catenin in patients lacking cirrhosis (Table 2).

In line with the histological grading (G1–G3) before
OLT, predicting good to bad prognosis,31 a large per-
centage of poorly differentiated HCC (G3) showed nu-
clear �-catenin at medium to high levels (each 36.4%),
while no or low �-catenin levels were only found at 18.2%
and 9.1%, respectively (Table 2). Noteworthy, the per-
centages of patients with G3 were calculated from raw
numbers of the different classes of nuclear �-catenin
expression. Correlation of nuclear �-catenin levels to me-
tastasis was difficult, since metastases were very rare in
the HCC analyzed due to the selection criteria of patients
for OLT. Nevertheless, metastatic dissemination to lymph
nodes or distal organs was slightly enhanced in HCC
tissues exhibiting high levels of nuclear �-catenin stabi-
lization (Table 2). Most importantly, we observed a highly

significant increase of ROD in patients displaying ele-
vated levels of nuclear �-catenin (Figure 6B; Table 2).
Moreover, HCC showing medium and high levels of nu-
clear �-catenin exhibited not only high frequencies of
HCC relapse (ROD; 50.9% and 48.0%, respectively), but

Figure 6. Nuclear �-catenin correlates with vascular invasion and tumor relapse in human HCC after
OLT. Immunolocalization and staining intensity of samples from a human HCC tissue array (133
patients) was grouped into four arbitrary classes after staining with anti-activate �-catenin antibody.
A: Representative examples for no (cytoplasmic �-catenin only), low (weak nuclear staining),
medium (majority of nuclei strongly stained) or high nuclear �-catenin staining (all nuclei strongly
stained) are shown. Insets: Selected regions at fivefold higher magnification. Scale bar � 100 �m. B
and C: Nuclear �-catenin accumulation evaluated as shown in A associates with fostered recurrence
of HCC (ROD) after OLT (B) and increased vascular invasion (C). Black circles show the percentages
of patients positive for ROD (B) or vessel invasion (C) calculated from raw numbers of the different
classes of nuclear �-catenin expression. Error bars � 95% confidence interval.

Table 2. Nuclear �-Catenin Localization in Human HCC
Facilitates ROD

Clinical features

Nuclear �-catenin accumulation

No
n (%)

Low
n (%)

Medium
n (%)

High
n (%) P

Vessel invasion
Absent 13 (14) 32 (36) 33 (37) 12 (13) 0.0018
Present 3 (7) 7 (16) 20 (47) 13 (30)

Cirrhosis
No 1 (6) 1 (6) 10 (63) 4 (25) 0.0396
Yes 15 (13) 38 (32) 43 (37) 21 (18)

Grading
G1-2 14 (13) 35 (32) 45 (41) 17 (15) 0.0475
G3 2 (9) 4 (18) 8 (36) 8 (36)

Metastasis
Absent 16 (13) 36 (30) 49 (41) 20 (17) 0.0530
Present 0 (0) 3 (25) 4 (33) 5 (42)

ROD
No 13 (16) 27 (34) 26 (33) 13 (16) 0.0142
Yes 3 (6) 12 (22) 27 (50) 12 (22)

G, histological grade; no, low, medium or high, nuclear �-catenin
immunoreactivity has exclusively been evaluated in hepatocytes of the
HCC. Metastases include diseased lymph nodes as well as distal
metastases. P � 0.05 was considered as statistically significant.
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also a striking increase in blood vessel invasion of tumor
cells (37.7% and 52.0%, respectively; Figure 6C; Table
2). In addition, multivariable logistic regression models,
which estimated the effect of �-catenin and the classical
prognostic factors age and sex, revealed that nuclear
�-catenin was significant with respect to vessel invasion
and ROD, and thus coincided with results from univariate
analyses shown in Table 2 (data not shown).

We further evaluated the expression of CK19, already
reported to correlate with high risk of HCC recurrence
after OLT7 on the arrayed human HCC samples to ad-
dress an association with nuclear �-catenin activation.
Interestingly, a strong CK19-positive immunoreactivity
significantly correlated with medium to high nuclear
�-catenin expression (26.4% and 25.0%, respectively;
see Supplemental Figure S5 and Supplemental Table 3 at
http://ajp.amjpathol.org), confirming CK19 as marker for a
highly malignant phenotype of HCC and corroborating
findings described above for nuclear �-catenin. In contrast
to nuclear �-catenin, CK19 showed no correlation with tu-
mor grading, vessel invasion, or ROD but was significantly
associated with lymph node or distal metastases (see Sup-
plemental Table 3 at http://ajp.amjpathol.org). Therefore, the
hyperproliferation of unorganized, solitary CK19-positive
cells in the stroma close to the tumor border may suggest
an invasion of malignant hepatocytes, which depends on
the microenvironment (see Supplemental Figure S6;
middle and lower panels, at http://ajp.amjpathol.org). In
summary, these data suggest that CK19 associates
with nuclear �-catenin activation and in addition, cor-
relates with metastases.

Discussion

The role of nuclear �-catenin in the development, main-
tenance, and differentiation of normal and malignant liver
progenitor cells is still poorly understood. The relevance
and value of activated �-catenin for the prognosis of
human HCC remains an open issue, since in-depth anal-
ysis is missing. In the present study we show that accu-
mulation of nuclear �-catenin depends on TGF-� signal-
ing in experimental murine liver tumors, resulting in the
loss of epithelial markers and increased expression of
hepatic progenitor markers. On the contrary, disruption
of signaling along the TGF-� or Wnt/�-catenin path-
ways favors terminal differentiation of liver carcinoma
cells. These mouse data were mirrored by a collection
of human HCC samples, in which high nuclear �-cate-
nin levels significantly associated with dedifferentia-
tion, increased vessel invasion and recurrence of HCC
after OLT.

To date, the most important parameter to select pa-
tients for OLT is still the size and number of tumors, since
the Milan criteria defined in 1996 demand that only HCC
patients with one or three nodules measuring 5 or up to 3
cm in diameter, respectively, are recommended for
OLT.32 However, these Milan criteria are a continuing
matter of debate, particularly as new clinicopathological
and prognostic markers allowing a better selection for
OLT have been defined, giving also those patients an

access to transplantation who exceed the Milan criteria.6

CK19, a marker of both cholangiocytes (bile duct epithe-
lial cells) and oval cells (bipotential hepatic progenitors)
is an important example, since its enhanced expression
correlated with a higher recurrence rate after OLT.7 Fur-
thermore, Fiorentino et al33 proposed that a combination
of low membranous E-cadherin, high proliferative MIB-1
index and nuclear �-catenin accumulation correlated
with elevated relapse of HCC after OLT. However, only
six of 83 patients with high nuclear �-catenin were re-
ported in this study, a much lower percentage than usu-
ally observed.10 Our own studies found 58.6% of 133
HCC patient samples with high or medium nuclear
�-catenin expression, which is in good agreement with
previous investigations.10 Our collection of patient sam-
ples allowed us to demonstrate a close correlation of
nuclear �-catenin accumulation and tumor recurrence
after OLT, suggesting that high levels of nuclear �-cate-
nin-positive tumor cells could provide an excellent prog-
nostic marker for the relapse of HCC.

Importantly, the patient samples used in this study
were assembled during 1982 and 2002. Therefore a large
percentage of these samples from patients with OLT
were collected before the introduction of Milan criteria in
199632 offering the unique chance to include various
parameters of tumor progression in our analysis. Indeed,
nuclear �-catenin was significantly associated with vas-
cular invasion in advanced human HCC. This observation
is in agreement we previous studies showing that nuclear
�-catenin is associated with vascular invasion and fre-
quently occurs in tumor cells of poorly differentiated
HCC.10,30,34,35

Noteworthy, murine axin-overexpressing (MIM-R-Axin)
tumor cells lacking nuclear �-catenin24 showed markers
of differentiated hepatocytes such as CK8 and CK18
(Figure 3). Accordingly, inactivation of c-myc, which rep-
resents a target gene of Wnt/�-catenin signaling, led to
the differentiation of HCC and expression of CK8.36,37

Furthermore, high levels of nuclear �-catenin were de-
tected at the invasive front in colon cancer patients,
suggesting that these nuclear �-catenin-positive cells are
prone to metastasize.38 From these data we conclude
that nuclear �-catenin, and most conceivably, its down-
stream target c-myc might be critically involved in the
dedifferentiation and dissemination of malignant hepato-
cytes during tumor progression and metastasis. The ex-
pression of CK19, which correlates with nuclear �-cate-
nin and was even detected in collectively and individually
invading cells into the stroma, supports this hypothesis
(see Supplemental Figure S6 at http://ajp.amjpathol.org).

TGF-�-dependent EMT has increasingly been recog-
nized as an important mechanism of tumor progression
by mediating enhanced migration, invasion and intrava-
sation of various carcinomas such as those induced by
oncogene-transformed breast or liver epithelial cells.39

Accordingly, up-regulation of Twist causing down-regu-
lation of E-cadherin and EMT induction in human HCC,
associated with elevated vascularization and metasta-
sis.40 Furthermore, Mani et al41 described a connection
between EMT and the occurrence of CSCs, since a
CD44high/CD24low cell population could be linked to
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breast cancer stemness.41–43 In fact, various expression
patterns of markers have been associated with CSCs,
however, marker combinations unambiguously defining
one specific CSC population are still missing. In liver
cancer, CD90�/CD45� cells were designated as CSCs
and found in tumors as well as blood samples of HCC
patients.44 Furthermore, bipotent liver progenitors (oval
cells) show expression of M2-PK, OV6 (mouse A6) as well
as coexpression of CK18 and CK19, the latter typical for
hepatocytes and cholangiocytes, respectively.45–48 In-
terestingly, our study revealed that hepatocytes from
MIM-R-ABC-derived mouse tumors exhibited a high pro-
portion of nuclear �-catenin-positive cells expressing
M2-PK and CK19. This suggested that malignant hepa-
tocytes can adopt an immature liver progenitor-like phe-
notype during progression, resembling neoplastic oval
cells (Figure 4). Accordingly, tumors generated from
MIM-R-ABC hepatocytes showed a duct-like morphology
similarly to cholangiocarcinomas (see Supplemental Fig-
ures S1, S3, and S4 at http://ajp.amjpathol.org). In con-
trast, tumors lacking nuclear �-catenin displayed a dif-
ferentiated HCC phenotype as shown by their expression
of the mature hepatocyte markers CK8 and CK18.

Taken together, these data provide strong evidence
that activated nuclear �-catenin is both necessary and
sufficient for the malignant cell fate decision, since lack of
nuclear �-catenin caused differentiation into mature
hepatocytes while its presence induced retrodifferentia-
tion into immature hepatocyte progenitors. It needs to be
mentioned that the murine MIM hepatocytes used in this
study were isolated from p19ARF knockout mice and
transformed with oncogenic Ras. Although an influence
of p19ARF (p14ARF in human) deficiency on hepatocyte
differentiation cannot be entirely excluded, nontrans-
formed p19ARF�/� behave like normal hepatocytes in
every aspect tested.27 Importantly, there is no bias in
tumorigenicity since hepatocytes immortalized via trans-
genic expression of the cytoplasmic domain of the Met
receptor (termed MMH cells) execute tumor progression
and EMT as observed in p19ARF null MIM hepato-
cytes.18,26 Since up to 20% of human HCC cases show
p14ARF inactivation,49 a putative interplay of p14ARF and
nuclear �-catenin in human HCC needs to be addressed
in the future.

Tumor dormancy, eg, due to resting carcinoma cells in
the bone marrow, is a major issue of debate, addressing
the prominent influence of the microenvironment on cell
fate.50 Accordingly, Brabletz et al38 showed that cells
with nuclear �-catenin accumulation prevailed at the in-
vasive front of colon cancers while being essentially ab-
sent in the tumor center. Likewise, TGF-� and/or Wnt
ligands secreted by the tumor-stroma and activating nu-
clear �-catenin accumulation, may mediate cell plasticity
and EMT in HCC. Accordingly, Wnt5a and Wnt11 were
remarkably elevated in malignant murine hepatocytes
that underwent EMT in response to TGF-� in cell culture
(data not shown). In addition, hepatic myofibroblasts
vastly contribute to tumor progression by secreting
TGF-� and by causing accumulation of nuclear �-catenin
in malignant hepatocytes at the invasive front.26,51 Al-
though hepatic myofibroblasts abundant in fibrotic and

cirrhotic livers most likely produce these cytokines, we
could not find a correlation between cirrhosis and nuclear
�-catenin-positive HCC (Table 2). Thus, other mecha-
nisms, eg, direct involvement of inflammatory cells, might
critically contribute to the cytokine and chemokine pro-
duction that triggers dedifferentiation and EMT.

In summary, our data demonstrate the relationship
between markers of immature hepatic progenitors, ie,
CK19 and M2-PK, and nuclear �-catenin accumulation
after EMT in murine liver tumors. In mouse, nuclear
�-catenin accumulation was strongly dependent on TGF-�
signaling, which remains to be confirmed in human HCC.
Importantly, our results suggest that circulating hepatic
CSCs that express activated nuclear �-catenin may re-
populate the new organ after OLT, leading to HCC recur-
rence. Further investigations of hepatic CSCs and their
response to microenvironmental signals may uncover fur-
ther markers allowing to better select patients for OLT
and limit the problem of relapsing disease.
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