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Summary
Liver regeneration under normal circumstances proceeds through proliferation of all cellular
elements of the liver. Studies with rodent models have shown that when proliferation of
hepatocytes is inhibited, progenitor cells arising from the biliary compartment transdifferentiate
into “oval/progenitor” cells, which proceed to differentiate into hepatocytes. Recent studies have
shown that the same pathways may operate in human liver failure. The growth factor receptors
(HGF [hepatocyte growth factor] receptor) and epidermal growth factor receptor are key
mitogenic receptors for both hepatocytes and progenitor cells. Our current study used the biliary
and progenitor marker EpCAM (epithelial cell adhesion molecule) to detect “regenerative
clusters” of mixed cholangiocyte-hepatocyte differentiation. We determined that expression of
metabolic equivalent and epidermal growth factor receptor occurs in biliary cells, progenitor cells,
and hepatocytes, whereas activation of metabolic equivalent and epidermal growth factor receptor
is limited to regenerative cluster hepatocytes. These histologic events are associated with
expression of apoptosis-inducing FAS and mitoinhibitory protein glypican 3. Cell proliferation
was overall suppressed in regenerative clusters. Transdifferentiation of biliary and progenitor cells
appears to be regulated by a complex interaction of signals promoting and arresting growth.
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1. Introduction
We have recently shown that, in human liver with fulminant hepatitis, there is a
promiscuous expression of hepatocyte- or cholangiocyte-associated transcription factors in
either of the 2 cell types [1]. This finding was originally described in experimental models
of rodent liver in which hepatocyte proliferation is suppressed and cholangiocytes
transdifferentiate to hepatic progenitor cells that, in turn, become small and then mature
hepatocytes [2–6]. Similar findings of transdifferentiation of cholangiocytes to progenitor
cells and hepatocytes have been previously described for human liver in fulminant hepatic
failure by Roskams et al. [7,8]. In rodents, proliferation of either hepatocytes or
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cholangiocytes is primarily controlled by 2 primary mitogenic receptors: metabolic
equivalent (MET) and epidermal growth factor receptor (EGFR) [9–14]. These are the only
signaling pathways that induce cell proliferation in chemically defined primary cultures of
hepatocytes, and they also induce hepatic enlargement when activated by ligand injection in
normal nonhepatectomized animals [9,10]. Inview of the large literature of cholangiocyte
progenitor cell hepatocyte transdifferentiation in rodents and in view of the well-defined
controlling factors for cell proliferation and differentiation also obtained from experimental
models, we wanted to investigate whether external signaling molecules and pathways known
to control these processes in rodents also operate in similar conditions in the human liver. In
the current study, we used the biomarker EpCAM(epithelial cell adhesion molecule),
associated with cholangiocytes and progenitor cells [15–18], to identify areas of mixed
hepatocyte and cholangiocyte differentiation in tissues of human livers removed for
fulminant liver failure in the course of orthotopic liver transplantation. The purpose of the
study was to investigate the expression and stage of activation of the 2 primary mitogenic
receptors MET and EGFR in the different epithelial cell subpopulations of the EpCAM-
positive clusters. In addition to their mitogenic effects, these receptors are involved in
transdifferentiation between hepatocytes and cholangiocytes by inducing very specific
patterns of gene expression [19], and they are also expressed in rodent progenitor cells [20–
22]. Furthermore, we investigated the expression of the apoptotic receptor FAS, involved in
both hepatocyte apoptosis and also in liver regeneration [23]. The protein known as glypican
3 (GPC3) is expressed in progenitor cells in rodents [24], is overexpressed in human liver
cancer [25], and was shown by our studies to suppress growth of hepatocytes [26–28]. We
extended our study to also include expression of GPC3 as a protein involved in hepatocyte
growth regulation and termination of liver regeneration.

2. Materials and methods
2.1. Tissue material submitted to histologic analysis

With approval from the institutional review board of the University of Pittsburgh
(institutional review board no. 0501051), paraffin-embedded liver sections were obtained
from the archives of the Department of Pathology, University of Pittsburgh Medical Center.
The study set included 4 normal livers and 18 cases of fulminant hepatic failure. The cases
were obtained from livers explanted for the purpose of orthotopic liver transplantation. The
normal adult liver tissue samples were selected from liver specimens resected for metastatic
colorectal carcinoma.

2.2. Details on antibodies used for immunohistochemistry
The information for each antibody below is in the following format:

• “primary antibody; source and catalog number; retrieval method and buffer details;
concentration of antibody applied; secondary antibody used.”

• HNF4α: Santa Cruz sc-6556; steam 20 minutes in Dako target retrieval solution;
1:100, 1 hour; donkey antigoat Millipore AP180B.

• MET: Santa Cruz sc-161; none; 1:50, 1 hour; goat antirabbit Millipore AP187B.

• FAS: Santa Cruz sc-8009; none; 1:50 overnight; donkey antimouse Millipore
AP192B.

• EpCAM: Santa Cruz sc-66020; steam 20 minutes in Dako target retrieval solution;
1:50, 1 hour; donkey antimouse, Jackson 715-065-150.

• GPC3: Santa Cruz 11395; autoclave 15 minutes, 10 mmol/L citrate buffer, pH 6.5;
1:50 overnight; goat antirabbit Millipore AP187B.
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• EGFR: Cell Signaling 4267; autoclave 15 minutes, 10 mmol/L citrate buffer pH
6.5; 1:40 overnight; goat antirabbit Millipore AP187B.

• P-EGFR (Tyrosine [Tyr] 1068): Abcam ab40815; steam 20 minutes, 10 mmol/L
citrate buffer pH 6.0; 1:25 overnight; goat antirabbit Millipore AP187B.

• P-MET (Tyr 1003): Invitrogen 44-882G; autoclave 15 minutes, 10 mmol/L citrate
buffer pH 6.5; 1:50 overnight; goat antirabbit Millipore AP187B.

• Ki-67; Thermofisher RM-9106-50; microwave 10 minutes, 10 mmol/L citrate
buffer pH 6.0; 1:200, 30 minutes; goat antirabbit Millipore AP187B.

• HEPPAR: Dako M7158; none; 1:50, 1 hour; donkey antimouse Millipore AP192B.

• NCAM (CD56): Beckman Coulter 6602705; steam 20 minutes in Dako target
retrieval solution; 1:10, overnight; donkey antimouse Jackson 715-065-150.

• CK19: Dako M0888; microwave 3 minutes in Dako target retrieval solution, high
pH; 1:50, 30 minutes; donkey antimouse Jackson 715-065-150.

2.3. Immunohistochemistry
Immunohistochemical localization studies were conducted on formalin-fixed, paraffin-
embedded liver sections (4 µm thick). Antigen retrieval was achieved by steaming the slides
for 60 minutes in Target Retrieval or Hi pH Target Retrieval solution (Dako, Carpinteria,
CA). The slides were bathed in 3% H2O2 solution for 5 minutes to quench endogenous
peroxidase. Endogenous avidin and biotin were also blocked using the Avidin-Biotin
blocking kit (Vector, Burlingame, CA). Primary antibodies were tested to identify the
appropriate concentration and applied uniformly to all tissue sections thereafter. The
sections were incubated overnight at 41°C. Nonspecific binding sites were blocked with
10% serum of the appropriate host animal in protein block (Dako) with incubation for 10
minutes, and the biotinylated secondary antibody was applied with incubation for 30
minutes (see Details in 2.2). The sections were then incubated with Vectastain ABC Elite
(Vector) at room temperature for 30 minutes. The sections were then visualized with
chromogen for 10 minutes, counterstained with aqueous hematoxylin/blue Scott's solution in
tap water, crystal mounted, and allowed to dry before a coverslip was placed.

3. Results
The results presented are derived from several cases in which clusters of hepatocytes and
biliary cells expressing EpCAM at various levels were the predominant histologic element.
All materials were derived from livers resected from cases (total of 18) of fulminant hepatic
failure in the course of orthotopic liver transplantation. The cases included 8 cases with
acetaminophen overdose, 1 case of hepatitis virus A, 1 case of cirrhosis associated with
hepatitis B virus, 1 case of isoniazide toxicity, 1 case of Amanita phalloides toxicity, and 6
cases of cryptogenic cirrhosis of unknown etiology.

3.1. Expression of EpCAM, HEPPAR, and HNF4 in normal liver and fulminant hepatitis
In normal human liver, expression of EpCAM is limited to biliary cells of portal ducts and
canals of Hering (Fig. 1A). In cases of moderate hepatic tissue damage (1/8 acetaminophen
overdose cases), biliary ducts maintain strong histo-chemical EpCAM reaction, whereas
numerous progenitor cells with histologic characteristics intermediate between biliary cells
and hepatocytes also exhibit a weak positivity (Fig. 1B). In cases of very severe hepatic
damage with loss of more than 80% of the native hepatocytes, clusters of hepatocytes of
irregular size and shape and surrounded by or intermingled with biliary cells also appear
(Fig. 2). Our study is limited to these histologic areas. Such histologies were seen in 17 of
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18 of fulminant hepatitis used in our study. The appearance of such clusters of mixed
differentiation was not related to the cause of the fulminant hepatitis but rather to the extent
of loss of native hepatocytes. We will refer to clusters of cells with these histologic features
as “regenerative clusters.” The cells in the periphery of the regenerative clusters are positive
for EpCAM, whereas cells toward the center of the cluster have either absent or weaker
EpCAM expression, always with a membranous pattern. In addition to the expression of the
progenitor marker EpCAM in hepatocytes, the expression of the hepatocyte marker
HEPPAR (hepatocyte paraffin antibody) is seen both in hepatocytes as well as in cells with
small hepatocyte features arranged in ductules, as shown in Fig. 3A. The hepatocyte-
associated transcription factor HNF4 (hepatocyte nuclear factor 4) is typically not expressed
in normal biliary cells [1]. Fig. 3B demonstrates intense expression of HNF4 in cells in the
periphery of the regenerative cluster as well as in some adjacent biliary ductules. The
intermingled morphology and mixed expression of both hepatocyte and progenitor cell/
biliary cell markers suggest an active process of transdifferentiation between hepatocytic
and biliary cells in these clusters, comparable with that described in rodents at the beginning
of transdifferentiation of cholangiocytes to progenitor cells [3].

Expression of cytokeratin 7 was not only intense in cholangiocytes but also seen at a lesser
intensity in some of the hepatocytes of the regenerative clusters (Fig. 4A). A similar pattern
was also seen with cytokeratin 19 (Fig. 4B). Previous studies have described expression of
neuroendocrine markers in cholangiocytes and progenitor cells in human liver [7,8,29]. We
studied the expression of NCAM1 (neural cell adhesion molecule 1) (also known as CD56).
Although cytokeratin expression was seen in occasional hepatocytes, NCAM1 expression
was limited to cholangiocytes arranged in ductules and was not present in the hepatocytes of
the regenerative clusters (Fig. 4C).

3.2. Expression of mitogenic receptors EGFR and MET
We used specific antibodies that distinguish between EGFR and the activated (Tyr 1068
phosphorylated) EGFR. Expression of EGFR is seen both in hepatocytes and biliary cells of
the clusters as well as in adjacent biliary ductules (Fig. 5A). The expression of the activated
EGFR, however, is much more intense in hepatocytes of the EpCAM-positive
transdifferentiation clusters. This is shown in Fig. 5B. Expression of MET was seen with
either cholangiocyte or hepatocyte morphology (Fig. 6A). However, expression of the Tyr
1003–phosphorylated activated MET was again seen exclusively in the hepatocytes of the
regenerative clusters. This is shown in Fig. 6B.

3.3. Expression of the death receptor FAS and mitoinhibitory protein GPC3
FAS was intensely expressed in both biliary cells and hepatocytes. This was seen in all
clusters, and it is shown in Fig. 7A. This was also the case for GPC3, shown in Fig. 7B.

Cell proliferation of both hepatocytes and biliary cells was assessed by expression of marker
Ki-67. As shown in Fig. 8, and despite the expression of activated forms of both EGFR and
MET in the cells of the cluster, the degree of cell proliferation was minimal and limited
primarily to a small number of cells with nonepithelial morphology, situated outside the
regenerative clusters.

4. Discussion
Our results demonstrate that the gene expression boundaries between hepatocytes and biliary
cells are overlapping in EpCAM-positive regenerative clusters seen in fulminant hepatic
failure. Biliary and progenitor cell markers such as EpCAM as well hepatocyte specific
markers such as HEPPAR and HNF4 are seen intermixed in cells of these clusters that have

Hattoum et al. Page 4

Hum Pathol. Author manuscript; available in PMC 2014 May 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



either hepatocyte or biliary or intermediate morphology. Some of these cells are arranged in
ductules, whereas others appear as foci of hepatocytes without clear delineation of hepatic
plates (Fig. 2). Given the limits of tests that can be applied to material from resected human
liver, one cannot clearly rule out the possibility that biliary cells were arising from
hepatocytes or vice versa. In view of the findings from experimental studies in animals [2–
6], however, the most likely possibility is that these are foci in which hepatocytes arise from
biliary cells. The promiscuous expression of both HNF4 and HEPPAR, consistent with the
findings in our previous studies [1], suggest that this is the most likely possibility.

Previous studies have shown that the mitogenic receptors MET and EGFR are uniquely
associated with states of transdifferentiation between hepatocytes and biliary cells [19,21].
In a recent study, removal of the HGF activator inhibitor also enhanced transdifferentiation
of biliary and progenitor cells to hepatocytes [30]. It is of interest that although EGFR and
MET were present in both cholangiocytes and hepatocytes, the activated forms of the
mitogenic receptors were present exclusively in the cells with hepatocyte morphology. The
effects of these mitogenic receptors are not limited to cell proliferation, however.
Examination of the gene expression patterns of hepatic organoids in culture documents
unique effects of MET and EGFR specific to transdifferentiation [19]. The absence of cell
proliferation as evidenced by the low percentage of cells expressing Ki-67 also suggests that
the primary events in these clusters are likely the reorganization of gene expression patterns
from one cell to another.

Nonetheless, the lack of demonstrable cell proliferation (as evidenced by expression of
Ki-67) in the regenerative clusters is intriguing. We have shown that GPC3, although
dramatically overexpressed in hepatocellular carcinomas [25] and rodent liver progenitor
cells [24], is associated with cessation of growth of hepatocytes in mice and that transgenic
overexpression of GPC3 diminishes liver regeneration and prevents regenerating liver from
returning to its original size [26–28]. It is not clear whether FAS expression may also play a
similar role. Although the function of FAS is typically that of a receptor-inducing apoptosis,
experimental studies have also shown that FAS also plays a role in hepatocyte proliferation
[23]. Mice genetically deficient for FAS have defective hepatic regeneration and hepatocyte
proliferation [23]. In addition, activation of the HGF/MET signaling pathway abrogates
FAS-induced hepatocyte apoptosis [31]. The same has been noted for the EGFR signaling
pathway [32]. The rate of apoptosis in the regenerative clusters was extremely low,
suggesting that FAS plays a role different than inducing apoptosis in this process. Our
results overall suggest that expression and activation of the mitogenic receptors MET and
EGFR, combined with potential mitoinhibitory effects of FAS and GPC3, create a set of
stimuli in which cell proliferation is limited and the transdifferentiation process is relatively
enhanced.

Given the multiplicity of signals involved in these processes, more work needs to be
performed to better understand the signaling pathways involved in transdifferentiation of
biliary-derived progenitor cells to hepatocytes in human liver. Such understanding may also
have therapeutic implications that could determine a positive outcome and limit the need for
liver transplantation in cases of human fulminant hepatic failure.
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Fig. 1.
A, Immunohistochemistry for EpCAM on section from a normal human liver. Biliary
ductules in portal triads and beyond (canals of Hering?) are the only cellular elements
positive for EpCAM. Original magnification ×40. B, In a case of moderate hepatic tissue
damage, a portal biliary ductule surrounded by inflammatory cells displays the standard
strong positivity for EpCAM immunohistochemistry (black arrow). On either side of the
portal space, numerous progenitor cells with histologic characteristics intermediate between
biliary cells and hepatocytes also exhibit weaker EpCAM positivity (red arrow).
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Fig. 2.
EpCAM immunohistochemistry in a regenerative cluster. Hepatobiliary cells in the
periphery (black arrows) are strongly positive. Hepatocytes in the center display various
degrees of immunoreactivity from strongly positive (red arrows) to completely negative
(green arrows). (Original magnification ×100.)
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Fig. 3.
A, Immunohistochemistry for hepatocyte-specific biomarker HEPPAR. Hepatocytes in the
cluster stain positive (black arrows). HEPPAR-positive cells are also seen in cells embedded
in ductules (red arrows). (Original magnification ×100.) B, Immunohistochemistry for
hepatocyte-specific transcription factor HNF4α. Nuclei of cells recognizable as hepatocytes
in the periphery of the cluster stain positive (black arrow). Positive nuclei are also seen,
however, in biliary ductules in the periphery (red arrow). (Original magnification ×100.)
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Fig. 4.
A, Immunohistochemistry for cytokeratin 7. Intense immunoreactivity is seen in
cholangiocytes (black arrows). Some of the hepatocytes in the regenerative clusters also
show weaker immunoreactivity (red arrows). (Original magnification ×100.) B,
Immunohistochemistry for cytokeratin 19. Intense immunoreactivity is seen in
cholangiocytes (black arrows). Some of the hepatocytes in the regenerative clusters also
show weaker immunoreactivity (red arrow). (Original magnification ×100.) C,
Immunoreactivity for NCAM1 (CD56) in a regenerative cluster. Positive immunoreactivity
is confined to cholangiocytes in ductules (black arrows), whereas cells with hepatocyte
morphology are negative (red arrows). (Original magnification ×100.)
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Fig. 5.
A, Immunohistochemistry for EGFR. Both independent biliary ductules and adjacent
regenerative clusters stain positive for EGFR. B, Immunohistochemistry for Tyr 1068–
phosphorylated EGFR. Positive expression is seen in hepatocytes in the regenerative cluster
(black arrows) compared with surrounding biliary ductules that are mostly negative (red
arrows). (Original magnification ×100.)
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Fig. 6.
A, Immunohistochemistry for HGF receptor MET. Both surrounding biliary ductules and
hepatocytes of the regenerative cluster are positive. B, Immunohistochemistry for activated
(Tyr 1003 phosphorylated) MET. Positive expression is seen in hepatocytes in the
regenerative cluster, whereas surrounding biliary ductules are negative. (Original
magnification ×100.)
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Fig. 7.
Immunohistochemistry for death receptor FAS (A) and GPC3 (B). Both biliary cells and
hepatocytes stain positive for these proteins. (Original magnification: A ×100, B ×200.)
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Fig. 8.
Immunohistochemistry for Ki-67 in a regenerative cluster. Both hepatocytes and biliary cells
are mostly negative for Ki-67. Occasional nonepithelial inflammatory cells stain positive
(dark brown nuclei). (Original magnification ×100.)
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