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Epithelial-mesenchymal transitions (EMTs) play an important role in tissue construction during embryo-
genesis, and evidence suggests that this process may also help to remodel some adult tissues after injury. 
Activation of the hedgehog (Hh) signaling pathway regulates EMT during development. This pathway is also 
induced by chronic biliary injury, a condition in which EMT has been suggested to have a role. We evaluated 
the hypothesis that Hh signaling promotes EMT in adult bile ductular cells (cholangiocytes). In liver sections 
from patients with chronic biliary injury and in primary cholangiocytes isolated from rats that had undergone 
bile duct ligation (BDL), an experimental model of biliary fibrosis, EMT was localized to cholangiocytes with 
Hh pathway activity. Relief of ductal obstruction in BDL rats reduced Hh pathway activity, EMT, and biliary 
fibrosis. In mouse cholangiocytes, coculture with myofibroblastic hepatic stellate cells, a source of soluble 
Hh ligands, promoted EMT and cell migration. Addition of Hh-neutralizing antibodies to cocultures blocked 
these effects. Finally, we found that EMT responses to BDL were enhanced in patched-deficient mice, which 
display excessive activation of the Hh pathway. Together, these data suggest that activation of Hh signaling 
promotes EMT and contributes to the evolution of biliary fibrosis during chronic cholestasis.

Introduction
Biliary fibrosis is an outcome of chronic biliary injury in both 
humans and rodents (1). A number of different cell types are 
thought to contribute to matrix deposition during chronic cho-
lestasis (1–5), including myofibroblastic hepatic stellate cells  
(MF-HSCs) (6–8), portal fibroblasts (9–12), and fibrocytes derived 
from bone marrow (13). Immunostaining of serial liver sections 
from patients with primary biliary cirrhosis (PBC) recently demon-
strated expression of vimentin and other mesenchymal markers in 
proliferating bile ductules within fibrotic portal tracts, leading the 
authors to propose that epithelial-mesenchymal transition (EMT) 
may also play a role in the pathogenesis of biliary fibrosis (14, 15). 
EMT has been implicated in repair of injury in other adult tissues, 
such as the kidney (16, 17). It is also an important mechanism 
for tissue morphogenesis during fetal development (18–20) and 
tumor metastasis in adults (19–23). Hedgehog (Hh) family ligands 
regulate EMT during the latter circumstances (22, 24–29).

Hh signaling controls tissue construction and remodeling by 
regulating the viability and migratory activity of various types 

of Hh-responsive progenitor cells (30–33). Hh ligands are sol-
uble, lipid-modified morphogens that interact with patched 
(Ptc), a membrane-spanning receptor on the surface of Hh-
responsive cells. This ligand-receptor interaction prevents Ptc 
from inhibiting its coreceptor, smoothened (Smo). Activated 
Smo, in turn, initiates a series of intracellular events that cul-
minate in activation and nuclear localization of glioblastoma 
(Gli) family transcription factors. This promotes transcription 
of Hh-responsive genes, including several components of the 
Hh signaling pathway itself, such as Ptc, Gli1, and Gli2. Sig-
naling is turned off when the level of Ptc exceeds that of Hh 
ligands, permitting “free” Ptc to interact with and inhibit Smo 
(34). Hh signaling is also abrogated by Hh-interacting pro-
tein (Hhip), a factor that binds to Hh ligands and blocks Hh 
ligand–Ptc interactions (35, 36).

Recently, we demonstrated hepatic accumulation of Hh 
ligands and activation of the Hh signaling pathway in the livers 
of bile duct–ligated (BDL) rodents (37, 38) and patients with 
PBC (39). In the present study we evaluated the hypothesis that 
the Hh pathway promotes EMT in adult bile ductular cells (i.e., 
cholangiocytes) by analyzing liver samples from patients and 
rats with chronic biliary fibrosis and manipulating Hh pathway 
activity in primary cholangiocytes, cholangiocyte cells lines, and 
mice subjected to biliary injury. The findings, linking Hh path-
way activation with EMT in all systems, strongly support our 
hypothesis and demonstrate a novel paracrine mechanism by 
which induction of EMT may contribute to hepatic fibrogenesis 
during chronic cholestasis.
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Results
EMT occurs in bile ductular cells of patients with PBC. Liver sections 
from control subjects without chronic liver disease who were 
undergoing resection of colorectal metastases and patients with 
PBC were examined for expression of S100A4 (also called fibro-
blast-specific protein–1 [FSP-1]), a marker of fibroblastic trans-
formation of epithelial cells (17, 20, 40, 41). Unlike control livers, 
which demonstrated no S100A4-positive cells (Figure 1A, inset), 
the livers of PBC patients contained scattered S100A4-positive epi-
thelial-appearing cells within bile ductules, as well as S100A4-posi-
tive fibroblastic cells in adjacent stroma (Figure 1A). To verify that 
this mesenchymal marker was truly expressed by epithelial cells, 
other PBC liver sections were double immunostained for S100A4 
(Figure 1B) and cytokeratin-7 (CK-7), an epithelial marker (42, 43) 

(Figure 1C). Colocalization of CK-7 and S100A4 was rarely dem-
onstrated in ductular cells in controls and also occurred in fewer 
than 20% of CK-7–positive ductular cells in PBC patients (Figure 1,  
D and E). However, PBC livers had about 12-fold more double-
positive ductular cells than controls (Figure 1F), confirming an 
earlier report (15) that EMT is induced during chronic cholestatic 
liver disease in humans.

BDL in rats expands populations of cholangiocytes that are undergoing 
EMT. BDL in rodents is a standard animal model of chronic chole-
static liver damage and biliary fibrosis (4). Roux-en-Y biliary-enteric 
anastomosis (R-Y) reverses fibrosing cholestatic liver damage in BDL 
rats, proving that biliary fibrosis is caused by biliary obstruction in 
this model (37, 44, 45). To clarify the relationship among S100A4, 
cholestasis, and biliary fibrosis, we isolated total liver RNA from 

Figure 1
Bile ductular cells express the EMT marker S100A4 in patients with 
PBC. S100A4 immunostaining in representative sections from control 
subjects (NL) undergoing resection of metastases from colorectal can-
cer (A, inset) and patients with PBC (A). Immunostaining of PBC livers 
for S100A4 (B) and epithelial CK-7 (C) demonstrated colocalization of 
both markers in rare ductular cells (D). Ductular appearing cells that 
expressed CK-7 without or with S100A4 were counted in 20 fields at 
×20 magnification in all controls and patients. Data are displayed as 
mean numbers of CK-7/S100A4 double-positive cells relative to num-
bers of CK-7 single-positive cells per field (E) and mean fold differenc-
es in numbers of CK7/S100A4 double-positive cells in PBC patients 
versus controls (F). **P < 0.005. Original magnification, ×100 (A), ×20 
(A, inset), ×40 (B–D), ×100 (D, inset).

Figure 2
EMT markers are upregulated in rat cholangiocytes when biliary 
fibrosis is induced by BDL. (A) QRT-PCR analysis of whole liver 
mRNA expression of S100a4 in rats with BDL-induced biliary fibrosis 
(n = 8) and BDL rats treated with R-Y to alleviate biliary obstruction 
and reverse biliary fibrosis (n = 5 per each time point). Results were 
compared with those in sham-operated rats (n = 4) and displayed as 
mean ± SEM. *P < 0.05 versus sham control. (B–E) QRT-PCR analy-
sis of mRNA from freshly isolated primary cholangiocytes from rats 
1 week after BDL. (B) S100a4; (C) Aqp1; (D) CK19; and (E) CK-7. 
Results are compared with similar mRNA analysis of freshly isolated 
cholangiocytes from sham-operated controls. Data are represen-
tative of 3 independent experiments and shown as mean ± SEM.  
*P < 0.05, **P < 0.005 versus sham control.
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rats 4 weeks after BDL, as well 1 and 12 weeks after R-Y had been 
performed to relieve biliary obstruction, reverse biliary fibrosis, and 
restore normal hepatic architecture (37). S100a4 mRNA expression 
was examined by quantitative RT-PCR (QRT-PCR) analysis, and 
results were compared with those in sham-operated controls. BDL 
caused about a 10-fold increase in whole liver expression of S100a4, 
and biliary decompression reversed this (Figure 2A). Comparison of 
S100a4 expression in primary cholangiocytes isolated from sham-
operated and BDL rats demonstrated that cholangiocytes from BDL 
rats expressed 10-fold-higher levels of S100a4 mRNA than cholan-
giocytes from sham-operated controls (Figure 2B). Thus, during bil-
iary fibrosis, expression of S100a4, a mesenchymal marker of EMT, 
is upregulated in cholangiocytes.

During EMT, epithelial cells that have induced mesenchymal 
markers downregulate epithelial markers (16, 20, 46). To deter-
mine whether this occurred in cholangiocytes after BDL, we 

assessed mRNA expression of aquaporin-1 (Aqp1), a ubiquitous 
cholangiocyte marker (47); CK19, a marker of mature cholangio-
cytes (42); and CK7, a marker of immature cholangiocytes (42). 
Compared with cholangiocytes isolated from sham-operated rats, 
cholangiocytes from BDL rats expressed significantly less Aqp1, 
CK19, and CK7 (Figure 2, C–E), providing further evidence that 
chronic cholestasis stimulated cholangiocytes to undergo EMT.

Hh pathway activity increases in cholangiocytes after BDL in rats. 
The Hh pathway regulates EMT (22, 28, 48), and EMT occurs 
in human and rodent cholangiocytes during chronic cholestasis 
(14, 15, 49). Previously, we showed that expression of Hh ligands 
and Hh target genes is increased in the livers of rodents that have 
undergone BDL (37, 38) and gradually decline to basal levels when 
biliary obstruction is relieved by R-Y (37). To examine the effect of 
BDL on Hh signaling in cholangiocytes, we compared expression 
of an Hh-inducible gene, Gli2, and Hhip, an Hh ligand inhibitor, 
in cholangiocytes from sham-operated controls and BDL rats. 
BDL upregulated expression of Gli2 (Figure 3A), while suppress-
ing expression of Hhip (Figure 3B). To prove that EMT occurred 
in cholangiocytes that were Hh responsive, cholangiocytes were 
isolated from BDL rats and examined by immunocytochemistry. 
Analysis of γ glutamyl transpeptidase (γGT), an established chol-
angiocyte marker, demonstrated that these cholangiocyte iso-
lates were very homogeneous, eliminating concerns that the data 
might have been biased by inclusion of contaminating cell types 
(Figure 3C). Moreover, the vast majority of these cells expressed 
Ptc (the Hh receptor that is also an Hh target gene), and most of 
these were also S100A4 positive (Figure 3, D and F). In contrast, 
cholangiocytes from sham-operated controls expressed neither Ptc 
nor S100A4 (Figure 3F, inset). Together with the data displayed 

Figure 3
Cholangiocyte populations undergoing EMT during biliary fibrosis in 
rats are Hh responsive. (A and B) QRT-PCR analysis of the Hh-induc-
ible transcription factor Gli2 (A) and Hh ligand inhibitor Hhip (B) in 
primary cholangiocytes isolated from 1-week BDL rats or sham-oper-
ated controls (n = 3). Data are shown as mean ± SEM. *P < 0.05,  
**P < 0.005 versus sham-operated controls. Immunohistochemistry 
showing γ glutamyl transpeptidase (γGT) staining in primary cholan-
giocytes from BDL rats (C) and expression of Ptc (D) and S100A4 (E) 
in the same preparation. Merged images of S100A4/Ptc in cholangio-
cytes from BDL rats (F) and sham-operated controls (F, inset). Original 
magnification, ×20 (C), ×100 (D–F), ×20 (F, inset).

Figure 4
Cholangiocyte populations undergoing EMT during biliary fibrosis in humans are Hh responsive. Gli2 (brown) localized in nuclei of ductular cells 
expressing S100A4 (A), vimentin (B), and CK-7 (C) in representative liver sections from PBC patients. Positivity for S100A4, vimentin, or CK-7 
is shown as blue cytoplasmic staining. Original magnification, ×100 (A–C).
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in Figure 2, these results suggest that during chronic cholestasis, 
cholangiocytes become more Hh responsive and undergo EMT.

Bile ductular cells undergoing EMT in patients with PBC are Hh respon-
sive. To further clarify the relationship between Hh pathway acti-
vation and EMT, immunohistochemistry was performed in liver 
samples from PBC patients. The Hh-inducible transcription fac-
tor Gli2 localized in the nuclei of ductular cells that coexpressed 
various mesenchymal markers (20, 46), such as S100A4 (Figure 4A) 
and vimentin (Figure 4B), and epithelial cytokeratins (42), such as 
CK-7 (Figure 4C). Thus, during chronic cholestasis, EMT occurs 
in ductular cells that are Hh responsive in humans, as it does in 
rats (Figures 2 and 3).

Soluble factors released by myofibroblasts induce EMT in cholangiocytes. 
To more directly evaluate the role of Hh signaling in cholangio-
cyte EMT, we cocultured a cholangiocyte cell line with clonally 
derived MF-HSCs. During chronic cholestasis, bile ductular cells 
and myofibroblastic cells typically accumulate near each other 
within fibrous septae (4), and in earlier studies, we had demon-
strated that MF-HSCs are a rich source of Hh ligands (50, 51). In 
the present study, the cholangiocytes were cultured in Transwells 
in the absence or presence of the liver myofibroblasts, RNA was 
isolated, and microarray analysis was done to determine how myo-
fibroblast-derived factors altered cholangiocyte gene expression. 
Coculture with MF-HSCs significantly upregulated 965 genes and 
downregulated 235 genes by at least 1.5-fold in cholangiocytes 
(Supplemental Table 1; supplemental material available online 
with this article; doi:10.1172/JCI35875DS1). Gene ontology (GO) 
analysis revealed that most of the differentially expressed genes 
regulated various processes that were involved in tissue morpho-
genesis (Figure 5, A and B, Tables 1 and 2, Supplemental Table 2, 
and Supplemental Figures 1 and 2). Multiple genes that promote 

EMT were upregulated, including insulin-like growth factor I 
receptor 1 (Igf1r) (22, 46), high-mobility group AT-hook 2 (Hmga2) 
(52), SMAD-specific E3 ubiquitin protein ligase 1 (Smurf1) (46), 
and cysteine-rich transmembrane BMP regulator 1 (chordin-like) 
(Crim1) (53), while other genes that inhibit EMT, such as bone 
morphogenetic protein 7 (Bmp7) (20, 46), were downregulated 
(Figure 6A). Various mesenchymal markers (20, 46), such as fibro-
nectin, laminin β3, filamin, and N-cadherin, were concomitantly 
increased, while epithelial markers (20, 46), such as desmoplakin, 
declined (Figure 6B). These microarray results were validated by 
subsequent QRT-PCR analysis (Figure 6C), verifying that solu-
ble factors released from the MF-HSCs induced gene expression 
changes typical of EMT in cholangiocytes. Although coculture of 
cholangiocytes with MF-HSCs increased expression of S100a4 by 
only 33% in the microarrays (Figure 6B and Supplemental Table 1), 
QRT-PCR analysis demonstrated that this mesenchymal marker 
was increased 1.7-fold in cocultured versus monocultured cholan-
giocytes (Figure 6C), confirming our other evidence that S100a4 
induction correlates with EMT in cholangiocytes.

To determine whether the MF-HSC–derived factors in the cocul-
ture system were merely enhancing changes in EMT-related genes 
that might occur “spontaneously” during culture, cholangiocyte 
expression of S100a4 (a marker of EMT) and Bmp7 (an inhibitor 
of EMT) were assessed after 3 or 6 days of mono- or coculture. 
Results were compared with gene expression in freshly plated 
cholangiocyte monocultures (Figure 7, A and B). When placed in 
monoculture, cholangiocytes gradually reduced their expression of 
S100a4 but increased their expression of Bmp7, suggesting a spon-
taneous tendency to suppress EMT and acquire a more epithelial 
phenotype during culture. In contrast, cocultured cholangiocytes 
significantly upregulated S100a4 and exhibited less induction of 

Figure 5
Soluble factors released by myofibroblasts change the 
gene expression profile of cocultured cholangiocytes. (A 
and B) GO analysis of microarray data from cholangio-
cytes cocultured with MF-HSCs, compared with cholan-
giocyte monocultures. Each gene probe having an expres-
sion ratio above 1.500 and below 0.666 was then assigned 
to its corresponding GO families. GO sets were therefore 
ranked based on the total number of genes belonging 
to them. GO families associated with more than 10% of 
selected genes were discarded, in order to increase the 
specificity of the GO analysis. This subpopulation of GO 
sets was further split into 2 groups, one accounting for at 
least 60% of this subpopulation, and the other one account-
ing for the remaining percentage (<40%). A pie chart was 
then generated using individual names for the first group of 
GO families, while GO sets belonging to the second group 
were collectively designated as “other.” (A) Upregulated 
GO gene sets. (B) Downregulated GO gene sets. Num-
bers in parenthesis represent altered genes belonging to 
that specific family. Original pie charts and legends are 
provided as Supplemental Figures 1 and 2. Complete lists 
of GO families and EASE scores are reported in Tables 1 
and 2 and Supplemental Table 2.
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Bmp7 than monocultured cells. These findings demonstrate that 
the soluble MF-HSC–derived factors actually opposed “spontane-
ous” cholangiocyte tendencies to become more epithelial in cul-
ture by driving the cells to undergo EMT.

Increased cell motility/migration is one of the key phenotypic 
alterations that accompanies EMT (19, 20, 22, 46). Therefore, we 
compared cell migration in mono- and cocultured cholangiocytes 
to verify that the changes in cholangiocyte gene expression that 
occurred during coculture with MF-HSCs were associated with the 
acquisition of an EMT phenotype. Cholangiocytes were cultured 
in the absence or presence of Transwell filter inserts containing 
MF-HSCs for 6 days; thereafter, the inserts were removed, and the 
cholangiocyte monolayers were scratched (wounded). Monolayers 
were photographed immediately (time 0, Figure 8, A and C) and 
18 hours later (Figure 8, B and D). Cholangiocyte migration was 
assessed by measuring the dimensions of the wound dividing the 
2 sides of the monolayer (Figure 8G) and by counting the numbers 
of cells that had migrated into the wound (Figure 8H). Little, if 
any, cell migration was observed in monocultured cholangiocytes 

by either assay, whereas the chol-
angiocytes that had been cocul-
tured with MF-HSCs migrated 
into the wound, significantly 
shrinking the gap that had been 
created between the 2 sides of 
the monolayer. These findings 
demonstrate that coculture with 
MF-HSCs increased cholan-
giocyte motility/migration and 
support the concept that fac-
tors released from the MF-HSCs 
induced EMT in the cocultured 
cholangiocytes.

Neutralization of myofibroblast-
derived Hh ligands inhibits EMT in 
cocultured cholangiocytes. To deter-
mine whether soluble, myofi-
broblast-derived Hh ligands 
contributed to the induction of 
EMT in cholangiocytes, wound-
ing studies were repeated in 
cholangiocyte cocultures and 
either control IgG (Figure 8D) or 
Hh-neutralizing antibody (Fig-
ure 8F) were added at the time 
of “wounding” on day 6. Eigh-
teen hours later, cell migration 
was analyzed (Figure 8, G and 
H). Treatment with control IgG 
did not inhibit cholangiocyte 
migration. However, treatment 
with Hh-neutralizing antibody 
reduced migration by about 60% 
(P < 0.005 versus control or IgG-
treated cocultures), demonstrat-
ing that MF-derived Hh ligands 
promoted cholangiocyte migra-
tion. To determine the effects of 
MF-derived Hh ligands on chol-
angiocyte expression of EMT-

related genes, monocultures of cholangiocytes were treated with 
MF-HSC–conditioned medium that contained Hh-neutralizing 
antibodies or control IgG. (It was not possible to use Hh-neutraliz-
ing antibody in the 6-day coculture system, as the Hh-neutralizing 
antibodies, but not control IgG, killed the MF-HSCs, consistent 
with our earlier evidence that Hh ligands function as autocrine via-
bility factors for MF-HSCs; refs. 50, 51.) Addition of Hh-neutral-
izing antibodies to MF-HSC–conditioned medium significantly 
attenuated the effects of MF-HSCs on cholangiocyte expression 
of multiple EMT-related genes (Figure 9, A and B). These findings 
support the concept that paracrine activation of the Hh pathway 
induces EMT in cultured cholangiocytes.

Ptc-deficient mice with increased Hh activity exhibit increased EMT after 
BDL. To determine whether Hh pathway activation plays a similar 
role in cholestasis-related EMT, we subjected mice with haploin-
sufficiency of the Hh pathway inhibitor Ptc and their WT litter-
mates to BDL and examined EMT markers 1 week later. Ptc-defi-
cient mice (Ptc mice) are unable to repress Hh signaling fully and 
are susceptible to diseases that result from excessive Hh pathway 

Table 1
Upregulated GO gene sets in cocultured cholangiocytes

GO familyA Gene countB PercentageC EASE score

Cell organization and biogenesis 88 9.95% 7.92000 × 10–7

Development 88 9.95% 7.77000 × 10–5

Biopolymer modification 86 9.73% 5.94000 × 10–9

Protein modification 82 9.28% 2.39000 × 10–8

Transferase activity 73 8.26% 2.03398 × 10–3

Protein complex 72 8.14% 1.74018 × 10–2

Purine nucleotide binding 70 7.92% 2.46000 × 10–4

Adenyl nucleotide binding 59 6.67% 3.15000 × 10–4

ATP binding 58 6.56% 2.39000 × 10–4

Non-membrane-bound organelle 55 6.22% 6.66968 × 10–3

Intracellular non-membrane-bound organelle 55 6.22% 6.66968 × 10–3

Transferase activity, transferring phosphorus-containing groups 52 5.88% 1.53000 × 10–4

Kinase activity 50 5.66% 1.94000 × 10–5

Transcription regulator activity 49 5.54% 4.94198 × 10–3

Organelle organization and biogenesis 47 5.32% 5.51000 × 10–4

Intracellular signaling cascade 45 5.09% 1.05950 × 10–3

Response to stress 44 4.98% 3.15927 × 10–2

Phosphorus metabolism 42 4.75% 6.09000 × 10–4

Phosphate metabolism 42 4.75% 6.09000 × 10–4

Establishment of cellular localization 41 4.64% 1.24000 × 10–5

Cellular localization 41 4.64% 1.52000 × 10–5

Intracellular transport 40 4.52% 2.50000 × 10–5

Phosphotransferase activity, alcohol group as acceptor 40 4.52% 5.50000 × 10–5

Protein localization 40 4.52% 5.51000 × 10–5

Morphogenesis 40 4.52% 1.09671 × 10–2

Establishment of protein localization 39 4.41% 4.70000 × 10–5

Negative regulation of biological process 39 4.41% 4.83000 × 10–4

Cytoskeleton 39 4.41% 1.27384 × 10–3

Cell differentiation 39 4.41% 1.17331 × 10–2

Protein transport 38 4.30% 4.71000 × 10–5

Protein kinase activity 37 4.19% 2.62000 × 10–5

Negative regulation of cellular process 37 4.19% 4.09000 × 10–4

Phosphorylation 37 4.19% 5.42000 × 10–4

Organ development 37 4.19% 5.72216 × 10–2

Ubiquitin cycle 36 4.07% 1.44000 × 10–7

ATop 35 GO sets that were upregulated in cocultured cholangiocytes compared with monocultures. BAbsolute 
number of genes altered. CPercentage of genes altered within the GO family. The complete list is provided in 
Supplemental Table 2.
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activation (54–57). Inspection of liver sections from WT and Ptc 
mice 1 week after BDL (Figure 10, A–D) confirmed our previous 
report that Ptc mice exhibited an excessive fibroductular response 
to biliary injury (38). Ptc mice also demonstrated significantly 
greater induction of various mesenchymal markers, including sev-
eral matrix genes, such as vimentin (Figure 10E), collagen 1α(I) 
(Figure 10F), and fibronectin (38). Interestingly, although mRNA 
levels of Tgfb1, a key mediator of both liver cell EMT (14) and liver 
fibrogenesis (2, 3), were similar after BDL in WT and Ptc mice (Fig-
ure 10G), Ptc mice expressed higher levels of the pro-EMT factor 
Hmga2 (Figure 10H) and lower levels of Bmp7, an EMT inhibitor 
(Figure 10I), than WT mice after BDL. Thus, the findings in intact 
mice support the cell culture data displayed in Figures 8 and 9 
and together prove that Hh pathway activation plays a key role 
in inducing liver epithelial cells to undergo EMT and increasing 
fibrogenesis during cholestatic liver damage.

Discussion
Evidence supporting a role for EMT in repair of chronic liver 
injury is growing (14–16, 58). The current study demonstrates 
that activation of the Hh pathway promotes EMT in cholangio-
cytes. The Hh-regulated transcription factor Gli2 was demon-
strated in nuclei of ductular cells that coexpressed epithelial and 
mesenchymal markers in the livers of humans with chronic biliary 
fibrosis. Hh pathway activity and markers of EMT also increased 
in the livers of rats when biliary fibrosis was induced by BDL. Pri-
mary cholangiocytes isolated from such rats exhibited both Hh 
pathway activation (as evidenced by downregulation of the Hh 
inhibitor Hhip and upregulation of Ptc and Gli2, Hh target genes), 

and gene expression changes typical of 
cells undergoing EMT. Moreover, when 
placed in Transwell cocultures with Hh-
producing MF-HSCs or treated with con-
ditioned medium from these cells, imma-
ture cholangiocytes acquired a migratory 
phenotype and increased expression of 
various mesenchymal markers, as well as 
several factors that promote EMT, while 
concomitantly repressing expression of 
epithelial markers and EMT inhibitors. 
These effects were abrogated by adding 
Hh-neutralizing antibodies to the MF-
HSC–conditioned medium, demonstrat-
ing that paracrine Hh signaling induces 
EMT in cultured cholangiocytes. A simi-
lar process likely regulates EMT in vivo, as 
gene expression changes of EMT and liver 
fibrogenesis were amplified after BDL in 
Ptc mice that have an impaired ability to 
turn off Hh signaling following biliary 
injury (54–57). Together, these findings 
support the concept that EMT contrib-
utes to the pathogenesis of biliary fibrosis 
and identify the Hh pathway as an impor-
tant mediator of this response.

Our results in liver cells are consistent 
with the acknowledged actions of Hh sig-
naling in other systems. For example, the 
Hh pathway is known to regulate EMT 
during fetal development, and this pro-

cess is required for migration of Hh-responsive cells during tissue 
morphogenesis (48). Cell migration is also a key feature of cancer 
invasion and metastasis, and Hh signaling has been shown to play 
a pivotal role in cancer cell EMT (29, 59, 60). Hh pathway activa-
tion has also been shown to be necessary for invasion/migration 
of nonmalignant cells in adults. For example, progesterone-medi-
ated induction of Hh ligand production by uterine stromal cells 
is required for embryo implantation (61, 62). Hh signaling also 
controls the migration of basal epidermal cells to more superficial 
aspects of adult skin (63, 64). Thus, the new evidence for Hh-medi-
ated induction of EMT in some bile duct epithelial cells during 
chronic biliary injury suggests that migration of these cells might 
be involved in remodeling of adult livers with cholestatic damage.

The proximal branches of the intrahepatic biliary tree house the 
progenitor compartment in adult livers (42), and mobilization of 
cells from this compartment occurs during the regeneration of 
chronically injured livers (65). Liver epithelial progenitors are het-
erogeneous (66). This is thought to reflect their derivation from 
more primitive, bipotent progenitors that are capable of differen-
tiating along either the hepatocytic or biliary lineages (42, 65, 67). 
Some of the bipotent progenitors have been shown to exhibit fibro-
blast-like features that are stabilized by treatment with the profi-
brogenic cytokine TGF-β. The immediate progeny of these bipotent 
progenitors also exhibit considerable plasticity, as TGF-β treatment 
of such immature hepatocytic cells in culture causes them to revert 
to the fibroblastic phenotype (i.e., undergo EMT). Other manipula-
tions induce mesenchymal-epithelial transitions (MET), by which 
the fibroblastic cells differentiate into bile ductular or hepatocytic 
cells (68). Assuming that immature liver cells behave similarly when 

Table 2
Downregulated GO gene sets in cocultured cholangiocytes

GO familyA Gene countB PercentageC EASE score

System development 19 9.50% 2.50000 × 10–6

Cell differentiation 19 9.50% 1.44667 × 10–3

Morphogenesis 18 9.00% 4.64778 × 10–3

Transcription regulator activity 17 8.50% 4.19175 × 10–2

Nervous system development 16 8.00% 5.58000 × 10–5

Cellular biosynthesis 16 8.00% 5.09959 × 10–2

Extracellular matrix (sensu Metazoa) 13 6.50% 4.60000 × 10–6

Extracellular matrix 13 6.50% 5.35000 × 10–6

Organ morphogenesis 13 6.50% 1.95787 × 10–3

Calcium ion binding 13 6.50% 4.50772 × 10–2

Transcription factor activity 13 6.50% 6.77121 × 10–2

Cell adhesion 12 6.00% 1.59211 × 10–2

Peptidase activity 12 6.00% 4.76787 × 10–2

Positive regulation of biological process 12 6.00% 5.16325 × 10–2

Positive regulation of cellular process 11 5.50% 3.99083 × 10–2

Macromolecule biosynthesis 11 5.50% 8.17202 × 10–2

Neuron differentiation 9 4.50% 1.76576 × 10–3

Neurogenesis 9 4.50% 3.57581 × 10–3

Angiogenesis 8 4.00% 8.75000 × 10–5

Blood vessel morphogenesis 8 4.00% 2.77000 × 10–4

Blood vessel development 8 4.00% 6.58000 × 10–4

Vasculature development 8 4.00% 7.36000 × 10–4

Enzyme-linked receptor protein signaling pathway 8 4.00% 5.31353 × 10–3

Sequence-specific DNA binding 8 4.00% 3.44461 × 10–2

AGO sets that were downregulated in cocultured cholangiocytes compared with monocultures.  
BAbsolute number of genes altered. CPercentage of genes altered within the GO family.
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confronted with TGF-β during fibrosing liver injury, one would 
predict that EMT occurs in certain types of liver cells when the liver 
microenvironment becomes enriched with TGF-β and subsides as 
TGF-β levels decline. Our data in the BDL/R-Y rat model of revers-
ible cholestatic liver damage support this concept.

In non-liver cells, the mechanisms by which TGF-β induces 
EMT are being delineated, and emerging evidence demonstrates 
crosstalk with the Hh signaling pathway at several levels. TGF-β1  
induces EMT by initiating ALK5-dependent events that lead to 
activation of Smad-3 and eventual repression of E-cadherin by 
factors such as Snail and Twist (22). Recently, Hh ligand-receptor 
interactions that result in Smo activation were shown to enhance 
this process in gastric cancer cells (25). Smo activation results in 
nuclear localization of Gli family transcription factors that are 
known to induce expression of both Snail and Twist (22). Hence, 
when TGF-β is present, canonical Hh pathway activation stimu-
lates expression of factors that promote EMT by downregulating 
the epithelial adhesion molecule E-cadherin (69, 70). Recently, we 
reported that TGF-β1 treatment induces expression of Hh ligands 
in liver cells (71), identifying a mechanism that helps to explain 
why both factors accumulate during liver fibrosis. TGF-β has also 
been shown to induce EMT via noncanonical (i.e., Hh ligand–inde-
pendent) activation of Gli transcription factors (72).

Our immunohistochemical analyses of liver samples from 
humans and rats with fibrosing cholestatic liver damage localize 
EMT to ductular cells with nuclear expression of Gli2, providing 
the first in vivo evidence to our knowledge that EMT in non-neo-
plastic adult liver cells is likely to proceed via mechanisms that 
drive this process in other cell types. During the onset and relief 
of biliary obstruction in our rat model, expression of collagen 
gene expression (37) and EMT markers paralleled variations in Hh 

ligand expression. Moreover, RNA analysis of primary cholangio-
cytes from BDL rats demonstrated that these cells strongly down-
regulate Hhip, an Hh ligand antagonist, when undergoing EMT. 
Therefore, in aggregate, our findings support a role for canonical 
(i.e., Hh ligand/receptor-initiated) Hh signaling in biliary EMT. 
This concept is further supported by the evidence for increased 
EMT following BDL in mice with haploinsufficiency of the Smo 
inhibitor Ptc, as well as data indicating that treatment with Hh-
neutralizing antibodies prevented induction of EMT genes in cul-
tured cholangiocytes. The demonstration that Hh signaling mod-
ulates EMT in bile ductular cells opens novel areas for research 
and has important diagnostic and therapeutic implications for 
patients with various types of chronic cholestatic liver disease.

Methods

Human subjects
Anonymized liver sections from 5 patients with PBC and 3 control healthy 

livers were examined. Tissues were obtained from the Università Politecnica 

delle Marche School of Medicine and the Duke University School of Medi-

cine Tissue Bank Shared Resource and studied under a protocol approved 

by the Institutional Review Board of Università Politecnica delle Marche 

and by the Duke University Health System Institutional Review Board, in 

accordance with NIH guidelines for human subject research.

Immunohistochemistry
Specimens fixed in formalin and embedded in paraffin were cut into  

4-μm sections, dewaxed, hydrated, and subsequently incubated for  

10 minutes in 3% hydrogen peroxide to block endogenous peroxidase. 

Antigen retrieval was performed by heating in 10 mM sodium citrate 

buffer (pH 6.0) for 10 minutes. Sections were blocked in Dako protein 

Figure 6
EMT gene profile is induced in cholangiocytes by cocul-
ture with myofibroblasts. (A and B) Microarray probe 
analysis. The probe expression values of available 
Affymetrix GeneChips were calculated by means of the 
Robust Multichip Average (RMA) algorithm, based on 
the Affymetrix CEL and CDF files as standard inputs. 
Gene probes having an expression ratio above 1.500 
(upper threshold) and below 0.666 (i.e., the reciprocal 
of 1.500; lower threshold) were considered for analysis. 
(A) Upregulation of Igf1r, an EMT signal transducer;  
Hmga2, an EMT transcriptional regulator; SMAD-spe-
cific E3 ubiquitin protein ligase 1 (Smurf1, a TGF-β sig-
naling effector); and cysteine-rich transmembrane BMP 
regulator 1 (Crim1), with significant downregulation of 
Bmp7, an EMT antagonist. (B) Probe analysis revealed 
the acquisition of mesenchymal phenotype in cocul-
tured cholangiocytes, with loss of epithelial markers 
(white bars) such as desmoplakin and upregulation of 
mesenchymal markers (black bars) such as laminin β3,  
fibronectin, filamin, N-cadherin, and S100a4. Complete 
probe analysis is provided in Supplemental Table 1. 
(C) Microarray data validation by QRT-PCR analysis. 
Target gene mRNA levels in cocultured cholangiocytes 
are displayed as fold change relative to monocultures. 
Data are representative of 3 independent experiments 
and shown as mean ± SEM. *P < 0.05, **P < 0.005 
versus monoculture.
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block (X9090) for 30 minutes and incubated with primary anti-S100A4 

(M7018; 1:2,500; Dako), anti–CK-7 (M7018, 1:750; Dako), anti-vimen-

tin (M7020,1:500; Dako), and anti-Gli2 (ab 26056, 1:1,000; Abcam Ltd). 

Control sections were incubated overnight at 4°C in each corresponding 

serum for primary antibody sources. Polymer-HRP anti-rabbit (K4003; 

Dako) or MACH3 mouse AP polymer kit (MP530; Biocare Medical) 

were used as secondary antibody. DAB reagent (Dako) and Ferangi Blue 

Chromogen Kit (FB812S; Biocare Medical) were employed in the detec-

tion procedure. For double immunofluorescence staining, cytospin 

slides with primary cholangiocytes from 1-week sham-operated or BDL 

rats were used. Samples were fixed and permeabilized, saturated, and 

processed for immunostaining with primary antibody against S100A4 

(A5114; Dako) and Ptc (sc-6149; 1:80; Santa Cruz Biotechnology Inc.). 

Alexa Fluor 568 and Alexa Fluor 488 (Molecular Probes, Invitrogen) 

were used as secondary antibodies. DAPI counterstaining was employed 

to indicate nuclei.

Animals and experimental design
Male Sprague-Dawley rats (Charles River Laboratories) underwent 

BDL and scission (n = 18) as previously described (37) or sham surgery  

(n = 4). Four weeks later, an R-Y was constructed (37, 44, 45) to relieve bil-

iary obstruction, and recovery was monitored over the ensuing 12 weeks. 

Liver samples were collected at 4 weeks after BDL (n = 8) and then at  

1 week (n = 5) and 12 weeks (n = 5) after R-Y. Tissue samples were pro-

cessed for RNA analysis, and results were compared with those for sham-

operated rats. Rat experiments were approved by the government of 

Lower Franconia, Germany, and the Institutional Review Board of Beth 

Israel Deaconess Medical Center.

Ptc mice and their WT littermates were obtained from P.A. Beachy (Johns 

Hopkins University, Baltimore, Maryland, USA) (54). At 8 weeks of age, 

these mice were subjected to BDL (n = 6 per group) and sacrificed after  

1 week after surgery (38). Animal studies in mice were approved by the 

Duke University Medical Center Institutional Animal Care and Use Com-

mittee in accordance with the Guide for the care and use of laboratory animals 

(NIH publication no. 85-23. Revised 1985).

Figure 7
Coculture with MF-HSCs reverses cholangiocytes’ tendency to retain 
epithelial gene expression. Cholangiocytes were cultured alone 
(monoculture, white bars) or with MF-HSCs (coculture, black bars) and 
harvested after 3 or 6 days. QRT-PCR analysis was done to assess 
expression of S100a4 (A) and Bmp7 (B). Results were compared with 
expression of these genes in freshly plated cholangiocytes (time 0). 
Data are mean ± SEM of 3 experiments. *P < 0.05 and **P < 0.005.

Figure 8
Myofibroblast-derived soluble factors increase 
motility/migration in cocultured cholangio-
cytes. (A–F) Cell migration was assessed by 
wound-healing assay. Cholangiocytes were 
cultured in the absence (A and B) or pres-
ence (C–F) of Transwell filter inserts con-
taining MF-HSCs for 6 days; cholangiocyte 
monolayers were then scratched, and an 
image was acquired immediately (time 0; A, 
C, and E) and 18 hours later after treatment 
with control IgG (B, D, and black bars) or Hh-
neutralizing antibody (NAb) (F and gray bars). 
Cholangiocyte migration was quantified by 
measuring the distance dividing the 2 sides 
of the monolayer using Image J software (G) 
and by counting the numbers of cells that had 
migrated into the wound after 18 hours (H). 
**P < 0.005 versus monocultures, time 0 (G) 
or IgG-treated monoculture (H); #P < 0.005 
versus IgG-treated coculture. Original magni-
fication, ×10 (A–F). The dashed lines (A–F) 
indicate the leading edge of the cut that was 
made across the monolayers.
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Cell isolation and culture
Primary cholangiocytes. Pure cholangiocytes were isolated from 1-week sham-

operated or BDL rats as previously described (73, 74). Namely, a mono-

clonal antibody (IgM; provided by R. Faris, Brown University, Providence, 

Rhode Island, USA) against an unidentified membrane antigen expressed 

by all intrahepatic cholangiocytes (73) was used for purification, and purity 

of cholangiocytes was confirmed by cytochemistry for γGT (74), a specific 

marker for cholangiocytes (75). At the end of the purification procedure, 

cell viability was assessed by trypan blue exclusion and was found to be 

greater than 97%. The isolation protocol was performed by the Scott & 

White and Texas A&M Health Science Center Institutional Animal Care 

and Use Committee.

Cell lines and coculture system. Murine cholangiocyte 603B line (76) was 

kindly provided by Yoshiyuki Ueno (Tohoku University, Sendai, Japan) and 

G. Gores (Mayo Clinic, Rochester, Minnesota, USA) and maintained in 10% 

serum-supplemented DMEM (Sigma-Aldrich), 100 U/ml penicillin, and 

100 μg/ml streptomycin (GIBCO/BRL, Invitrogen) (38, 77).

Clonally derived rat HSC line (HSC 8B) was obtained from M. Rojkind 

(George Washington University, Washington D.C., USA) (78) and cultured 

in 10% serum-supplemented RPMI-1640 medium (GIBCO/BRL, Invitro-

gen), 10 mM HEPES, 100 IU/ml penicillin, and 100 μg/ml streptomycin 

(GIBCO/BRL, Invitrogen) (79).

To characterize the effects of mesenchymal-epithelial interactions in 

vitro, we developed a coculture system in which MF-HSCs and cholangi-

ocyte lines were cultured for 3 and 6 days alone or in a Transwell insert 

coculture system, using 0.4-μm pore size polyester (PET) inserts (Corning) 

as previously described (38).

Cell migration. Murine cholangiocyte 603B line was cultured for 6 days in 

the mono/coculture system described above. A standard wound-healing 

assay was then performed as previously reported (80). Namely, a wound 

was manually created by scraping the cell monolayer with P200 pipette 

tip. Cells were washed twice with PBS and then incubated for additional  

18 hours in the original culture/coculture system in the presence of  

10 μg/ml Hh-neutralizing antibody (5E1; Developmental Studies Hybri-

doma Bank) or 10 μg/ml irrelevant IgG (R&D Systems). A reference mark 

was created on the dish and a time 0 image was acquired. After 18 hours, 

a second image was taken in the matched region, and the distance of the 

wound-healing area lacking cells was quantified with ImageJ software 

(http://rsbweb.nih.gov/ij/) (80). Additional quantification of cholangio-

cyte migration was performed by counting the cells that had crossed into 

wounded area (80).

Hh ligand neutralization in vitro. To evaluate the effect of myofibroblast-

derived Hh ligands on cholangiocyte EMT, conditioned medium was col-

lected from 6-day MF-HSC monocultures. Cholangiocytes were serum 

starved for 18 hours and then treated for 24 hours with MF-HSC–condi-

tioned medium in the presence of Hh-neutralizing antibody or control IgG 

(10 μg/ml) (38, 81). Total mRNA was extracted, and QRT-PCR for EMT-

related genes was performed as described previously (38, 51).

Microarray analysis
RNA isolation and labeling. Total RNA was extracted from cholangiocyte cell 

line 603B after 6 days of mono- or coculture using TRIZOL (Invitrogen), 

combined with RNeasy columns (QIAGEN) and followed by RNase-free 

DNase I treatment (QIAGEN) (38, 51). Namely, for each sample (n = 3 per 

group), cholangiocyte total mRNA was harvested and pooled from 6 wells/

plate (Corning). Quality control of RNA was assessed using Agilent 2100 

Bioanalyzer (Agilent Technologies), and samples were then hybridized to 

Mouse 430-2 Affymetrix GeneChips (Duke University Microarray Facility).

Data analysis and statistics. The probe expression values of Affymetrix 

Mouse Genome 430 2.0 GeneChips were calculated applying the Robust 

Multichip Average (RMA) algorithm by means of RMAExpress (82–84) 

based on the Affymetrix CEL and CDF files as standard inputs.

Gene probes having an expression ratio (cocultured/monocultured chol-

angiocytes) above 1.500 (upper threshold) and below 0.666 (i.e., the recip-

rocal of 1.500; lower threshold), respectively, were considered for the GO 

analysis (85). Each gene probe was then assigned to its corresponding GO 

families. Subsequently, GO sets were ranked based on the total number of 

genes belonging to them (i.e., depending on the GO family size), so that 

only GO sets having a gene count of at least 2 were used. Additionally, 

the EASE scores of all GO families were calculated, and GO sets whose 

Figure 9
Neutralization of myofibroblast-derived Hh ligands inhibits EMT 
gene expression profile in cocultured cholangiocytes. Cells of 
the MF-HSC 8B line were cultured alone for 6 days and condi-
tioned medium was collected. After 18 hours of serum starva-
tion, monocultures of cholangiocyte cell line 603B were treated 
for an additional 24 hours with MF-HSC–conditioned medium 
(MF-conditioned medium) in the presence of control IgG (10 
μg/ml; black bars) or Hh-neutralizing antibody (10 μg/ml; gray 
bars). Control cholangiocyte monocultures received regular 
(not MF-HSC–conditioned) medium (white bars). QRT-PCR 
was then performed to analyze the expression of EMT-related 
genes (A) and cell markers (B) that had been altered by cocul-
tures with MF-HSCs. Results are expressed relative to the 
control cholangiocytes that received unconditioned medium. 
Data are representative of 3 independent experiments and 
expressed as mean ± SEM. *P < 0.05 versus control cholan-
giocytes; #P < 0.05 versus cholangiocytes treated with MF-
HSC–conditioned medium plus IgG.
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score was 0.100 or greater were discarded (86, 87). Later, GO families asso-

ciated with more than 10% of selected genes were also removed, in order to 

increase the specificity of the GO analysis. The remaining subpopulation of 

GO sets was ranked based on the family size and, secondarily, on the fam-

ily EASE score. After assessing the sum of the sizes of all GO families left 

in the analysis (i.e., total size sum), this pool of GO sets was further split 

into 2 groups, one whose size sum accounted for at least 60% of total size 

sum (top group) and the other one accounting for the residual percentage 

(i.e., for less than 40% of total size sum) (bottom group). In this splitting 

process, when 2 or more GO families had the same size they were assigned 

to the same group (top or bottom). Finally, a pie chart was generated using 

individual names for the top group of GO families, while GO sets belong-

ing to the bottom group were collectively designated as “other.”

Microarray validation by QRT-PCR. After DNase I treatment (QIAGEN), 

1 μg of RNA was reverse transcribed to cDNA templates using random 

primers and SuperScript RNase H– Reverse Transcriptase (Invitrogen) and 

amplified. Semiquantitative QRT-PCR was performed as described below.

Two-step real-time RT-PCR
Total RNA was extracted from cholangiocyte cell line, primary cholangio-

cytes, or 300–400 mg of homogenized liver pieces from median and right 

lobes using a combination of TRIZOL (Invitrogen) and RNeasy columns 

(QIAGEN) (38, 51). After RNase-free DNase I treatment (QIAGEN), 1 μg 

of RNA was reverse transcribed to cDNA templates using random prim-

ers and SuperScript RNase H– Reverse Transcriptase and amplified. For 

semiquantitative QRT-PCR, 1.5% of the first-strand reaction was amplified 

using iQ-SYBR Green Supermix (Bio-Rad), an iCycler iQ Real-Time Detec-

tion System, and specific primers for target sequences, as well as 18S (38).

The sequences of primers for mouse were as follows: Igf1r forward, 

5′-CCAAAGTCTGCGGCGATGAA-3′, reverse, 5′-TAGCCGGTCAC-

CACCTCGAT-3′; Hmga2 forward, 5′-GGTGCCACAGAAGCGAGGAC-3′, 
reverse, 5′-CTGCGGACTCTTGCGAGGAT-3′; Crim1 forward, 5′-CCG-

GCTGCAACATAATCAA-3′, reverse, 5′-AGCATAGCCCTCGATCAGAA-3′; 
Smurf1 forward, 5′-AGTTCCAGAGGCGTCCATC-3′, reverse, 5′-CGCT-

GCAATTCCCTTACCTA-3′; Bmp7 forward, 5′-GTGGTCAACCCTCG-

GCACA-3′, reverse, 5′-GGCGTCTTGGAGCGATTCTG-3′; fibronectin 

forward, 5′-GTGGCTGCCTTCAACTTCTC-3′, reverse, 5′-GTGGGTTG-

CAAACCTTCAAT-3′; filamin forward, 5′-TAAGTATGCCGTTCGCT-

TCA-3′, reverse, 5′-CAAGCCCAGCACCGTAG-3′; laminin β3 forward, 

5′-CCTGGCTTCTCGGTTGCTA-3′, reverse, 5′-GGTACATAAGGAG-

GAGCCGACT-3′; N-cadherin forward, 5′-CAGTGGACATCAATGGCAAT-

CA-3′, reverse, 5′-CATTTGGATCATCCGCATCA-3′; desmoplakin forward, 

5′-GCTGCACCGTCAACGACCA-3′, reverse, 5′-GCTGCATCCCTTCTCC-

GAATTT-3′; vimentin forward, 5′-GCTTCTCTGGCACGTCTTGA-3′, 
reverse, 5′-CGCAGGGCATCGTTGTTC-3′; collagen1α(I) forward, 5′-GAGC-

GGAGAGTACTGGATCG-3′, reverse, 5′-GCTTCTTTTCCTTGGGGTTC-3′;  
S100a4 forward, 5′-AAAGAGGGTGACAAGTTCAA-3′, reverse, 5′-CGG-

GGTTCCTTATCTGG-3′; 18S forward, 5′-TTGACGGAAGGGCACCAC-

CAG-3′, reverse, 5′-GCACCACCACCCACGGAATCG-3′.
The sequences of primers for rat were as follows: S100a4 forward,  

5′-ATACTCAGGCAACGAGGGTG-3′, reverse, 5′-CTTCCGGGGCTCCT-

TATC-3′; Aqp1 forward, 5′-TGTGCCGTGGATCGAC-3′, reverse, 5′-CAA-

CATGGCCAGCGAAAT-3′; CK19 forward, 5′-GTCCACACTACGCA-

GATCCA-3′, reverse, 5′-CAAGCAGGCTTCGGTAGGT-3′; CK7 forward, 

5′-TAGAGTCCAGCATCGCAGAG-3′, reverse, 5′-CACAGGTCCCATTCC-

GTC-3′; Gli2 forward, 5′-ATAAGCGGAGCAAGGTCAAG-3′, reverse,  

5′-CAGTGGCAGTTGGTCTCGTA-3′; Hhip forward, 5′-TGTGCCGTG-

GATCGAC-3′, reverse, 5′-GATCTCCGAACACGTAGCTT-3′; 18S forward, 

5′-TTGACGGAAGGGCACCACCAG-3′, reverse, 5′-GCACCACCACC-

CACGGAATCG-3′.

Figure 10
Ptc mice with increased Hh activity exhibit 
increased EMT after BDL. Liver sections stained 
with H&E (A and B) or anti-CK (C and D) in rep-
resentative WT mice (A and C) and Ptc mice (B 
and D) after 1-week BDL. QRT-PCR of whole 
liver tissue from Ptc mice (n = 6) and their WT lit-
termates (n = 6) after 1 week of BDL. (E) Vimen-
tin; (F) collagen 1α(I); (G) Tgfb1; (H) Hmga2; 
(I) Bmp7. Data are shown as mean ± SEM.  
*P < 0.05 versus WT-BDL; **P < 0.005, †P = 0.08  
versus WT-BDL. Original magnification: ×20 (A 
and B), ×40 (C and D).
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For all primer pairs, specificity was confirmed by cloning and sequenc-

ing of PCR products, and optimal annealing temperature and melt curve 

were determined. Threshold cycles (Ct) were automatically calculated by 

the iCycler iQ Real-Time Detection System. Target gene levels in treated 

cells or tissues are presented as a ratio to levels detected in corresponding 

control cells or tissues, according to the ∆∆Ct method (37, 38).

Statistical analysis
Results are expressed as mean ± SEM, unless indicated otherwise. Com-

parisons between groups were performed using the 2-tailed Student’s t test. 

Significance was accepted when P was less than 0.05. 
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