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Abstract
Background—Biliary Atresia (BA) is notable for marked ductular reaction and rapid
development of fibrosis. Activation of the Hedgehog (Hh) pathway promotes the expansion of
populations of immature epithelial cells that co-express mesenchymal markers and may be pro-
fibrogenic. We examined the hypothesis that in BA excessive Hh activation impedes ductular
morphogenesis and enhances fibrogenesis by promoting accumulation of immature ductular cells
with a mesenchymal phenotype.
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Methods—Livers and remnant extrahepatic ducts from BA patients were evaluated by QRT-PCR
and immunostaining for Hh ligands, target genes, and markers of mesenchymal cells or ductular
progenitors. Findings were compared to children with genetic cholestatic disease, age-matched
deceased donor controls, and adult controls. Ductular cells isolated from adult rats with and
without bile duct ligation were incubated with Hh ligand-enriched medium ± Hh-neutralizing
antibody to determine direct effects of Hh ligands on EMT marker expression.

Results—Livers from pediatric controls showed greater innate Hh activation than adult controls.
In children with BA, both intra- and extra-hepatic ductular cells demonstrated striking up-
regulation of Hh ligand production, and increased expression of Hh target genes. Excessive
accumulation of Hh-producing cells and Hh-responsive cells also occurred in other infantile
cholestatic diseases. Further analysis of the BA samples demonstrated that immature ductular cells
with a mesenchymal phenotype were Hh-responsive. Treating immature ductular cells with Hh
ligand-enriched medium induced mesenchymal genes; neutralizing Hh ligands inhibited this.

Conclusions—BA is characterized by excessive Hh pathway activity, which stimulates biliary
EMT and may contribute to biliary dysmorphogenesis. Other cholestatic diseases show similar
activation, suggesting this is a common response to cholestatic injury in infancy.

Keywords
Pediatric liver disease; immature epithelial cells; biliary morphogenesis; Hedgehog Pathway; Cell
differentiation

INTRODUCTION
The etiology, pathogenesis and pathophysiology of biliary atresia (BA) remain uncertain.
Most cases appear to be acquired perinatally in a process thought to involve an abnormal
immune response to viral infection leading to destruction of the extrahepatic bile ducts (1).
The defining feature of BA is fibro-inflammatory destruction of the extrahepatic bile duct.
However, the intrahepatic biliary system is also involved in the process. At the time of
diagnosis liver biopsy shows expanded, fibrotic portal triads that contain increased numbers
of bile duct profiles (ductal proliferation), some containing plugs of bile and prominent is
the ductular reaction (increase in duct-like structures) at the limiting plate (2). Many BA
patients will already have advanced biliary fibrosis or cirrhosis by 4-8 weeks of age. As
there may be an intimate, even mechanistic relationship between the biliary
dysmorphogensis and rapidly progressive fibrosis in BA, it is important to understand the
pathways involved in order to begin to intervene in the process and to improve outcome.

The Hedgehog (Hh) pathway is critically important in organogenesis and tissue remodeling,
and Hh activation appears to be involved in fibrogenesis in hepato-biliary disease (3,4).
Furthermore, Hh signaling regulates epithelial-mesenchymal transitions (EMT; expression
of typically mesenchymal markers in epithelial cell types) of cholangiocytes in experimental
obstructive cholestasis, and intrahepatic bile ducts in PBC patients show evidence of EMT
(5). These findings suggest the importance of Hh activation and related EMT of duct and
ductal cells in biliary diseases. Recent work has show that EMT is active in BA (6,7). We
have previously shown that apoptotic stress stimulates liver epithelial cells to produce Hh
ligands (8) and that such cells release membranous particles that contain biologically active
Hh ligands, which are capable of inducing expression of Hh target genes in Hh-responsive
cells (9). Hh pathway activation was recently proven to inhibit TRAIL-mediated apoptosis
in biliary cells (10,11), which provides them a survival advantage at the cost of acquiring/
retaining a more mesenchymal (and less epithelial) phenotype. Recent work showed that
dsRNA viral infection, a presumed initiator of BA, induces TRAIL-mediated apoptosis in
cultured biliary epithelial cells (12,13). It is plausible, therefore, that immature ductular cells
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in infants with BA would have experienced a stimulus to increase production of Hh ligands
and that surviving cells might provide a self-perpetuating source of Hh ligands to promote
ductular EMT and fibrosis. Hence, we evaluated the relationship of Hh activation to EMT in
human BA. The results show that hyperactive Hh signaling and ductular EMT are prominent
features of BA and may be involved in the biliary dysmorphogenesis and fibrosis that are
characteristic of the disease.

MATERIALS AND METHODS
Liver tissues

The tissues studied were drawn from banks of formalin-fixed paraffin embedded as well as
liver samples snap-frozen immediately after they were obtained, maintained at Children's
Memorial Hospital, Chicago IL, The Johns Hopkins Hospital, Baltimore MD, and Duke
University Medical Center, Durham NC. They comprised liver specimens obtained at the
time of liver transplantation from 12 BA patients (all acquired type, age range 5-23 months,
median 20 months); 18 children with other cholestatic disease (7 progressive familial intra-
hepatic cholestasis (PFIC) type 1 (FIC1 disease), 6 PFIC type 2 (BSEP disease), and 5
Allagille's syndrome (AGS)). Extrahepatic biliary remnants from 5 BA patients were
obtained at the time of Kasai portoenterostomy. Normal control samples consisted of liver
from 6 child-aged deceased donors (age range 8-28 months) and normal resected liver from
5 adults with metastatic colorectal cancer. Tissues were studied in accordance with NIH and
institutional guidelines for research involving human subjects.

Primary cholangiocyte isolation and in vitro experiments
To determine whether or not the acquisition of a more mesenchymal phenotype in ductular
cells was Hh-dependent, expression of the fibroblast marker Fibroblastic Specific Protein 1,
FSP1 (14) was examined in primary culture of small (immature or less differentiated) and
large (more differentiated) (16) cholangiocytes acquired from rats with and without bile duct
ligation. In vitro manipulation of cholangiocytes was achieved by treatment with Hh ligand
enriched conditioned medium collected from 6-day cultures of myofibroblasts.
Cholangiocytes were isolated using a monoclonal antibody (from R. Faris, Brown
University, Providence, RI) as described (17). Purity of cholangiocytes was confirmed by
cytochemistry for γ-glutamyl transpeptidase (γGT). Freshly isolated cholangiocytes were
incubated with MF conditioned medium in the presence of Hh neutralizing antibody (5E1,
Developmental Studies Hybridoma Bank, Iowa City, IA) or control IgG (R&D)(10μg/ml).
Normal freshly isolated cholangiocytes that were treated with unconditioned medium served
as controls. Six hours later cell pellets or cytospins were harvested for subsequent mRNA
and protein analysis respectively.

Molecular techniques
Real-time reverse-transcription polymerase chain reaction (RT-PCR) was performed using
established protocols as previously described (5); details are in Supplemental Materials and
Methods. High-quality total RNA was extracted from snap-frozen liver tissue from 9 BA
patients, 18 non-BA cholestatic disease, 6 child-aged deceased donors, and 5 adult controls,
as well as rat cholangiocytes.

Immunohistochemistry
Paraffin embedded formalin fixed liver specimens were used for immunohistochemistry
examination as previously described (18); details are in Supplementary Materials and
Methods and Supplemental Table 1.
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Immunocytochemistry
Primary cholangiocytes after treatment were cyto-spun onto VWR superfrost® plus micro
slides (VWR Int., USA) using the Shandon Cytospin 4 (Thermo Scientific, UK) at 600 rpm
for 5min and examined as described in Supplemental Material and Methods.

Statistical Analysis
To evaluate the significance of changes in mRNA expression between groups, levels of
target genes were compared and analyzed by using JMP 8.0.1 statistical software (SAS).
Because data didn't follow a normal distribution, non-parametric tests were employed.
Namely, after normalization to housekeeping gene, data were expressed as ratio to level of
the target gene in the 6 child-aged control (CTL) specimens. Wilcoxon rank-sum test was
then employed to assess the significance of differences in gene expression. QRT-PCR
results were, thus, graphically depicted by using box-and-whisker plots to show the degree
of dispersion. Single dots represent target gene level corresponding to each patient. The
bottom and top of the black box are the 25th and 75th percentile while the band near the
middle of the box correspond to the 50th percentile (the median). To further examine the
covariance between selected genes, correlation and linear regression analyses were
performed. Data were plotted as a scatter of points on a graph, and the regression line
displayed with relevant significance (P value) and strength of correlation (coefficient of
determination, r2) between the selected genes shown.

RESULTS
Hh activation and EMT are greater in child-aged liver than adult controls

Liver sections from adult and child-aged controls were analyzed for expression of the Hh
inducible gene product glioblastoma (Gli)-2 and a marker of fibroblastic cells, FSP1 (also
called S100A4). Immunohistochemistry demonstrated greater expression of Gli2 in child-
aged control liver than adult controls (Figure 1A, C, E) indicating innately more active Hh
signaling, leading to greater numbers of Hh responsive cells in early life. This is to be
expected given earlier evidence for Hh pathway activity along the ductal plates of
developing livers (19), and the general role of Hh signaling in organogenesis (20). FSP1
expression was also greater in interlobular ductal cells in child-aged control liver than adult
control liver (Figure 1B, D, F), demonstrating that ductular epithelial cells in children have a
greater tendency to exhibit features of mesenchymal cells and implying that EMT is more
active within portal tracts in children. These findings were confirmed by the greater mRNA
expression of Gli2 and FSP1 in child-age liver than in liver of adult controls (Figure 1).

Prominent Hh activation in biliary atresia and other neonatal cholestatic diseases
In order to determine if increased production of Hh ligands might provide a trigger for
accumulation of Hh-responsive cells in the livers of children with BA and the specificity of
this response, expression of Sonic hedgehog (Shh) ligand was examined in liver samples
from BA patients and non-diseased (ND) age-matched controls using real time PCR and
immunohistochemistry (IHC). Results in the BA group were also compared to Shh
expression in the livers of children with FIC1 disease, BSEP disease, and Alagille's
syndrome. In addition, paraffin-embedded remnant extrahepatic ducts from 5 BA patients
were evaluated for Shh expression using IHC.

Livers from BA patients and non-BA cholestatic disease tended to express more Shh mRNA
than livers from ND pediatric controls (Supplemental Figure 1). Disease-related focal
induction of Shh production was more apparent when IHC was used to assess ligand
expression (Figure 2). Compared to ND control livers, in which Shh-expressing cells were
identified very infrequently, livers from patients with BA and all other cholestatic diseases
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demonstrated striking accumulation of Shh-expressing cells in and around portal tracts.
Ductular cells in the extrahepatic biliary remnants from BA patients were also strongly Shh-
positive (Figure 2C). Hence, it appears that various cholestatic insults in children up-
regulate expression of Shh in residual ductular-type cells.

To assess the potential relevance of increased Hh ligand production, the mRNA expressions
of several Hh target genes, Gli1, Gli2, Gli3, Ptc, and Hh interacting protein (Hhip), were
determined by QRT-PCR in the same cohorts. Hh target gene expression was significantly
increased in the livers of patients with BA and non-BA cholestatic disease (Figure 3). To
confirm that such transcript increases were accompanied by changes in protein levels,
immunohistochemistry was used to assess expression of Gli2, a transcription factor that is a
Hh-target gene product. Populations of ductular-appearing cells and stromal cells in and
around portal tracts were particularly enriched with Hh-responsive cells (i.e., cells with
Gli2-positive nuclei) in all neonatal cholestatic diseases (Figure 4). The extrahepatic biliary
remnants of BA patients also harbored large numbers of ductular and stromal cells that
expressed Gli2 (Figure 4A). These findings were not observed in child-aged control livers,
and together with the data shown in Figure 1, suggest that Hh activation in congenital biliary
diseases occurs locally in the areas where diverse causes of cholestatic injury stimulate
production of Hh ligands.

Evidence for EMT in BA
Other groups have already reported evidence for EMT in BA (6,7). Therefore, to assess how
Hh pathway activation might relate to EMT in pediatric biliary disease, we focused further
analysis on tissue samples from BA patients and measured liver mRNA expressions of four
established EMT markers, N-Cadherin, Vimentin, FSP1, and Snail. All showed significantly
increased expression in BA relative to child-aged control liver (Figure 5) and were highly
correlated with each other (Supplemental Figure 2A-C), confirming earlier reports of
increased hepatic EMT in BA patients. Of substantial interest, FSP1 localized by
immunohistochemistry both to cells with fibroblast-like morphology and to epithelial cells
in interlobular duct structures (Figure 5E-F, Supplemental Figure 2D-E) and co-localized
with the marker for immature or progenitor ductular epithelium, keratin 7 (KRT7), in
epithelial cells in interlobular duct structures (Figure 6A, C). The extrahepatic biliary
remnants from BA patients showed virtually identical findings (Figure 6B, D). The
localization of FSP1 to KRT7-expressing cells within the biliary epithelium indicates the
enrichment of ductular structures with immature ductal epithelial cells that have a relatively
mesenchymal phenotype. The aggregate data, therefore, suggest that during the remodeling
process in response to bile duct injury, epithelial-mesenchymal transitions occur and
promote the accumulation of cells with a more mesenchymal (and less epithelial) phenotype.

Relationship between Hh activity and EMT in BA
To determine to what extent Hh activity and EMT are related in BA, we examined the
correlation/co-localization of the Hh transcription factor Gli2 with the mesenchymal cell
markers vimentin and FSP1 in ductular cells within BA liver and extrahepatic bile duct
remnants. Gli2 mRNA expression correlated closely with the expressions of both vimentin
and FSP1 (Figure 7A, B). If EMT is dependent upon Hh activity as suggested by the close
correlations of mRNA expressions, Gli2 should localize to ductular-appearing cells that
express mesenchymal genes. Immunohistochemistry showed clear co-localization of Gli2
and vimentin to epithelial cells in interlobular duct structures (Figure 7C, Supplemental
Figure 3A) and in extrahepatic biliary remnants (Figure 7D, Supplemental Figure 3B).
Further IHC demonstrated nuclear localization of Gli2 in some of the KRT7-positive
ductular-appearing cells within BA livers (Figure 7E, Supplemental Figure 3C) and
extrahepatic biliary remnants (Figure 7F Supplemental Figure 3D). Taken together with the
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data in Figures 5 and 6, these findings suggest that Hh activation is a driving force that
promotes EMT (thereby inhibiting MET) in BA, and that a major location of EMT in this
disease is the Hh-responsive biliary epithelium that is enriched with relatively immature
ductular cells.

Relationships between Hh pathway activation, EMT, and accumulation of immature bile
ductules in BA

Hh signaling is a characteristic of immature liver cells, and pathway activity is progressively
silenced during the differentiation process (19). In addition, cells that are undergoing EMT
typically repress expression of epithelial markers, and the resultant inhibition of MET
permits them to retain a more mesenchymal/migratory phenotype (21,22). These data,
together with the new evidence of nuclear Gli2 in subpopulations of KRT7 ductular cells in
BA (Figure 7E-F), suggested to us that Hh responsive biliary cells with mesenchymal
features might be relatively immature. In order to examine this possibility further,
expression of AE1/AE3 (Figure 8A-B, Supplemental Figure 4A-B)) and EpCam (Figure 8C-
D, Supplemental Figure 4C-D) were assessed by immunohistochemistry of sections from
BA livers (Figure 8A, C, Supplemental Figure 4A,C) and extrahepatic biliary remnants
(Figure 8B, D, Supplemental Figure 4B, D). Results demonstrated striking accumulation of
cells that expressed these progenitor markers in ductular structures of BA livers and
extrahepatic biliary remnants. Occasional MF-like AE1/AE3(+) stromal cells also localized
immediately adjacent to intrahepatic ductular structures, further suggesting that epithelial
progenitors with mesenchymal features accumulate in BA (Figure 8A). In addition to the
intra- and extra-hepatic ductular cells that stained strongly for EpCam, hepatocytic-
appearing cells in peri-portal areas were also positive for this stem/progenitor cell marker
(Figure 8C).

Cholangiocytes exposed to Hh ligand undergo EMT
To gain mechanistic insight into the relationship between Hh signaling and EMT of biliary
epithelium, normal adult primary cholangiocytes were exposed to Hh ligand enriched
medium without and with antibody blockade of Hh signaling, with FSP1 expression as the
marker for mesenchymal transition. Pooled samples of small and large cholangiocytes
incubated in MF-conditioned medium and non-specific IgG (CTL IgG) expressed FSP1
mRNA approximately 8-fold greater than those exposed to fresh (unconditioned) medium
containing CTL IgG (Supplemental Figure 5A). MF are known to be a rich source of Hh
ligands (15, 23) and Hh ligand neutralizing antibody (5E1) reduced FSP1 mRNA expression
by more than 50% (i.e., to approximately 3-fold control and less than half of cells treated
with MF-conditioned medium + CTL IgG), identifying Hh ligand as the MF-derived soluble
factor responsible for inducing FSP1 expression in the cholangiocytes. FSP1 protein
expression in treated cholangiocytes was also assessed by specific antibody
immunofluorescence. Cholangiocytes cultured in fresh (unconditioned) medium containing
CTL IgG expressed essentially no FSP1 protein, whereas a subpopulation (~40%) of these
cells acquired robust fluorescence for FSP1 when treated with MF-conditioned medium plus
CTL IgG (Supplemental Figure 5B, C). Incubation with Hh ligand neutralizing antibody
5E1 reduced FSP fluorescence to near background low levels. Further analysis demonstrated
that the subpopulation of small cholangiocytes from rats with ongoing biliary injury (i.e.
BDL) was significantly more enriched with FSP1-expressing cells than the subpopulation of
large cholangiocytes (Supplemental Figure 5D). These findings taken together indicate that
Hh signaling induces small, relatively immature cholangiocytes to undergo EMT (and/or
prevents them from completing MET), thereby causing them to acquire (or retain) some
characteristics of myofibroblastic cells.
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DISCUSSION
This work suggests that activation of Hh signaling is an important mechanism in the
evolution of the biliary pathology in BA. In an evolving model of BA pathogenesis, viral
infection of cells in the extrahepatic bilary tree is suspected to be the primary trigger for the
development of BA (1), though the subsequent downstream events that lead to the full
spectrum of BA pathology are not fully understood. In the model we propose, viral infection
(or some other, yet-to-be-discovered insult) introduces an apoptotic stress within the
extrahepatic biliary system (13,24). In order for bile ducts to survive this injury, a
remodeling process is initiated, which involves locally increased production of Hh ligands.
Excessive exposure to these multi-potent morphogenic factors at critical time points during
development, however, is counter-productive because it disrupts normal maturation of the
extrahepatic biliary tree and promotes fibrogenesis. Hence, in BA, over-activation of the Hh
pathway actually obstructs biliary drainage and incites intrahepatic cholestasis, which then
triggers (and perpetuates) similar responses in the intrahepatic biliary tree.

Our results provide novel evidence for tremendous up-regulation of Hh ligand production in
the damaged extrahepatic biliary remnants and intrahepatic bile ducts of patients with BA.
These multipotent morphogenic factors are released locally, particularly when ligand-
producing cells undergo apoptosis. The ligands released by stressed or dying cells then
interact with Hh receptors on viable Hh-responsive cells, activating Hh signaling in these
cells. Nuclear accumulation of the Hh-regulated transcription factor, Gli2, and increased
expression of various other Hh-target genes, including Gli1, Ptc, and Hhip, provide evidence
for hyperactive Hh signaling. While Hh pathway activation may enhance ductular epithelial
cell survival, it may also interfere with epithelial maturation and result in accumulation of
dysmorphic ductular structures that co-express various markers of immature duct cells and
stromal cells, a characteristic pathologic finding in BA. Whether this occurs by regression of
mature cholangiocytes to a mesenchymal phenotype (via stimulation of EMT) and/or
decreased movement of mesenchymal progenitors into an epithelial phenotype (via
inhibition of MET) remains to be explored. Both responses are known to result when Hh
signaling increases. Hh activation may also lead to the accumulation of Hh-responsive
stromal cells, which have the capacity to generate fibrous matrix. Hence, activation of the
Hh pathway could occur in response to viral biliary infection, and could substantially
contribute to biliary dysmorphogenesis and fibrosis. There is much to learn about the
interplay of Hh signaling with the innate and adaptive immune systems that clearly have
roles in the disease process. However, Hh activation in response to what may have been a
minor viral infection may be the critical event that leads to perpetuation of biliary injury and
amplification of the disease process through induction of EMT.

Our analysis of livers from children with several other types of neonatal cholestatic disease
demonstrates that injury-related induction of Hh ligand production and resultant activation
of Hh signaling in residual biliary epithelia are not unique to BA. Rather, these responses
appear to be conserved mechanisms that are triggered by various, presumably diverse,
causes of cholestatic injury to developing bile ducts. Hh pathway activation, ductular
abnormalities, and progressive biliary fibrosis also occur in adults with immune-mediated
biliary injury attributed to primary biliary cirrhosis or primary sclerosing cholangitis. (3)
Taken together, these observations suggest that similar Hh-regulated mechanisms may be
involved in biliary repair, while disease-related differences in cellular targets and duration of
injury, plus individual differences in the capacity for Hh ligand production and/or
susceptibility of residual cells to Hh pathway activators, dictate the ultimate outcome of the
biliary damage.

Omenetti et al. Page 7

Hepatology. Author manuscript; available in PMC 2012 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Our data demonstrate greater Hh activation in child-age liver relative to adult liver, probably
relating to ongoing organ development. Hedgehog signaling is thought to contribute to the
maintenance of hepatic progenitors throughout life (19), and our data demonstrate that
pathway activity is higher during post-natal development than in adulthood. In the process
of liver repair and remodeling in BA, Hh signaling seems to be further activated. The Hh-
responsive nuclear transcription proteins, Gli1-3, were expressed significantly more in the
livers from BA patients than in child-age controls, indicating overall hyperactivity of Hh
signaling in BA. Moreover, we showed by immunohistochemical localization that Shh
ligand was greatly expressed in interlobular and extra-hepatic bile duct structures, where
Gli2 showed nuclear localization. This focal hyper-expression of Shh in Hh responsive
immature bile duct epithelial cells suggests the same cells that produce Shh respond to the
signal it provides in an autocrine fashion. Gli2 was also expressed in fibroblastic-appearing
cells in the periportal stroma. While one cannot say for certain, this suggests that the Shh
signal emanating from remodeling interlobular bile ducts may act in paracrine fashion to
induce Hh response just outside of the portal plate. We also showed increased expression of
Ptc and Hhip in BA liver. This suggests an overall increase in Hh responsive cells, although
it could also result from increased expression of these Hh receptors per responsive cell. In
any case, the findings leave little doubt that Hh signaling is active in BA, and that it is
focused in and around the portal triad containing remodeling bile duct structures. The
possibility exists that the exuberant Hh activation seen in BA results in part because the
system is primed from its already active state at this stage of human development. This may
account for the remarkable bile ductular reaction seen in the disease.

The data acquired from study of the livers from children with BA support an association
between Hh activation and EMT. Gli2 expression (marker for Hh activation) and expression
of mesenchymal cell markers co-localized to the epithelium of interlobular duct structures,
which in BA are prolific. As Hh contributes to remodeling and repair efforts in experimental
and human biliary disorders (5,15,18,26), finding it active during biliary tree remodeling in
BA is not surprising. Finding Hh activation in association with EMT suggests that in the
process of Hh-driven remodeling, the immature biliary epithelium adopts/retains a less
mature, and more mesenchymal, phenotype. Mesenchymal cells in adult livers are capable
of both responding to and producing Hh ligands (15,23), and activation of Hh signaling in
such cells contributes to fibrogenic repair of adult liver damage.(5,15,26-28) Thus, Hh-
related EMT may contribute to fibrogenesis in BA both by providing Hh ligands, which
function as paracrine signals to activate neighboring fibroblastic cells in the portal
mesenchyme, and by stimulating epithelial cells themselves to acquire more mesenchymal
characteristics, including matrix elaboration and remodeling.

It has long been recognized that the cells apparently contributing to fibrosis formation in BA
are located within and closely around portal areas and have a myofibroblastic phenotype
(29,30). It was thought that these cells invade the area in response to inflammation (31).
Other observations, however, suggest alternative mechanisms might also contribute to the
expansion of myofibroblastic populations in BA. In an early study, collagen-producing
fibroblastic cells accumulated near proliferating ductular structures (32). Subsequently,
fibrosis-related cytokines, chemokines and matrix-remodeling proteins such as
metaloproteinases were observed in ductular-type epithelial cells, themselves (31,33,34).
The demonstration of EMT (i.e., co-expression of epithelial and mesenchymal markers) in
ductular epithelium (6,7) extended evidence that the ductular cells promoted fibrosis during
BA, and represented an important paradigm shift in regard to potential origins of fibrosis-
generating cells in this disease. These studies, however, could not resolve whether the
observed enrichment of bile ductules with “transitioning” epithelial cells in BA reflected
enhanced EMT of cholangiocytes or inhibited MET of less mature (and inherently more
mesenchymal) cholangiocyte progenitors. In the present study, we were able to show that
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healthy adult liver-derived cholangiocytes treated with Hh ligand in vitro undergo EMT.
Further analysis indicated that the sub-population of small cholangiocytes (which are known
to harbor cholangiocyte progenitors) was most likely to express mesenchymal markers
during cholestatic injury that activated Hh signaling in vivo. The aggregate data, therefore,
suggest that activating Hh signaling in immature ductular cells promotes EMT, while
repressing MET. Consequently, the cells acquire/retain a more mesenchymal (and less
epithelial) phenotype in which they clearly elaborate fibrogenic factors (e.g., Hh ligands)
that are capable of promoting the growth of neighboring fibroblastic cells. In addition, the
Hh-responsive ductular cells themselves might produce matrix, since Hh ligands are known
to up-regulate mesenchymal cell expression of various matrix-encoding genes.(5,35) While
as yet unproven, the latter concept merits consideration given recent work from Kaestner's
group, which proved that arresting the epithelial differentiation of immature ductular cells
led such cells to remain mesenchymal and elaborate collagen matrix.(36) Hence, our
findings suggest that the association of Hh activation markers with mesenchymal markers in
biliary epithelial cells in BA is not coincidence; rather it represents an important mechanism
of the biliary dysmorphogenesis and progressive biliary fibrosis that characterize BA.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Liver from child-aged controls displays higher Hedgehog pathway activation and FSP1
expression compared to adult controls
Non-disease liver (CTL) from adult and pediatric controls were analyzed at protein and gene
levels for Gli2 and FSP1 expression. (A-D) IHC was performed in representative patients
(N=2 per group) to localize the cell types expressing the Hedgehog transcription factor Gli2
(A, C) and the EMT marker FSP1 (B, D) at baseline. Final magnification 630X. (E-F) QRT-
PCR was performed to quantitative differences in gene expression of Gli2 and FSP1
between child-aged (N=6) and adult (N=5) CTL livers. Data are displayed by box-and-
whisker plots. Significance of difference in gene expression was evaluated by Wilcoxon
rank-sum test. ** Significant Wilcoxon rank-sum test vs NL control.
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Figure 2. Up-regulation of Sonic Hedgehog ligand production in children with biliary atresia and
other types of cholestatic liver disease
Livers from patients with BA (N=12), children with various other types of cholestatic liver
disease (AGS, FIC1 and BSEP, N=18), and age-matched controls without liver disease
(nondiseased, ND, N=6), and all available extrahepatic biliary remnants from BA patients
(N=5) were examined for Shh ligand production by IHC. Representative pictures at 400X of
magnification, with inserts showing magnified views to facilitate visualization of Shh-
producing cells.
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Figure 3. Up-regulation of Hedgehog target gene expression in children with biliary atresia and
other types of cholestatic liver disease
Patients with BA, children with various other types of cholestatic liver disease, and age-
matched controls without liver disease (non diseased, ND), were examined for expression of
the Hh-target genes. QRT-PCR analysis was performed in liver tissue from patients with BA
(N=9), Alagille's syndrome (AGS, N=5), progressive familial intrahepatic cholestasis type 1
(FIC1, N=7), progressive intrahepatic cholestasis type 2 (BSEP, N=6), and age-matched
CTL (N=6). (A-E) mRNA expression of Gli1, Gli2, Gli3, Ptc, and Hhip. Gene expression
data in diseased livers are expressed relative to expression levels in control subjects and
graphically depicted as box-and-whisker plots. Significance was evaluated by Wilcoxon
rank-sum test. ** Significant Wilcoxon rank-sum test vs NL control.
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Figure 4. Nuclear accumulation of Gli2 protein in children with biliary atresia and other types of
cholestatic liver disease
(A-D) Gli2 protein expression was confirmed by IHC analysis in all ND livers (Figure 1)
and all available extrahepatic biliary remnants from BA patients (A), BA livers (B), and all
livers from patients with AGS (C), FIC1 (D) and BSEP (E). Representative pictures at 400X
of magnification, with inserts showing magnified views to facilitate visualization of cells
with nuclear accumulation of Gli2 protein.
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Figure 5. Hedgehog activation in biliary atresia was accompanied by EMT in ductular cells
(A-D) QRT-PCR analysis of EMT markers (i.e. N-Cadherin, Vimentin,, Snail, FSP1) in
livers from pediatric patients with BA (N=9) and age-matched controls (CTL) (N=6). Gene
expression data in disease livers are expressed relative to levels in control subjects and
presented as box-and-whisker plots. Significance was evaluated by Wilcoxon rank-sum test.
** Significant Wilcoxon rank-sum test vs NL control. (E-F) Immunohistochemical analysis
for FSP1 was performed in both livers (E) and extrahepatic biliary remnants (F) from BA
patients. Final magnifications 630X (E-F).
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Figure 6. Expressions of mesenchymal marker (FSP1) and marker of immature liver epithelial
cells (KRT7) co-localize in ductular epithelial of BA patients
To further characterize the FSP1 expressing cells, additional double immunocytochemistry
(A-D) for FSP1 (stained brown) and KRT7 (stained pink) was performed in the same
sections. (A, C) FSP1(+)/KRT7(+) intrahepatic bile ducts of representative patients with
BA. (B, D) Similar staining in the extrahepatic biliary remnants from representative BA
patients. Final magnification 200X (A-B) and 630X (C-D). Inserts show magnified view of
double positive cells in intrahepatic ducts (C) and extrahepatic biliary epithelium (D).
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Figure 7. Cells undergoing EMT in liver samples from BA patients are Hedgehog responsive
(A-B) Covariance between the Hh target gene Gli2 and the EMT markers FSP1 and
Vimentin was analyzed in patients with BA; data were plotted to demonstrate results of the
linear regression analysis. Significance (P=value) and strength of correlation (coefficient of
determination, r2) are indicated. (C-D) Double immunohistochemistry for Gli2 (brown) and
Vimentin (blue) was performed to confirm that ductular cells acquiring mesenchymal
markers were Hh responsive. Representative pictures of BA liver are presented at 630X (C),
with magnified view in inserts. Similar staining results were observed in the extrahepatic
biliary remnants of representative BA patients (D). Double immunohistochemistry for Gli2
(brown) and the progenitor marker, KRT7 (pink), were done in serial sections from the same
cases. Gli2/KRT7 staining in intrahepatic bile ducts (E) and extrahepatic biliary remnants
(F). Final magnifications 630X (E-F).
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Figure 8. EMT localizes to the progenitor cell compartment in human BA samples
(A-D) Immunostaining for additional progenitor markers was performed to further assess the
accumulation of immature ductular cells in BA livers (A, C) and extrahepatic biliary
remnants (B, D). (A-B) AE1/AE3, (C-D) Epcam. Representative pictures are displayed at
630X. Higher magnification views are also provided in inserts to facilitate visualization of
marker-positive cells.
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Table 1

Markers of Hh signaling and EMT examined

Name Abbreviation Function

Sonic Hedgehog Shh Hh ligand

Indian Hedgehog Ihh Hh ligand

Patched Ptc Cell surface receptor for Hh ligands promoting Hh
response; marker for Hh responsiveness

Hedgehog interacting protein Hhip Hh-responsive gene product trans-membrane protein;
marker for Hh responsiveness

Glioblastoma-1 Gli1 Hh-responsive gene product; transcription factor-Hh
signal activator

Glioblastoma-2 Gli2 Hh-responsive gene product; transcription factor-Hh
signal activator

Glioblastoma-3 Gli3 Hh-responsive gene product; transcription factor-Hh
signal repressor

Fibroblast-specific
protein 1

FSP1 or
S100A4

Marker of fibroblastic transformation

Keratin 7 KRT7 Marker if immature biliary epithelium

N-Cadherin N-Cadherin Mesenchymal marker

Vimentin Vimentin Intermediate filament marker of EMT

Snail Snail Nuclear transcription factor regulating EMT

Epithelial cell
adhesion molecule

Epcam Marker of epithelial progenitor status or carcinoma
transformation

CD133 CD133 Transmembrane protein marker of progenitor cells

Cytokeratin
AE1/AE3

AE1/AE3 Marker of epithelial progenitor status
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