
HEDGEHOG SIGNALING IS CRITICAL FOR NORMAL LIVER
REGENERATION AFTER PARTIAL HEPATECTOMY IN MICE

Begoña Ochoa1,2, Wing-Kin Syn1, Igotz Delgado2, Gamze F. Karaca1, Youngmi Jung1,
Jiangbo Wang1, Ana M. Zubiaga3, Olatz Fresnedo2, Alessia Omenetti1, Marzena
Zdanowicz1, Steve S. Choi1,4, and Anna Mae Diehl1
Begoña Ochoa: begona.ochoa@ehu.es; Wing-Kin Syn: ws45@notes.duke.edu; Igotz Delgado: igotz.delgado@ehu.es;
Gamze F. Karaca: fk14@notes.duke.edu; Youngmi Jung: youngmi.jung@duke.edu; Jiangbo Wang:
wang0092@mc.duke.edu; Ana M. Zubiaga: ana.zubiaga@ehu.es; Olatz Fresnedo: olatz.fresnedo@ehu.es; Alessia
Omenetti: alessia.omenetti@duke.edu; Marzena Zdanowicz: kzdanow@notes.duke.edu; Steve S. Choi:
steve.choi@duke.edu; Anna Mae Diehl: annamae.diehl@duke.edu
1Division of Gastroenterology, Department of Medicine, Duke University Medical Center, Durham,
North Carolina, USA
2Department of Physiology, Faculty of Medicine, University of the Basque Country, Bilbao, Spain
3Department of Genetics, Physical Anthropology and Animal Physiology, Faculty of Science and
Technology, University of the Basque Country, Bilbao, Spain
4Section of Gastroenterology, Durham Veterans Affairs Medical Center, Durham, North Carolina,
USA

Abstract
Distinct mechanisms are believed to regulate growth of the liver during fetal development and
after injury in adults because the former relies on progenitors while the latter generally involves
replication of mature hepatocytes. However, chronic liver injury in adults increases production of
Hedgehog (Hh) ligands, developmental morphogens that control progenitor cell fate and
orchestrate various aspects of tissue construction during embryogenesis. This raises the possibility
that similar Hh-dependent mechanisms might also regulate adult liver regeneration. The present
analysis of murine liver regeneration after 70% partial hepatectomy (PH), an established model of
adult liver regeneration, demonstrated that PH induced production of Hh ligands and activated Hh
signaling in liver cells. Treatment with a specific Hh signaling inhibitor interfered with several key
components of normal liver regeneration, significantly inhibiting progenitor responses, matrix
remodeling, proliferation of hepatocytes and ductular cells, and restoration of liver mass. These
global inhibitory effects on liver regeneration dramatically reduced survival after PH.

Conclusion—Mechanisms that mediate liver organogenesis, such as Hh pathway activation, are
retained and promote reconstruction of adult livers after injury.
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Healthy adult livers have enormous regenerative capacity. This permits recovery of normal
tissue-specific functions and mass within weeks of 70% partial hepatectomy (PH) in
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humans. Liver regeneration proceeds more rapidly in rodents, which accomplish liver
reconstruction within 7–10 days after PH(1). Thus, rodents are often used as experimental
models to investigate regenerative mechanisms. Such work has consistently demonstrated
that striking increases in hepatocyte DNA synthesis occur within the initial 48h post-PH,
followed by smaller (but highly significant) increases in hepatocyte mitoses and eventual
recovery of liver mass, leading to consensus that liver regeneration after PH relies largely
upon increased replication of mature hepatocytes(2–5). Nevertheless, changes in expression
of progenitor markers, such as alpha-fetoprotein (AFP) and Fn14, have long been
acknowledged to occur during regeneration(6–9). Severe inhibition of liver regeneration
after toxic liver injury was recently reported to occur in mice with targeted disruption of
Fn14, a member of the tumor necrosis factor receptor superfamily that promotes the growth
of bipotent hepatic progenitors (i.e., oval cells)(10). These findings suggest that liver
progenitors may have a larger role in regenerating adult livers post-PH, and perhaps
following other types of acute injury, than previously appreciated.

Because mature hepatocyte replication is inhibited in many types of chronic liver injury, it is
generally believed that progenitor populations contribute to regeneration of chronically
injured livers. However, the mechanisms that mobilize progenitor cells, and that control
their fate in damaged livers, are poorly understood (11–13). Recent studies have
demonstrated that Hedgehog (Hh), a fetal morphogenic signaling pathway, becomes
activated in many types of chronic liver injury(14). Hh ligands generally promote the growth
and viability of progenitor-type cells(15–17), and have been shown to function as viability
factors for human and rodent liver progenitors, including oval cells. During embryogenesis
and cancer metastasis, Hh-pathway activation tends to preferentially expand stromal cell
populations by retaining the primitive, migratory phenotype of existing mesenchymal cells
and promoting epithelial-to-mesenchymal transitions (EMT) in certain types of immature
epithelial cells(18–21). A similar process occurs when the Hh-pathway becomes activated
during chronic liver injury because Hh ligands function as growth factors for
myofibroblastic liver cells(15,22), stimulate quiescent hepatic stellate cells to acquire a more
myofibroblastic phenotype(23). and induce immature ductular cells to undergo EMT(13). As
a result, Hh pathway activation promotes fibrogenic repair responses during chronic liver
injury. Our group has also suggested that Hh pathway activation enhances the outgrowth of
liver progenitors that help to replace mature hepatocytes that die, but the latter remains
unproven.

The present study evaluates the hypothesis that Hh pathway activation occurs after PH and
plays a role in regulating liver regeneration after a surgical insult which causes massive
acute loss of mature hepatocytes. Our findings demonstrate the kinetics of Hh pathway
activation after PH, identify the types of Hh-responsive cells, and characterize the effects of
Hh-pathway inhibition on the regenerative process. The results support our hypothesis and
identify Hedgehog as a major regulator of liver regeneration post-PH. This, in turn, suggests
that common mechanisms regulate liver growth during organogenesis and when
reconstruction of adult livers is necessitated by injury.

Materials and Methods
Animal experiments

B6:129Sv (in-house strain, Spain) and C57BL/6 mice (Jackson Laboratories, Bar Harbor,
ME) were maintained in respective animal facilities at the University of the Basque Country
and Duke University. Animal care and surgical procedures were conducted in compliance
with local Institutional guidelines, and those set forth in the “Guide for the Care and Use of
Laboratory Animals” as published by the National Institute of Health.
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To ascertain the kinetics of Hh-signaling during liver regeneration, 70% PH was performed
on 8–10-week old female mice (n=102), according to the method of Higgins and
Anderson(1). Mice were operated between 1400h and 1700h. The mice were sacrificed at 6h
(n=6), 12h (n=6), 24h (n=6), 48h (n=12), 72h (n=12), 96h (n=12), 120h (n=12), 144h
(n=12), 168h (n=12) and 216h (n=12) post-PH. Animals were administered BrdU i.p. (50
µg/g body weight) 2h before sacrifice. Animals were weighed before PH and at the time of
sacrifice; resected quiescent liver (used as 0h comparisons) and regenerating liver remnants
were weighed and then formalin-fixed or snap frozen in liquid nitrogen.

To determine if inhibiting the Hh-pathway altered liver regeneration, PH was performed in
an additional 100 mice (10–13-week old males) that were injected i.p. with vehicle (olive
oil) or cyclopamine (15 mg/kg/day, Toronto Research Chemicals, Toronto, Canada(12,24))
24h before PH and daily thereafter. Liver remnants and blood were harvested for subsequent
analysis. In addition to evaluating Hh-signaling and BrdU incorporation, potential toxic
actions of cyclopamine were assessed by examining liver histology and levels of serum
aminotransferases, blood urea nitrogen (BUN) and glucose.

Hh signaling was also assessed in primary hepatocytes isolated from another 6 adult male
mice 24h or 48h after sham surgery (n=2 mice) or PH (n=4 mice). Standard in situ liver
perfusion and density gradient centrifugation techniques were used to isolate
hepatocytes(18). Cells were processed immediately for immunocytochemistry or plated onto
plastic dishes in 10% serum-supplemented DMEM (Sigma, St. Louis, MO) overnight.
Medium containing non-adhered cells was removed the following morning, plates were
washed with fresh medium, and adherent cells were harvested for analysis. To assess direct
effects of Hh pathway inhibition on cell viability and proliferation, hepatocytes were
similarly isolated from 4 additional mice 24h after sham surgery (n=2) or PH (n=2) and
cultured with either vehicle or cyclopamine (5 µM) in the presence of BrdU for 24h.

Immunohistochemistry and BrdU Labeling
Formalin-fixed paraffin embedded (FFPE)-livers and hepatocyte cytospins were prepared as
previously described(16). A detailed protocol and antibodies used are listed in Supplemental
Materials and Methods.

Quantitative Real-time Reverse Transcription-Polymerase Chain Reaction (QRT-PCR)
QRT-PCR were performed using established protocols(15); details in Supplemental
Materials and Methods and Supplementary Table 1.

Western Blot
Proteins were isolated from whole liver tissue or primary hepatocytes. After quantification,
equal amounts of protein were separated by SDS-PAGE and Western blot analysis was
performed. Detailed list of antibodies is listed in Supplemental Materials and Methods.

Statistical Analysis
Statistical analyses were performed using GraphPad Prism v5.02 for Windows (GraphPad
Software, San Diego, CA). Results of gene expression are grouped into Pre-Replicative (0h-
to-<36h post-PH), Replicative (36h-to-<100h post-PH), and Post-Replicative (>100h-to-
<216h post-PH) sets, and compared to 0h (quiescent) samples. Statistical significance was
determined using one-way ANOVA and Bonferroni’s Multiple Comparisons Test. Where
mice were treated with either vehicle or cyclopamine, results were compared with respective
vehicle- or cyclopamine-treated, 0h (quiescent) samples. Statistical significance was
determined using unpaired, two-tailed Student’s t-test. Significance was accepted at the 5%
level, *P<0.05, **P<0.01 or ***P<0.001.
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Results
Hedgehog pathway activation follows PH

Hepatic expression of mRNAs that encode Hh-pathway inhibitors (e.g., Hh interacting
protein, Hip), Hh ligands (Indian Hh, Ihh, and Sonic Hh, Shh), the receptors that repress
(Patched, Ptc) or promote (Smoothened, Smo) Hh signaling, and Hh-inducible transcription
factors (Glioblastoma (Gli)1 and Gli2) were evaluated at several distinct time points after
PH. For each gene, results were normalized to expression in the liver at the time of PH (0h)
and graphed as a function of time to demonstrate how gene expression varied during the pre-
replicative period, period of maximal liver cell replication, and post-replicative period (Fig
1A).

PH abruptly reduced hepatic expression of Hip, and Hip mRNA levels generally remained
below pre-PH values during the pre-replicative, replicative, and post-replicative periods
after PH. Reduced Hip expression was accompanied by increased expression of Hh ligands.
mRNA levels of Ihh began to increase during the pre-replicative period, remained at their
highest values during the replicative period, then gradually declined. Expression of Shh did
not increase until the middle-end of the replicative period but remained high throughout the
post-replicative period post-PH.

The relative abundance of Ptc and Smo mRNAs changed after PH, such that expression of
Smo (the signaling competent Hh co-receptor) was greater than that of Ptc (the inhibitory
Hh receptor) throughout the replicative and post-replicative periods. Together with the
reciprocal changes in mRNA expression of Hh ligand antagonists and Hh ligands, the
predominance of Smo relative to Ptc suggested that Hh signaling would increase post-PH.
Changes in expression of Gli1 and Gli2 support this concept. Levels of Gli1 began to
increase in the pre-replicative period and remained at high levels until the end of the post-
replicative period. Increases in Gli1 expression were followed by increases in mRNA levels
of Gli2, a Gli-regulated gene(20). Gli2 expression began to increase during the replicative
period, peaked somewhat later, and then remained high throughout the post-replicative
period. Increased Gli1 and Gli2 mRNA levels were accompanied by increased levels of Gli1
and Gli2 proteins at 48h post-PH (the time point of maximal mRNA expression of these
genes during the replicative period) (Fig 1B), and followed by increased mRNA expression
of sFRP1, a Gli-regulated, Hh-target gene (Fig 1C)(25). Hence, PH led to dramatic increases
in Hh signaling, particularly during the time intervals when liver cell replication and
remodelling responses are known to occur in the regenerating liver tissues.

Hh pathway activation is accompanied by increased liver epithelial progenitors and
fibrogenic repair after PH

During chronic liver injury, Hh pathway activation promotes accumulation of liver epithelial
progenitor cells and myofibroblasts, and stimulates fibrogenic repair. Hepatic expression of
progenitor markers, such as AFP and Fn14, increase following PH(8,9). We confirmed these
observations (Fig 2). Fn14 increased 40-fold during the early pre-replicative period and
remained at least 5-fold above basal values throughout the entire post-replicative period,
although expression of the Fn14 ligand, TWEAK, remained relatively constant after PH.
Early increases in Fn14 were followed by increases in AFP expression, which peaked
sharply (at 160-fold above basal values) late in the replicative period (Fig 2A). Hepatic
progenitor populations are known to be heterogeneous. Therefore, to verify that increased
mRNA levels of Fn14 and AFP were actually accompanied by hepatic accumulation of
progenitors, two other progenitor markers, AE1/AE3 and MPK (26,27) were evaluated using
immunohistochemistry. Results demonstrated that cells expressing these markers increased
steadily in regenerating livers from 12h–48h post-PH (Fig 2B). These findings show that Hh
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pathway activation is associated with accumulation of liver progenitors before and during
the replicative period following PH, as is known to occur when the pathway becomes
activated during chronic liver injury(14).

Accumulation of myofibroblastic cells and increased production of collagen matrix has also
been demonstrated after PH(28–30). Our studies confirmed these findings (Fig 3). α-smooth
muscle actin (α̃sma) mRNA levels increased steadily after PH, peaking at more than 12-fold
above basal levels early during the post-replicative period and remaining in this range until
the end of the study (216h post-PH). Collagen expression also increased significantly, with
collagen1α1 mRNA peaking ~15-fold above basal values 96h post-PH (Fig 3A).
Immunohistochemistry and morphometry confirmed hepatic accumulation of α̃SMA-
immunoreactive cells and Sirius red fibrils in regenerating livers (Fig 3B,C). Therefore, Hh
pathway activation post-PH is accompanied by progressive matrix accumulation, as is
known to occur during fibrogenic repair of chronic liver injuries(31).

Hepatocytes and bile ductular cells express Hh-target genes after PH
In healthy adult livers, mature hepatocytes generally do not express Hh-target genes, such as
Gli2, although Gli2 can be demonstrated in occasional ductular cells in bile ducts and Canals
of Hering(14). Thus, it was important to determine if these cell types became Hh-responsive
when Hh pathway activity increased after PH. Immunohistochemistry demonstrated Gli2-
staining in both hepatocytic and ductular cells in regenerating livers (Fig 4A). Numbers of
Gli2(+) hepatocytes began to increase in the pre-replicative period, peaked at 48h post-PH,
and remained at high levels throughout the post-replicative period. The number of Gli2(+)
ductular cells increased significantly post-PH, but peak accumulation occurred a bit later
(i.e., 72h post-PH).

In order to verify the unanticipated discovery that hepatocytes express Hh-target genes after
PH, 6 additional mice were subjected to sham surgery (n=2 mice) or PH (n=4 mice) and
primary hepatocytes were isolated 24h and 48h later. Cellular expression of Hh-target genes
was then assessed. Western blot analysis demonstrated that primary hepatocytes from 24h
and 48h post-PH livers expressed much higher levels of Gli1 and Gli2 proteins than sham-
operated mice (Fig 4B). Immunocytochemistry showed that 100% of the analyzed cells
expressed albumin, validating the purity of the preparation (Suppl Fig 1A). Some (<10%) of
these albumin-expressing cells also expressed Gli1 or Gli2 (Suppl Fig 1B). Interestingly, a
subset of the hepatocytic cells from the regenerating livers (but none of the cells from sham-
operated mice) stained positively for AFP and these AFP(+) cells generally co-expressed the
Hh-target gene, Gli2 (Suppl Fig 1C). Immunoblot analysis confirmed that hepatocyte
populations from regenerating livers were enriched with cells that expressed keratin (K)7, a
marker of immature hepatocytes (Fig 4B). Hepatocytic cells from regenerating livers also
expressed Ihh and Shh ligands (Fig 4B), and immunostaining of 48h cytospins from
regenerating (but not sham-operated) livers co-localized expression of Shh and albumin
(Suppl Fig 1D). Thus, the aggregate data provide conclusive evidence that hepatocytic cells
expressing progenitor markers and Hh ligands and/or target genes increase as the liver
regenerates post-PH.

Proliferative activity parallels enrichment of liver epithelial cell populations with Hh-
responsive cells

Hh ligands are known to promote the proliferation of various progenitors. Therefore, it was
important to determine if the proliferative activity of hepatocytic and/or ductular cells
increased as these populations became enriched with Hh-responsive cells. Mice received a
single injection of BrdU 2h before sacrifice in order to label cells that were engaged in DNA
synthesis. The numbers of hepatocytes and ductular cells with BrdU nuclear staining
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increased significantly after PH (Fig 4C,D). As with Gli2-staining (Fig 4A), BrdU nuclear
staining peaked first in hepatocytes, and then in ductular cells. PH also increased nuclear
accumulation of Ki67, another S phase marker, in both cell populations (Suppl Fig 2A,B).
Thus, increased proliferative activity in hepatocyte and ductular cell populations closely
paralleled their enrichment with Hh-responsive cells.

Hh signaling promotes progenitor cell accumulation and fibrogenic liver repair after PH
To determine how Hh-pathway activation impacts regenerative responses post-PH, mice
were treated with cyclopamine, a specific Smo antagonist that abrogates Hh signal
transduction(32) or vehicle (olive oil) before PH and at regular intervals (q24h) post-PH. As
expected, cyclopamine did not prevent induction of Hh ligands (data not shown). However,
it attenuated induction of Gli1 and Gli2 mRNAs (Fig 5A) and proteins (Fig 5B), and
inhibited mRNA/protein expression of sFRP1 (Fig 5A) and Ptc (Fig 5B), two other Gli-
regulated genes. Inhibiting Hh signaling also reduced mRNA and/or protein expression of
various progenitor markers, such as AFP, Fn14, and keratin (K)19 following PH (Fig 5C),
and prevented cells that expressed AE1/AE3 or Mpk (other progenitor markers) from
accumulating in the liver (Fig 5D). In addition, it attenuated fibrogenic repair, as evidenced
by decreased expression of α-sma and collagen mRNAs, α-SMA protein and picrosirius red
staining (Fig 5E).

Hh signaling promotes liver cell replication and is required for survival and liver
regeneration after PH

Cyclopamine inhibition of Hh-regulated responses was associated with significantly reduced
survival following PH. Increased mortality was evident as early as 48h post-PH and
worsened over the subsequent 24h, such that only one of the 50 cyclopamine-treated mice
survived to 3 days post-PH, compared to almost 90% of the 50 vehicle-treated controls
(P=0.0001). Liver histology and serum aminotransferase values were no different in
surviving cyclopamine-treated mice than controls at 24h and 48h post-PH, suggesting that
cyclopamine was not directly hepatotoxic. This interpretation was validated by evidence that
adding cyclopamine to cultures of regenerating hepatocytes from 24h and 48h post-PH mice
abrogated Hh signaling, as evidenced by reduced expression of Gli1 protein and sFRP1
mRNA (both P<0.01 vs vehicle) but did not reduce cell viability. Because pancreatic beta
cells and some renal cells are known to be Hh-responsive, levels of BUN and serum glucose
were assessed. No differences were noted between cyclopamine- and vehicle-treated mice,
suggesting that the increased cyclopamine-related mortality was not due to pancreatic or
renal toxicity. Further study is needed to assure that cyclopamine did not exert other non-
specific toxic actions that might have reduced post-PH survival.

Notably, surviving cyclopamine-treated mice failed to recover liver weight (P=0.01). Hence,
liver-to-body weight ratios in surviving cyclopamine-treated mice were lower than in
vehicle-treated mice at 48h post-PH (P=0.03) (Table 1). The poor survival and restitution of
liver mass in the cyclopamine-treated animals suggested that Hh-pathway inhibition
impaired liver cell proliferation post-PH. Ki67-immunostaining and BrdU incorporation data
supported this interpretation. At 48h post-PH, incorporation of BrdU was reduced by 90% in
hepatocytes, and by ~40% in ductular cells of cyclopamine-treated mice compared to
vehicle-treated controls (Fig 6A–B). Moreover, when primary hepatocyte cultures isolated
from mice 24h post-PH were treated with cyclopamine in vitro for 24h, BrdU incorporation
was inhibited by ~60% (P<0.01 vs tomatidine-treated controls) (Fig 6C). In contrast,
cyclopamine had no effect on BrdU incorporation of hepatocyte cultures from sham-
operated mice. Thus, cyclopamine specifically inhibited the proliferative activity of
hepatocyte cultures that were enriched with Hh-responsive cells expressing progenitor
markers (Fig 4B and Suppl Fig 1).
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Discussion
This study demonstrates that Hh pathway activation is critical for liver regeneration to occur
after PH. The mechanisms mediating re-growth of the adult liver after a surgical insult that
causes massive acute loss of mature hepatocytes have been investigated for decades(1).
Several key growth regulators for this process have been identified, including hepatocyte
mitogens, cytokines, pathogen-associated molecular pattern (PAMP) receptors, and
intracellular factors involved in inflammatory and metabolic stress(33). Although a recent
transcriptome analyses had documented that mRNA expression of certain Hh signaling
components change after PH(34), information on the kinetics of Hh pathway activation and
cellular targets of Hh signaling post-PH, as well as evidence that Hh pathway directly
regulates liver regeneration after acute liver injury, are entirely novel. Additional research is
now needed to clarify if and how Hh signaling interacts with other mechanisms that are
known to modulate regenerative responses to PH.

The vast majority of the earlier work in regenerating livers post-PH had focused on mature
hepatocyte replication, and attention was largely restricted to the time interval that
immediately spans peak replicative activity in these cells (i.e., 0h–72h post-PH)(35–37). The
current study encompassed a much longer time period (i.e., from 0h–216h post-PH) and
monitored distinct components of the regenerative response. In addition to assessing
hepatocyte proliferative activity, progenitor and stromal responses were analyzed
concurrently, revealing a role for the Hh pathway in each of these activities. The aggregate
results demonstrate that Hh signaling plays a pivotal role in integrating and coordinating
various aspects of adult liver repair after acute injury. In retrospect, this discovery is not
surprising because Hh pathway activation is well known to orchestrate tissue construction
during fetal development(38,39) and it provides a similar function during remodelling of
chronically damaged livers(14). However, the new data in the PH model will undoubtedly
spark controversy because liver regeneration post-PH is believed to be driven predominately
by replication of mature hepatocytes(4,33), while other types of tissue growth that rely on
Hh signaling are known to involve progenitor populations(17,39).

In this regard, it is important to emphasize that earlier studies of regenerating livers after PH
have demonstrated increased expression of progenitor markers(7,9), suggesting that
immature liver cells may accumulate during this process. Feng et al., reported that mRNA
levels of Fn14 increased dramatically within 2h–4h of PH and remained at high levels for
the next 2–3 days, although they were unable to detect Fn14 mRNA by Northern blot
analysis of primary hepatocytes or healthy adult livers pre-PH(9). The authors suggested that
up-regulation of Fn14 expression in regenerating livers contributed to increased hepatocyte
proliferative activity because they detected striking induction of Fn14 in many hepatoma
cell lines and in human hepatocellular carcinoma samples. Subsequently, another group
discovered that ductular type progenitors express Fn14. Moreover, they demonstrated that
stimulating liver progenitors with the Fn14 ligand, TWEAK, increased cell proliferation,
while knocking out Fn14 in mice virtually eliminated proliferation of bipotent hepatic
progenitors (oval cells) in an in vivo model of oval cell-dependent liver regeneration. Thus,
they concluded that Fn14 controlled regenerative activity of liver progenitors(10).

In the present study, qRT-PCR and Western blot analysis demonstrated that inhibiting Hh
signaling with cyclopamine partially blocked induction of various progenitor markers (e.g.,
Fn14, AFP, K7, and K19) after PH. Immunohistochemistry showed that cyclopamine also
prevented AE1/AE3-stained cells and Mpk(+) cells from accumulating in livers post-PH.
Thus, several independent lines of evidence indicate that Hh pathway activation expands
heterogeneous populations of hepatic progenitors following PH. Interestingly, blocking Hh
signaling also inhibited proliferation of hepatocytes and ductular cells post-PH. In addition,
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post-PH recovery of liver mass and survival were negatively impacted by cyclopamine
treatment. When considered in light of the aforementioned data about Fn14, these new
results suggest that progenitor populations (which likely include Fn14(+) oval cells) give
rise to some of the hepatocytes and ductular cells that proliferate to regenerate the liver post-
PH. Moreover, Hh signaling appears to be necessary for these processes to occur. This is
consistent with earlier evidence that Hh ligands function as viability factors for oval cells
and other hepatic progenitors(17,39).

The new data also demonstrate that the timing of progenitor accumulation after PH closely
coincides with significant induction of mesenchymal markers, such as α-sma and
collagen1αI. Others have reported that hepatic progenitor populations include multi-potent
cells that co-express epithelial and mesenchymal markers(26,40,41). The latter is
characteristic of cells that undergo EMT or mesenchymal-to-epithelial transition (MET)(42).
During fetal development, organogenesis involves repetitive waves of EMT/MET(43). The
Hh-pathway is known to promote EMT during development and cancer
metastasis(20,44,45), and we recently reported that it stimulates adult liver ductular cells to
undergo EMT(13). Interestingly, both hepatic epithelial progenitors and mesenchymal stem
cells(10,40,46) express Fn14, raising the possibility that some Fn14(+) epithelial progenitors
that help to regenerate the liver post-PH may be derived from hepatic stromal cells. This
theory is particularly intriguing because PH is accompanied by dramatic expansion of
myofibroblastic cells, as well as matrix remodelling which results in transient, but
significant, accumulation of fibrous matrix(30). Hh pathway activation has been shown to
promote expansion of mesenchymal-type progenitor cells in several tissues(17,38) and
mediates fibrogenic repair during chronic liver injury(14). The current study provides
compelling evidence that Hh signaling is involved in expanding populations of
myofibroblastic cells that contribute to hepatic matrix deposition after PH. Additional
research is now justified to determine if Hh-regulated EMT/MET responses are involved in
the post-PH matrix remodelling process and/or participate in repopulating the liver epithelial
compartment after PH.

In summary, the current study provides novel evidence that a developmental morphogen that
regulates progenitor and stromal cell fate (i.e., Hh) is required for optimal regeneration of
the adult liver post-PH. This discovery complements growing evidence that Hh signaling
guides repair of chronically injured livers, and is exciting because it suggests that common
mechanisms mediate fetal liver development and repair of adult liver injury. Therefore,
progress in delineating how Hh-responsive mechanisms regulate liver growth and
development might help to unravel conserved mechanisms that control regeneration of
injured livers in adults. Such knowledge has important implications for patients with various
types of acute and chronic liver damage.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.

List of Abbreviations

AFP alpha fetoprotein

αSMA α smooth muscle actin

BD bile ductular cells

BrdU 5-bromo-2’-deoxyuridine

EMT epithelial-to-mesenchymal transition

Ochoa et al. Page 8

Hepatology. Author manuscript; available in PMC 2011 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



FFPE formalin fixed paraffin embedded

Gli Glioblastoma

Hh Hedgehog

HEP Hepatocytic cells

Hip Hh interacting protein

Ihh Indian Hedgehog

PH partial hepatectomy

PT Portal tract

Ptc Patched

sFRP1 secreted frizzled-related protein 1

Shh Sonic Hedgehog

Smo Smoothened

QRT-PCR Quantitative real-time polymerase chain reaction
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Figure 1. Activation of the Hedgehog pathway after partial hepatectomy (PH)
PH was performed on 102 mice; 6–12 mice/group were sacrificed at 6h, 12h, 24h, 48h, 72h,
96h, 120h, 144h, 168h and 216h post-PH. Quiescent (0h) livers and regenerated livers were
harvested and total RNA from each mouse was examined in triplicate by qRT-PCR for (A)
Hh pathway signaling components, Hip, Ihh, Shh, Ptc/Smo, Gli1, and Gli2 and (C) sFRP1, a
Hh-target gene. Results are expressed as fold change relative to 0h liver tissues; mean ±
SEM are graphed. Data are grouped into pre-replicative, replicative and post-replicative sets
for statistical analysis using one-way ANOVA. (B) Representative Western blot analysis of
Gli protein expression in 0h and post-PH livers of 3 randomly selected mice that were
sacrificed at 48h post-PH. β-actin was used as a loading control; blots were densitized; Gli
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expression was normalized to β-actin expression in each sample; cumulative data were
graphed. *P<0.05 or **P<0.01 or ***P<0.001 vs 0h.
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Figure 2. Changes in markers of liver epithelial progenitors after PH
Effects of PH on mRNA levels of progenitor markers were examined in all 102 mice
described in Figure 1. (A) QRT-PCR analysis of Fn14, Tweak, Afp. Results are expressed as
fold change relative to 0h liver tissues; mean ± SEM are graphed. Data are grouped into pre-
replicative, replicative and post-replicative sets for statistical analysis. *P<0.05 or **P<0.01
or ***P<0.001 relative to time 0h (ANOVA). (B) Two other progenitor markers, AE1/AE3
and Mpk2, were evaluated using immunohistochemistry in 0h and post-PH livers from
randomly selected mice that were sacrificed at either 12h, 24h or 48h post-PH (n=4 mice/
time point). Representative sections are displayed. AE/AE3 or Mpk2-stained cells are
brown.
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Figure 3. Changes in fibrogenesis after PH
Effects of PH on mRNA levels of fibrogenic markers were examined in all 102 mice
described in Figure 1. (A) QRT-PCR analysis of α-sma and collagen. Results are expressed
as fold-change relative to 0h liver tissues; mean ± SEM are graphed. Data are grouped into
pre-replicative, replicative and post-replicative sets for statistical analysis. *P<0.05 or
**P<0.01 or ***P<0.001 relative to 0h (ANOVA). (B) Histochemistry was used to examine
hepatic accumulation of α-sma(+) cells and collagen fibrils in 0h and post-PH livers from
randomly-selected mice that were sacrificed at either 24h, 48h, 72h, or 168h post-PH (n=4
mice/time point). For α-SMA morphometry,15 randomly-selected, 40×fields/section were
analysed by Metaview software; Sirius red staining was similarly assessed in 20× fields.
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Mean ± SEM results are graphed. *P<0.05 or **P<0.01 compared with vehicle-treated mice
(Student’s t-test). (c) Representative sections demonstrating either α-SMA stained cells
(brown) or Sirius-red stained collagen fibrils.
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Figure 4. Hepatocytes and bile-ductular cells are Hh-responsive and proliferative after partial
hepatectomy
(A) Cells with Gli2(+) nuclei were counted in sections from livers of randomly-selected
mice at 0h and different time points ranging from 24h–168 h after PH (n=4 mice/time point).
Gli2 staining in representative liver sections at 0h and 48h post-PH (Magnification 400×);
mean ± SEM percentage of Gli2(+) hepatocytes and number of Gli2(+) ductular cells per
portal tract are graphed. *P<0.05 vs 0h (Student’s t-test). (B) Additional mice were
subjected to sham surgery (n=2) or PH (n=4) and hepatocytes were harvested 24h or 48h
later; expression of Hh-regulated transcription factors (Gli1, Gli2), Hh ligands (Shh, Ihh)
and K7 (a progenitor marker) was assessed in each isolate using Western blot analysis. β-
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actin was used as a loading control. (c) Representative photomicrographs demonstrating
hepatocytes and ductular cells with BrdU nuclear staining 48h and 72h post-PH. Small insert
demonstrates the absence of BrdU staining in 0h liver. To quantify BrdU staining, 15
randomly chosen, 20× fields/section were evaluated. Tissues from all mice were used for
analyses. Mean ± SEM are graphed. *P<0.05 or **P<0.01 vs 0h (Student’s t-test).
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Figure 5. Inhibition of Hedgehog-signaling impairs post-PH induction of Hh signaling, liver
progenitor cell accumulation, and fibrogenesis
Mice were treated with cyclopamine, a Hh-inhibitor, or vehicle, before PH and at q24h post-
PH; and followed for 12h (n=10), 24h (n=20), 48h (n=20) and 72h (n=50). BrdU was
injected 2h before to sacrifice to assess proliferative activity. (A) Gli1, Gli2, and sFRP1
mRNA expression in all surviving vehicle (white bars) or Cyclopamine (solid bars) treated
mice. Data graphed as mean ± SEM. (B) Western blot analysis of liver proteins obtained
from the livers of randomly selected mice in cyclopamine- or vehicle-treatment groups at
48h post-PH. Each lane contains protein from an individual mouse. Blots were densitized;
Hh-related gene expression was normalized to β-actin expression in each sample; Mean ±
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SEM data were graphed. *P<0.05 or **P<0.01 vs 0h (Student’s t-test). (C) QRT-PCR and
Western blot analysis of progenitor markers in all mice in cyclopamine- or vehicle-treatment
groups at 48h post-PH. Each lane of the Western blots contains protein pooled from 4–6
mice/treatment group. β-actin was used as a loading control. (D) 48h post-PH sections from
4 randomly-selected mice from each treatment group were also stained to demonstrate cells
that expressed other progenitor markers, AE1/AE3 and Mpk2. Representative sections are
shown. Cells staining for progenitors markers are brown. (E) Analysis of fibrogenic markers
in all surviving mice from cyclopamine- or vehicle-treated mice at 48h. QRT-PCR analysis
of α-sma and collagen1α1 mRNA expression; Western blot analysis of α-SMA protein
expression; morphometric analysis of Sirius red staining.
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Figure 6. Inhibition of Hedgehog-signaling impairs proliferation of hepatocytic and ductular
cells after PH
(A) Percentage BrdU(+) hepatocytes per field and (B) number of BrdU(+) ductular cells per
portal tract in liver sections from all surviving cyclopamine- or vehicle-treated mice
described in Fig. 5. *P<0.05, **P<0.01 vs comparable vehicle-treated control (Student’s t-
test). (C) Direct effects of cyclopamine on proliferative activity of primary hepatocytes. Two
additional pairs of mice were subjected to either sham surgery or PH; hepatocytes were
isolated 24h later and cultured overnight in the presence of BrdU ± either tomatidine (an
inactive cyclopamine analog) or cyclopamine (5 µM); for each treatment group BrdU
incorporation was assessed in quadruplicate plates by ELISA. Mean ± SEM BrdU
incorporation in cyclopamine-treated cultures was normalized to results in respective
tomatidine-treated cultures. *P<0.05 vs comparable tomatidine-treated controls (Student’s t-
test). Cyclopamine had no effect on BrdU incorporation in hepatocytes from sham-operated
mice (data not shown).
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Table 1

Mean Liver and Body weights of Cyclopamine vs. Vehicle-treated mice 12–48 hours post-PH

Initial BW (g) Final BW (g) Final LW (g) LW/BW

0h V 26.3±0.3 #1.05±0.03 4.0±0.1

0h C 25.8±0.6 #1.03±0.04 4.0±0.1

12h V 27.4±0.8 26.2±0.4 0.64±0.09 2.4±0.3

12h C 27.7±1.0 26.9±0.8 0.64±0.05 2.4±0.1

24h V 25.5±0.6 23.5±0.6 0.64±0.03 2.7±0.1

24h C 25.7±0.8 24.3±0.6 0.62±0.02 2.6±0.0

48h V 26.5±0.4 23.1±0.6 0.75±0.03 3.3±0.1

48h C 24.8±0.8 21.9±0.6 0.63±0.02* 2.9±0.1*

*
P<0.05; mean ± SEM.

V: vehicle
C: cyclopamine
BW: body weight; LW: liver weight
LW / BW: liver: body w LW/BW: liver to body weight ratio in g ×100
ns: non-significant

#
Estimated LW, considering that the resected LW is 70% of the original liver mass
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