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Administration of a hepatotoxic diet containing 0.1%
3,5-diethoxycarbonyl-1,4-dihydrocollidine (DDC) in-
duces biliary damage followed by hepatocyte injury,
which is repaired through atypical ductular prolifer-
ation and oval cells and their subsequent differentia-
tion to bile duct cells and hepatocytes. In this study,
we examine whether excess f-catenin in transgenic
(TG) mice would provide any reparative advantage in
response to DDC. No differences in appearance or
numbers of total A6-positive oval cells were observed
after DDC administration. However, an increase in
A6-positive “atypical hepatocytes” in the TG livers was
observed after 14 and 28 days, coinciding with an
increase in proliferating cell nuclear antigen-positive
hepatocytes. Intriguingly, after chronic DDC admin-
istration for 150 days, a further increase in atypical
hepatocytes was evident in TG mice, with higher
numbers of proliferating cell nuclear antigen-positive
hepatocytes exhibiting cytoplasmic/nuclear B-catenin
and a-fetoprotein but not CK19, HNF1f3, or Trop-2. Co-
incidently, we observed an improvement in intrahe-
patic cholestasis as seen by decreases in both serum
bilirubin and alkaline phosphatase levels in TG mice,
indicating an overall improvement in hepatic repair. TG
mice exposed to DDC for 4 weeks followed by 2 days of
normal chow showed decreases in alkaline phospha-
tase, atypical ductular proliferation, and periportal in-
flammation compared with wild-type animals, verify-
ing improved biliary repair in TG livers. Thus, we report
a potential role of -catenin in liver repair, especially in
enhancing the resolution of intrahepatic cholestasis
after DDC injury. (4mJ Pathol 2010, 177:1812-1822; DOI:
10.2353/ajpath.2010.100173)

Despite being first identified more than 50 years ago,
adult liver progenitor cells (oval cells) remain an enigma.
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Little is known about the molecular mechanisms that
drive their activation and proliferation. Although such
cells are scarce in healthy liver, they can be found adja-
cent to the terminal ducts of the biliary tree." These cells
are generally quiescent and only arise in situations in
which the innate proliferative capacity of the hepatocytes
and cholangiocytes is impaired or overwhelmed. Indeed,
oval cell activation is observed in conditions associated
with chronic liver injury and development of hepatocellu-
lar carcinoma such as chronic viral hepatitis, alcoholic
liver disease, and nonalcoholic fatty liver disease.?*
Greater than 50% of human hepatocellular carcinomas
express one or more markers of progenitor cells or on-
cofetal proteins such as a-fetoprotein and cytokeratins 7,
14, or 19.47® This observation is even more relevant
because approximately half of the small cell dysplastic
foci, the earliest cancer precursor lesions known to date,
consist of progenitor cells and their progeny, suggesting
that these lesions are the result of activation and prolifer-
ation of progenitor cells.” Another report has shown that
half of hepatocellular adenomas consist of progenitor
cells and intermediate hepatocytes.® Given the associa-
tion with liver cancer, great interest lies in molecular
characterization of this cell population to potentially tar-
get them for therapy.

One pathway that plays a role in the oval cell response
is the Wnt/B-catenin pathway. p-Catenin translocates to
the nucleus and activates transcription of various target
genes after binding of Wnt ligand to frizzled at the cell
membrane and a series of phosphorylation events that
lead to the dissociation of B-catenin from the Axin/Apc/
GSK3pB degradation complex. Previous studies have shown
a conclusive role for B-catenin in hepatocyte maturation and
differentiation during hepatic development.°~'" We have
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reported that immature hepatocytes or progenitors possess
greater nuclear and cytoplasmic localization of g-catenin in
comparison with more differentiated hepatocytes, in which
B-catenin is mostly located at the hepatocyte membrane in
association with E-cadherin and c-Met, which was also
evident during Matrigel-induced hepatocyte differentiation
in primary cultures.’® We and others demonstrated the di-
rect importance of Wnt/B-catenin signaling in hepatic oval
cell biology in rat and mouse models. ' '*

Various models are currently used to study the char-
acteristics of oval cells in vivo, including the 3,5-diethoxy-
carbonyl-1,4-dihydrocollidine (DDC) diet model used in
mice.'®'® Chronic DDC exposure leads to significant
hepatic injury, with ongoing repair prompted by atypical
ductular proliferation and oval cells or hepatic progeni-
tors.'® ' In the current study, we compare and contrast
the response of control or B-catenin transgenic mice to
short-term (4 weeks) and long-term (150 days) DDC ex-
posure. Interestingly, we found that expression of the
B-catenin transgene in hepatocytes led to improved res-
olution of intrahepatic cholestasis that was coincident
with an increase in A6-positive hepatocytes and a greater
number of patent bile ducts after long-term DDC expo-
sure. This finding suggests an overall greater ability of the
transgenic livers to resolve the DDC-induced hepatic
injury especially by enhanced biliary repair.

Materials and Methods

Animals

We have previously generated and characterized a
B-catenin transgenic mouse on the FVB background that
expresses the human B-catenin gene under the albumin
promoter/enhancer, which carries a mutation affecting
serine residue 45."® Only male mice were used for all
experiments and age-matched wild-type (WT) FVB mice
served as controls for all experiments. At the time of
sacrifice, a portion of the excised liver was fixed in 10%
neutral buffered formalin and processed for paraffin em-
bedding. A portion of liver was frozen in Tissue-Tek OTC
compound for frozen sections. The remaining liver was
quickly frozen in liquid nitrogen and stored at —80°C. All
animal studies were performed in strict accordance with
the guidelines of the Institutional Animal Use and Care
Committee at the University of Pittsburgh School of Med-
icine and the National Institutes of Health.

DDC Diet Feeding

Mice were fed a special diet containing 0.1% DDC (Bio-
serve, Frenchtown, NJ) for periods of time ranging from 3
to 150 days to induce atypical ductular proliferation,
which has been described previously.'” For the recovery
study, mice were fed the DDC diet for 28 days followed
by reinstitution of normal chow for 2 days, at which time
animals were sacrificed.

B-Catenin and Improved Liver Repair 1813
AJP October 2010, Vol. 177, No. 4

Serum Biochemistry

Serum biochemical measurements were performed by
the University of Pittsburgh Department of Pathology Lab-
oratory Support Services. Total bilirubin, alkaline phos-
phatase, aspartate aminotransferase (AST), and alanine
aminotransferase (ALT) were measured in samples taken
before sacrifice at multiple time points.

Immunohistochemistry

Tissues fixed in 10% formalin were embedded in paraffin,
and 4-um sections cut onto Superfrost Plus glass slides
(Fisher Scientific, Pittsburgh, PA) were used for H&E or
immunohistochemical analysis as described elsewhere.®
Primary antibodies used include proliferating cell nuclear
antigen (PCNA) (1:4000, Santa Cruz Biotechnology),
B-catenin (1:50, Santa Cruz Biotechnology), CD45 (1:
100, Santa Cruz Biotechnology), a-fetoprotein (1:50,
Santa Cruz Biotechnology), Trop-2 (1:7, R&D Systems,
Minneapolis, MN), cytokeratin (CK) 19 (1;100, Santa Cruz
Biotechnology), and hepatic nuclear factor (HNF) 18 (1:
50, Santa Cruz Biotechnology). For quantification of
PCNA- and CD45-positive cells, 5 high-power field im-
ages were taken around a periportal region for each
animal and counted using Zeiss AxioVision software. All
counts were averaged among each group (transgenic
[TG] or WT) at each time point.

Immunofluorescence

For analysis of A6 and CEBP« expression, frozen sec-
tions were fixed with acetone for 10 minutes, washed in
PBS, and incubated with 2% normal donkey serum pre-
pared in 1% bovine serum albumin in PBS for 20 minutes
to suppress nonspecific IgG binding. Rat anti-A6 (1:100;
a kind gift from Dr. Valentina Factor, National Cancer
Institute, Bethesda, MD) or rabbit anti-CEBPa (1:50,
Santa Cruz Biotechnology) was prepared in 1% bovine
serum albumin in PBS and applied to sections for 1 hour
at room temperature. After being washed with PBS, sec-
tions were incubated in the dark with Cy2-conjugated
donkey anti-rat secondary antibody (1:500) in 1% bovine
serum albumin in PBS for 1 hour. Then after another wash
with PBS, sections were counterstained and mounted
using mounting medium containing 4',6-diamidino-2-
phenylindole. Fluorescent microscopy was performed on
a Zeiss Axioscope microscope. For quantification of A6-
positive cells, 5 high-power field images were taken
around a periportal region for each animal and counted
using Zeiss Axiovision software. All counts were aver-
aged among each group (TG or WT) at each time point.

Statistical Analysis

All experiments were performed with three or more ani-
mals, and representative data are presented. Quantifica-
tion of positive cells (A6, PCNA, and CD45) and serum
biochemistry measurements were compared for statisti-
cal analysis by Student’s t-test (Microsoft Excel), and P <
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Figure 1. No changes occur in ductular responses to DDC with overexpression of B-catenin, but morphological disparity among the A6-positive population is
present. A: Representative photomicrographs of H&E and A6 immunofluorescence staining (green) of livers from WT and TG mice after 7, 14, and 28 days of
feeding with the DDC diet. Original magnification: X100 (H&E); X200 (A6). 4',6-Diamidino-2-phenylindole (blue) was used to stain nuclei in immunofluorescence
images. B: Atypical hepatocytes, mostly evident in TG livers at 28 days, coexpress A6 (green) and CEBPa (red) by immunofluorescence (original magnification:
X200 (left panels); X400 (right panels). C: Quantification of total A6-positive cells in WT and TG livers after 3, 7, 14, and 28 days of DDC feeding. No significant
difference was observed at any of the time points between WT and TG livers. D: Quantification of A6-positive hepatocytes in WT and TG livers after 3, 7, 14, and
28 days of DDC feeding. More A6-positive hepatocytes were observed in TG than in WT livers at 14 and 28 days. *P < 0.01.



0.05 or 0.01 was considered significant or extremely
significant, respectively.

Results

Cellular Disparity Among the A6-Positive
Population Despite Comparable ADP in WT and
TG Mice after Short-Term DDC Exposure

TG and WT mice on the FVB background were fed the
DDC diet for time periods ranging from 3 to 28 days to
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examine the ADP response in the presence of excess
B-catenin. No differences in histology and serum bio-
chemistry measurements for bilirubin, AST, and ALT were
observed between the two groups (Figure 1A and data
not shown). Initial analysis of the response to DDC was
performed by staining for A6, a ductular and progenitor
marker. Surprisingly, we observed no change in the num-
ber of A6-positive cells between WT and TG mice be-
tween 3 and 28 days (Figure 1, A and C). We did, how-
ever note a disparity in the morphology of A6-positive
cells between the two groups at 14 and 28 days (Figure
1A). Whereas the majority of A6-positive cells in WT mice
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Figure 2. An increase in hepatocyte proliferation, but no change in fibrosis was observed in TG livers after short-term DDC exposure. A: Representative photomicro-
graphs for trichrome (fibrosis, blue) and PCNA staining (proliferation, brown) of livers from WT and TG mice after 7, 14, and 28 days of feeding with the DDC diet.
Original magnification, X100. B: Quantification of PCNA-positive biliary epithelial cells at 14 and 28 days of DDC feeding shows no difference between WT and TG livers.
C: Quantification of PCNA-positive hepatocytes at 14 and 28 days of DDC feeding shows a significant increase in TG livers at 28 days compared with WT livers. *P < 0.01.
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exhibited a ductular appearance, A6-positive cells re-
sembling hepatocytes were increasingly evident in TG
livers. To verify that these cells were indeed hepatocytes,
we used double immunofluorescence and identified co-
localization of A6 and CEBP«, a liver-enriched transcrip-
tion factor and a hepatocyte marker (Figure 1B). Further-
more, the number of AB-positive hepatocytes (denoted
“atypical hepatocytes” in the rest of this study) seemed to
be greater in TG liver. Indeed, quantification of only atyp-
ical hepatocytes showed a significant increase at 14
days and, more notably, at 28 days in the TG liver (Figure
1D). Coincidentally, there is an increase in PCNA-positive
hepatocytes, but not in biliary epithelial cells, in the TG
mice compared with the WT mice at 28 days, suggesting
that the atypical hepatocytes may exhibit a greater pro-
liferative capacity (Figure 2, A-C). No differences in fi-
brosis were observed between the two groups over 3 to
28 days of DDC diet feeding as measured by trichrome
staining (Figure 2A).

Long-Term Exposure to DDC Leads to a High
Number of Atypical Hepatocytes in TG Mice

We next fed the diet for an extended period of time (150
days) to examine whether the appearance of atypical
hepatocytes would continue and whether or not this re-
sponse would have any effect on the chronic injury or
repair process. After long-term exposure to DDC in WT
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mice, we observed significant periportal and pericellular
fibrosis along with abnormal levels of bilirubin and alka-
line phosphatase, indicating continued liver injury and
increased intrahepatic cholestasis (Figure 3A, Table 1).
Intriguingly, although WT livers do show the presence of
atypical hepatocytes after 150 days of feeding of the
DDC diet, a striking increase in their numbers was ap-
parent in the TG livers (Figure 3A). On quantification, we
observe nearly twice as many atypical hepatocytes in TG
liver compared with WT liver (Figure 3B). In addition,
although such hepatocytes were restricted to periportal
areas in WT livers, their location was more widespread in
the TG livers. Further analysis revealed several of such
atypical hepatocytes to be exhibiting cytoplasmic and
nuclear localization of B-catenin in the TG livers, a finding
not observed in WT livers (Figure 3A).

Increased Atypical Hepatocytes in TG Livers Are
Associated with a Decrease in the Markers of
Intrahepatic Cholestasis after Long-Term DDC
Feeding

To address any associated phenotypic association of en-
hanced atypical hepatocyte response to the chronic injury
in the TG livers, we performed further histological analysis

and serum biochemistry. Coincident with atypical hepato-
cytes, we observed greater hepatocyte proliferation in the
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Figure 3. Continued increases in atypical hepatocytes and a decrease in the markers of biliary injury in TG livers after long-term DDC feeding. A: Representative
photomicrographs for H&E, A6, trichrome, and PCNA staining of livers from WT and TG mice after 150 days of DDC diet feeding. Original magnification: X200
(H&E, A6, and PCNA); X50 (trichrome). 4',6-Diamidino-2-phenylindole (blue) was used to stain nuclei in immunofluorescence images. B: Quantification of
A6-positive hepatocytes at 150 days of DDC feeding shows a significant increase in TG compared with WT livers. C: Quantification of PCNA-positive hepatocytes
at 150 days of DDC feeding shows a significant increase in TG compared with WT livers. *P < 0.01.
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Table 2. Serum Biochemistry for DDC-Induced Injury

Feeding Recovery Study

Serum biochemistry WT TG Serum biochemistry WT TG
Total bilirubin Total bilirubin

1 05 0.7 1 0.6 0.2

2 29 0.2 2 0.4 0.2

3 0.4 0.1 3 0.2 0.2

4 51 0.8 4 0.3 0.1

5 3.7 0.5 Average 0.375 0.175

Average 2.52 0.46 Alkaline phosphatase
Alkaline phosphatase 1 1269 928

1 1397 2 1122 902

2 2323 1143 3 1108 996

3 2001 1113 4 986 809

4 2199 1748 Average 1121.25 908.75*

5 3093 1935 AST

Average 2404 1467.2* 1 737 596
AST 2 675 531

1 2223 2749 3 875 697

2 2134 1332 4 621 633

3 1877 1703 Average 727 614.25

4 2256 2649 ALT

5 2597 2590 1 778 681

Average 2217.4 2204.6 2 622 666
ALT 3 993 738

1 2850 3673 4 726 831

2 2544 1219 Average 779.75 729

3 2068 1966

4 2675 2914 "P < 0.05.

5 3223 2597

Average 2672 24738 2 days. Such a switch led to normalization of serum bilirubin
P < 0.05. levels in both the WT and TG mice, although the values

TG livers as measured by PCNA staining, suggesting that
these cells have an increased capacity for proliferation and
regeneration (Figure 3, A and C). Interestingly, serum anal-
ysis revealed that although bilirubin was abnormally ele-
vated in three of five WT animals, all of the TG animals (n =
5) exhibited completely normal levels of total bilirubin (Table
1). Likewise, serum alkaline phosphatase levels are de-
creased by approximately 40% in the TG mice compared
with those in the WT mice at 150 days (Table 1). In contrast
to an improvement in the markers of intrahepatic cholesta-
sis, no change in serum measurements of hepatocyte in-
jury, AST, and ALT was observed (Table 1). We also exam-
ined the WT and TG livers at this stage for hepatic fibrosis
through Masson trichrome staining, which showed unre-
markable differences between the two groups (Figure 3A).
Taken together, the above findings suggest that overex-
pression of B-catenin in hepatocytes, which leads to an
enhanced atypical hepatocyte response to the long-term
exposure to DDC, played a specific role in ameliorating
intrahepatic cholestasis.

TG Livers Resolve DDC-Induced Injury More
Rapidly After Reinstitution of Normal Chow

To further verify that excess B-catenin provided the liver with
the capability to better repair injury, we performed DDC diet
recovery studies. It was previously reported that the injury
associated with DDC feeding resolves after the animal is fed
normal chow again.'® We fed TG and WT mice the DDC diet
for 28 days at which time normal chow was substituted for

were consistently lower in the TG mice (Table 2). However,
serum alkaline phosphatase levels were significantly lower
in TG mice than in WT mice (Table 2). To determine whether
the decline in intrahepatic cholestasis also led to histologi-
cal improvement, we compared the extent of ductular pro-
liferation and periportal inflammation in WT and TG livers
after cessation of the DDC diet for 48 hours. Analogous to
serum biochemistry, there seemed to be lower ADP in the
TG livers than in the WT livers by H&E staining (Figure 4A).
Indeed, by immunofluorescence, there was a dramatic de-
crease in AB-positive atypical ductular cells in the TG livers
(Figure 4, A and B). We also observed ongoing periportal
inflammation in the WT livers, whereas periportal inflamma-
tion had mostly subsided in TG livers. This result was con-
firmed by CD45 staining, which showed many less infiltrat-
ing cells in the periportal zone of the TG livers (Figure 4, A
and C). Interestingly, TG and WT livers continued to show
ongoing hepatocyte injury with serum AST and ALT levels
being approximately 15- to 18-fold higher than normal (Ta-
ble 2). These findings reiterate the fact that overexpression
of B-catenin in the hepatocytes provided a greater capacity
to repair periportal injury associated with DDC exposure.

Analysis of Differentiation Markers After
Long-Term DDC

To further address the role of cellular disparity in the form
of increased numbers of atypical hepatocytes in the TG
mice in promoting resolution of intrahepatic cholestasis,
we began to examine various markers of differentiation in
the TG and WT liver. Hepatocytes do not normally ex-
press the marker A6, which in the adult liver is only
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Figure 4. Overexpression of B-catenin enhances recovery from DDC diet-induced biliary injury. The DDC diet was fed to mice for 28 days and substituted with
normal chow for 48 hours. A: Representative photomicrographs for H&E, A6, and CD45 staining of livers from WT and TG mice after 48 hours of recovery with
a normal diet. Original magnification, X2. B: Quantification of A6-positive ductular cells shows a decrease in TG compared with WT liver. C: Quantification of

CD45-positive cells shows a decrease in TG compared with WT liver. *P < 0.01.

expressed in the biliary epithelial cells. However, the
abundance of AB-positive hepatocytes in TG mice led us
to believe that the differentiation status of these cells is
altered. First, we examined expression of a-fetoprotein
(AFP), a marker found in fetal hepatocytes, after long-
term DDC exposure. Both WT and TG livers show expres-
sion of AFP in hepatocytes, but expression is more wide-
spread in TG livers (Figure 5A). Proliferating ductular
cells do not express AFP. In contrast to AFP, Trop 2, a
marker specific to the oval cell, was present in proliferat-
ing ductular epithelium with some periportal hepatocytes
also retaining its expression in WT livers, whereas Trop-2
was predominantly localized only to the reactive ductular
epithelium in TG (Figure 5A).2° CK19 was only expressed
in ductular epithelial cells and not in hepatocytes in both
WT and TG livers (Figure 5B). We also examined expres-
sion of HNF1p, a transcription factor observed in both the
bipotential hepatoblast as well as mature biliary epithelial
cells. Expression of this maker was predominantly ob-
served in the ductular epithelium in both groups (Figure
5B). However, some periportal hepatocytes retained nu-
clear HNF1B expression in WT livers only. Thus, we ob-
serve retention of some biliary and oval cell markers in
WT livers whereas TG livers did not show such zonality,

although they showed pronounced panzonal expression
of A6 and AFP.

Discussion

In the current study we examined the response to short- and
long-term DDC diets in our mouse model expressing the
B-catenin transgene in hepatocytes under the albumin pro-
moter. The DDC diet model has been used in mice for
various purposes including Mallory-Denk body formation
and oval cell induction and was also reported as a model for
inducing primary sclerosing cholangitis.'®192"-22 After ex-
posure to DDC, primarily biliary injury occurs, followed by
hepatocyte injury. The injury is associated with overexpres-
sion of proinflammatory and profibrotic cytokines, elevation
of markers of hepatic injury, periductal neutrophil infiltration,
myofibroblast activation and proliferation, and subsequent
periportal fibrosis. Eventually, chronic DDC exposure leads
to dramatically larger livers, sometimes constituting up to
20% of body weight as has also been described else-
where."® In addition, there is continued abnormal serum
biochemistry depicting chronic hepatic insult. In fact, DDC
exposure for 150 days produced approximately 50-fold
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Trop-2

Figure 5. Expression analysis of markers of differentiation in liver after long-term DDC (150 days). A: Representative photomicrographs from two WT and two
TG mice after long-term DDC exposure for AFP and Trop-2 staining. Whereas AFP-positive cells (arrows) are periportal in WT livers, they are panzonal in TG
livers. WT livers show Trop-2-positive reactive ductules (white arrowhead) and periportal hepatocytes (arrows), whereas TG livers display Trop-2-positive
ductules only (white arrowhead). Original magnification, X200. B: Representative photomicrographs for CK19 show only bile ducts to be positive (arrows) in
WT and TG livers. HNF1B immunohistochemistry shows nuclear expression in atypical ductules (white arrowhead) and periportal hepatocytes (arrows) in WT
livers but only in reactive ductules (white arrowhead) in TG livers after long-term DDC treatment. Original magnification, X200.

higher levels of serum AST and ALT levels in FVB mice. At
the same time, these strains of mice showed significant
intrahepatic cholestasis reflected by approximately 24-fold
higher levels of alkaline phosphatase and approximately
2.5-fold excess levels of total bilirubin.

Despite massive injury, chronic DDC exposure is com-
patible with life for at least 5 to 6 months, which was the
longest time point examined in our study. This seems to
be due to diverse reparative responses in the form of
ADP and hepatocyte proliferation.'®'” In addition, DDC-
induced injury incites an oval cell response that ema-
nates from ADP, and these progenitors differentiate into
biliary epithelial cells and hepatocytes.'® Various specific
or nonspecific markers for oval cells have been de-
scribed, such as A6 and Trop-2, whereas others such as
AFP and albumin are less well characterized.'17:20:23

In the current study we sought to explore how B-catenin
transgene expression in hepatocytes might influence the
oval cell response and how it might affect the overall repair

process after chronic exposure to DDC through examina-
tion of histology and serum biochemistry. The premise be-
hind the study was a role of B-catenin in oval cells in rat and
mouse models previously reported by others and us.'>* In
mice, B-catenin was shown to colocalize with the A6 pop-
ulation of cells, and there was induction of multiple Wnt
ligands after DDC exposure. More definitively, a blunted
ADP and oval cell response was reported in the conditional
B-catenin-null liver. These findings led us to hypothesize
that overexpression of B-catenin may induce a robust ADP
and oval cell response after short-term exposure to DDC.
Surprisingly, quantitative differences between the numbers
of total A6-positive cells between the TG and WT livers were
unremarkable from 3 to 28 days of DDC feeding. A possible
explanation is that the p-catenin transgene is under the
control of an albumin promoter/enhancer and oval cells may
not express albumin, especially at the outset, which by itself
is debatable.?*2°% However, although there are no dramatic
differences in ADP or oval cell numbers, we noted a mor-
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phological disparity between the AB-positive populations.
The TG livers clearly exhibited a greater numbers of A6-
positive atypical hepatocytes. The periportal presence of
AB-positive hepatocytes in the immediate proximity of oval
cells has been shown previously after DDC injury and
seems to represent the newly differentiated hepatocyte
population from the oval cells, which are temporally retain-
ing the A6 marker.'® At 28 days of DDC treatment, the
numbers of atypical hepatocytes in TG livers, although lo-
cated periportally, were significantly greater than those in
WT livers, albeit at this stage no differences in serum bio-
chemistry were apparent. When DDC feeding was contin-
ued for a total of 150 days, most of the resident hepatocytes
in TG livers were expressing A6, whereas in WT livers the
atypical hepatocytes continued to be restricted to periportal
areas only. Intriguingly, at this time we observed greater
improvement in the two markers of intrahepatic cholestasis,
serum bilirubin and alkaline phosphatase, in the TG liver,
whereas hepatocyte injury and fibrosis seemed to be unaf-
fected by overexpression of B-catenin. Thus, the B-catenin
transgene in hepatocytes led to an enhancement of the
atypical hepatocyte response coincident with improved res-
olution of intrahepatic cholestasis, mostly after long-term
DDC exposure. This result also suggests that a minimal
atypical hepatocyte response is essential for an improve-
ment in hepatic function because serum biochemistry was
unremarkable between WT and TG livers at 30 days after
DDC exposure.

What is the mechanism of repair and how distinct is it
in the WT and TG groups in response to long-term DDC?
As mentioned above, DDC induces injury to bile ducts
followed by hepatocytes. Although hepatocytes and bil-
iary epithelial cells are facultative stem cells for them-
selves and for each other and the possibility of this phe-
nomenon playing some role in the overall repair process
after DDC injury cannot be ruled out, the chief mode of
repair in this model seems to be ADP and oval cell
response, the latter being the cell type differentiating into
hepatocytes (Figure 6). This hypothesis is strengthened
by the finding that only periportal hepatocytes in WT
animals exposed to DDC are retaining some of markers
of bile ducts (A6 and HNF1p), oval cells (Trop-2), and
immature hepatocytes (AFP) and as they mature, these
hepatocytes lack such markers as evident in cells lo-
cated away from the portal tract.

Although the foregoing process may be playing a role
in hepatic repair in TG mice, there was a drastic differ-
ence in the cellular composition of TG livers after chronic
DDC exposure. The B-catenin transgene in hepatocytes
induced an overwhelming atypical hepatocyte response
after DDC exposure. These atypical hepatocytes ex-
pressed nuclear and cytoplasmic B-catenin and some
biliary (A6) and immature hepatocyte (AFP) markers and
lacked expression of the specific oval cell marker Trop-2
and typical biliary markers CK19 and HNF1B. More im-
portantly, atypical hepatocytes are present panzonally
after chronic DDC exposure and are not just localized to
periportal areas. Thus, the mode of repair seems dispar-
ate in the TG livers and may represent any of the following
scenarios above the WT response. The atypical hepato-
cyte response in TG livers may represent a more plastic
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Figure 6. Cartoon depicting disparate modes of repair after long-term
DDC-exposure in WT and TG livers. Although bidirectional repair from
surviving bile ducts and hepatocytes ensures survival after chronic DDC
injury that induces biliary and hepatocyte damage, the predominant mech-
anism seems to be through ductular proliferation, oval cell activation, and
transdifferentiation to hepatocytes in WT livers. In TG livers, however,
increased numbers of A6- and AFP-positive atypical hepatocytes panzonally
and lack of periportal retention of biliary markers indicate enhanced trans-
differentiation of B-catenin transgene-expressing hepatocytes to the biliary
phenotype, eventually resolving intrahepatic cholestasis. An alternate sce-
nario of increased differentiation to biliary cells and “spillover” to form
AG-positive hepatocytes on expression of B-catenin transgene in oval cells
may also contribute to the resolution of biliary injury.

hepatocyte that is able to resolve intrahepatic cholestasis
and improve biliary function (lower serum bilirubin and
alkaline phosphatase in TG livers) without affecting the
extent of hepatic injury (comparable serum AST and ALT
levels in WT and TG livers) (Figure 6). Indeed, it has been
reported that hepatocytes are capable of transitioning into
biliary epithelial cells without dedifferentiating through a bi-
potential oval cell or hepatic progenitor.?®2” Likewise cul-
ture of embryonic livers in serum-free conditions in the
presence of Wnt3a-conditioned media, resulted in survival
of biliary epithelial cells only, but more importantly resulted
in transdifferentiation of remnant hepatocytes into biliary
epithelium without their undergoing dedifferentiation as
well.?® These studies fit well with the panzonal expression of
A6 and AFP and predominant periportal atypical hepato-
cytes lacking biliary markers such as Trop-2 or HNF1p,
suggesting hepatocyte to biliary and not biliary to oval cell
to hepatocyte directionality. Another possibility is that A6-
and Trop-2-positive oval cells on acquisition of albumin
expression, which in turn induces expression of the B-cate-
nin transgene, might favor an overall biliary phenotype, thus
resolving cholestasis and improving biliary function. In this
scenario, the AB-positive atypical hepatocytes essentially
represent a “spillover” of the spare de novo-differentiated
biliary cells that retain A6 but do not express HNF1B or
CK19 and accumulate in the parenchyma over an extended
period of chronic DDC ingestion and unremitting injury (Fig-
ure 6). Previous studies in hepatic development have
shown an important role of B-catenin in regulating differen-
tiation of hepatoblasts toward a biliary lineage.'®2° To con-



clusively address the origin of A6-positive atypical hepato-
cytes in the TG studies ultimately requires lineage-tracing
studies.

A major complication inherent to the DDC model of
liver injury that makes a linear interpretation of the repar-
ative process more complicated is the fact that unlike
some of the other rodent models of oval cell activation,
this model is confounded by ongoing hepatocyte prolif-
eration, and hence bidirectional repair of hepatocyte and
biliary injury repair cannot be ruled out normally or in the
TG situation as these two processes might not be com-
pletely mutually exclusive.'® In fact, it is conceivable that
several of the above scenarios might be functioning in
concert to contribute to the hepatic repair. However, it is
clear that the presence of the B-catenin transgene in
hepatocytes repairs the hepatic injury predominantly
through resolution of the intrahepatic cholestasis, which
was also affirmed by the recovery studies as reflected by
significant decreases in inflammation, ADP, and serum
alkaline phosphatase levels in TG mice with 2 days of
substitution of the DDC diet by normal chow.

The expression of biliary markers in hepatocytes has
also been reported in various human diseases of the
biliary tract. For instance, periseptal hepatocytes in pa-
tients with extrahepatic biliary atresia and a-1-antitrypsin
deficiency show expression of the maker OV-6, a finding
also observed in hepatocytes from adult patients with
primary biliary cirrhosis and sclerosing cholangitis.3%-3" It
was also reported that hepatocytes in the setting of cho-
lestasis begin to show expression of the bile duct marker
CK7.%2 Interestingly, long-standing cholestasis led to an
increase in the number of hepatocytes that were express-
ing CK7, much like what we observed with A6 expression
in hepatocytes after long-term DDC. This result suggests
that the appearance of hepatocytes expressing biliary
makers increases with the amount of time the liver expe-
riences biliary injury. Thus, chronic injury presents the
need for more and more hepatocytes to be called into
action in the repair and regenerative process.

If increased activity of the Wnt pathway provides the
liver with an advantage for repairing the biliary epithe-
lium, be it through increased hepatocytes plasticity or
some other mechanism, this may be of clinical signifi-
cance in the treatment of diseases that involve chronic
cholestatic injury as a primary or secondary component.
It is possible that therapy to induce Wnt pathway activa-
tion in these patients could have some benefit in the
resolution of cholestasis. If this approach is eventually
deemed feasible, studies must also include determina-
tion of the benefits of inducing the Wnt pathway for injury
repair versus the cost of potentially promoting tumor de-
velopment given the well studied oncogenic role of
B-catenin in liver cancer.®®
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