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Abstract

Repair of adult liver, like many tissues, involves the coordinated response of a number of different
cell types. In adult livers, fibroblastic cells, ductular cells, inflammatory cells, and progenitor cells
contribute to this process. Our studies demonstrate that the fates of such cells are dictated, at least
in part, by Hedgehog, a fetal morphogenic pathway that was once thought to be active mainly
during embryogenesis. Studies of injured adult human and rodent livers demonstrate that injury-
related activation of the Hedgehog pathway modulates several important aspects of repair,
including the growth of hepatic progenitor populations, hepatic accumulation of myofibroblasts,
repair-related inflammatory responses, vascular remodeling, liver fibrosis and
hepatocarcinogenesis. These findings identify the Hedgehog pathway as a potentially important
target for biomarker development and therapeutic manipulation, and emphasize the need for
further research to advance knowledge about how this pathway is regulated by and interacts with
other signals that regulate adult liver repair.
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INTRODUCTION

The adult liver is comprised largely of epithelial cells and mesenchymal cells similar to the
skin, intestine, lung, and glandular tissues like the pancreas. In all of these organs, the
ultimate outcome of epithelial injury is dictated by repair. Successful liver repair results in
replacement of dead or damaged hepatic epithelial cells with healthy new epithelial cells,
i.e., liver regeneration. Regenerative responses differ depending on the severity and
chronicity of liver injury. For example, it has long been believed that residual mature
hepatocytes and cholangiocytes proliferate to restore liver mass after acute partial
hepatectomy (Grisham, 1962). However, liver progenitors are thought to play a critical role
in the repair of chronically injured livers (Falkowski et al., 2003). Repair of liver injury also
variably involves changes in mesenchymal cells. Presumably, alterations in hepatic
“stromal” cells in some way contribute to epithelial repair. However, they may also lead to
hepatic inflammation, vascular remodeling, and fibrosis, and result in hepatic architectural
distortion and liver dysfunction, eventually culminating in cirrhosis (Wynn, 2008).
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Signal transduction pathways, such as wnt/beta catenin and notch/jagged, that control the
viability, proliferation, and differentiation of progenitor cells are known to regulate fetal
liver development (Cavard et al., 2008, Lemaigre and Zaret, 2004). These pathways also
become activated during various types of liver injury in adults, and are presumed to
modulate adult liver repair (Kordes et al., 2009). Consistent with this concept, dysregulation
of wnt/beta catenin signaling has been documented in primary liver cancer and is believed to
contribute to its pathogenesis (de La Coste et al., 1998, Huang et al., 1999, Suzuki et al.,
2002). Our group has been examining another morphogenic signaling pathway, Hedgehog.
Although relatively little is known about the role of Hedgehog in fetal liver development, we
became interested in this pathway because it controls the viability and fate of progenitors in
many tissues, and it was reported that Sonic hedgehog ligand is expressed by endoderm that
has undergone hepatic specification (Bort et al., 2006, Deutsch et al., 2001). Our work in
adult liver has proven that several types of cells that reside in healthy adult livers are capable
of producing and/or responding to Hedgehog ligands, shown that the pathway is activated in
many types of acute and chronic liver injury, and demonstrated roles for Hedgehog pathway
activation in several of the tissue responses that occur during adult liver repair, including
expansion of liver progenitor populations, myofibroblast accumulation and fibrogenesis,
repair-related inflammation, vascular remodeling, liver regeneration and carcinogenesis. The
goal of this review is to summarize this new evidence and suggest a new model that helps to
explain how various aspects of liver repair are coordinated by Hedgehog-regulated signals.

OVERVIEW OF THE HEDGEHOG PATHWAY

The Hedgehog (Hh) Pathway, originally identified in Drosophila (Hooper and Scott, 2005,
Lee et al., 1992, Schuske et al., 1994), is a highly conserved signaling pathway which
orchestrates multiple aspects of embryogenesis, development and tissue remodeling in a
wide spectrum of systems (Beachy et al., 2004, Berman et al., 2003, Ingham and McMahon,
2001, van den Brink, 2007). This usually occurs by autocrine/paracrine signaling and aims
to control the size and localization of Hh-responsive cell populations in response to local/
long distance signals (Ingham and McMahon, 2001, Ingham and Placzek, 2006). Hh
pathway activation typically enhances the growth and viability of Hh-responsive cells,
whereas abrogating Hh signal transduction usually triggers apoptosis in such cells, unless
other locally available differentiating factors expedite cellular differentiation to a more
mature phenotype that no longer requires Hh viability signals (Beachy et al., 2004, Ingham
and Placzek, 2006). Thus, depending upon the context, up-regulation and down-regulation
of the Hh pathway can provide selective growth advantages for cell types that are capable of
responding to Hh ligands, compared to neighboring cells that lack Hh receptors. This then
leads to either expansion or contraction, respectively, of Hh-responsive cells, thereby
orchestrating the cellular composition of several tissues (Beachy et al., 2004, Ingham and
McMahon, 2001, van den Brink, 2007).

In certain conditions, Hh-producing cells (which may or may not be Hh-responsive
themselves) release Hh ligands into the extracellular environment. Hh ligands (Sonic, Shh;
Indian, lhh; Desert, Dhh) are soluble, lipid-modified morphogens (Chamoun et al., 2001,
Lee and Treisman, 2001, Pepinsky et al., 1998, Porter et al., 1996, Varjosalo and Taipale,
2008) that may be secreted in two different form: a short-range acting (poorly diffusible)
type, and a second form for long-range transport, “packed” in membranous structures
(Ingham and McMahon, 2001, Porter et al., 1995, Varjosalo and Taipale, 2008). Hh proteins
are able to interact with Patched (Ptc), a membrane-spanning receptor on the surface of Hh-
responsive cells (Carpenter et al., 1998). In the absence of Hh ligands, Ptc keeps the co-
receptor Smoothened (Smo) in its inactive form, and silences the Smo-dependent down-
stream intracellular signaling (Ingham and McMahon, 2001, Varjosalo and Taipale, 2008).
Hence, when Smo-signaling is inhibited by “free”-Ptc, Hh-regulated transcription factors
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(which typically reside in the cytosol) undergo phosphorylation by glycogen synthase kinase
3 (GSKQ), protein kinase A (PKA) and casein kinase (CSK); the phosphorylated (inactive)
forms become target for proteasome degradation, and their nuclear translocation is
prevented (Pan et al., 2006, Pan et al., 2008). In contrast, when the extracellular
microenviroment is enriched with soluble Hh ligands, ligand-receptor interaction de-
represses Smo. Activation of Smo, in turn, inhibits Hh transcription factor phosphorylation,
leading to an intracellular signaling cascade that ultimately drives the activation and nuclear
translocation of Glioblastoma (Gli) family zinc-finger transcription factors (Pan et al., 2006,
Pan et al., 2008). In vertebrates, the latter consist of three distinct Gli proteins (Glil, Gli2,
and GIi3) (Hui et al., 1994). The binding of Gli proteins to their cognate cis-acting elements
regulates the expression of Hh target genes. The latter include several components of the Hh
pathway itself, such as Ptc, Smo and Glis. Glil and Gli2 are mostly responsible for
providing prolonged cellular responses to Hh ligands, while Gli3 primarily acts as signaling
repressor (Ingham and McMahon, 2001, van den Brink, 2007, Varjosalo and Taipale, 2008).
Thus Hh activity is auto-regulated by complex positive and negative feedback mechanisms
that are tightly conserved across species (Hooper and Scott, 2005, Ingham and McMahon,
2001, van den Brink, 2007, Varjosalo and Taipale, 2008).

Despite the conservation of the Hh pathway between invertebrates and vertebrates, Hh
pathway regulation seems to diverge and differentiate at some point (Varjosalo et al., 20086,
Varjosalo and Taipale, 2008). Only vertebrates, have an additional trans-membrane protein,
Hh-interacting protein (Hhip, also a Hh target gene), that competes with Ptc for binding to
Hh soluble ligands (Chuang and McMahon, 1999, Jeong and McMahon, 2005). Thus, in
vertebrates, when levels of Ptc exceed those of the Hh ligands, or when Hhip sequesters Hh
ligands and subtracts activating signals to Ptc, the Hh pathway is turned off.

HEDGEHOG SIGNALING IN ADULT LIVER REPAIR: GENERAL CONCEPTS

Adult hepatic damage evokes an intricate wound-healing response aimed to reconstitute the
normal structure and function of injured livers. As in many other tissues, this complex repair
process involves the post-natal reactivation of mechanisms that regulate tissue construction
during development. Several types of cells in adult livers are capable of producing and/or
responding to Hh ligands. However, expression of Hh ligands and Hh-target genes, such as
Glil or Gli2, is barely detectable in healthy adult livers (Sicklick et al., 2006b). Various
types of acute and chronic liver injury, on the other hand, increase mRNA and protein levels
of Hh ligands and target genes. The level of Hedgehog pathway activation appears to be
proportional to the severity and duration of liver injury in both rodents and humans (Fleig et
al., 2007). This is explained, at least in part, by recent evidence that pro-apoptotic stimuli
trigger mature hepatocytes to produce Sonic hedgehog (Shh) and Indian hedgehog (Ihh)
ligands (Jung et al., 2010). Mature hepatocytes themselves do not express all of the proteins
that are necessary to transduce Hh ligand-initiated signals, and thus, are not capable of
responding to the Hh ligands that they produce (Sicklick et al., 2006b). However, many
neighboring cells are Hh-responsive, including resident hepatic cell populations that are
most engaged in liver remodeling (e.g., liver myofibroblasts, hepatic progenitors, hepatic
stellate cells, immature cholangiocytes, endothelial cells, and T lymphocytes) (Fleig et al.,
2007, Jung et al., 2008, Jung et al., 2007, Lowrey et al., 2002, Omenetti et al., 2008a,
Omenetti et al., 2008b, Omenetti et al., 2007, Sicklick et al., 2005, Sicklick et al., 2006b,
Stewart et al., 2002, Witek et al., 2008, Yang et al., 2008, Choi et al., 2009). In response to
the increased Hh ligands generated by neighboring injured hepatocytes, these cells activate
Hh pathway signaling.

Many of these Hh-responsive cells are also capable of producing Hh ligands in response to
other injury-associated factors. For example, Platelet-Derived Growth Factor-BB (PDGF-
BB), Transforming Growth Factor (TGF)-B1, Epidermal Growth Factor (EGF) have been
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demonstrated to stimulate immature ductular cells and/or hepatic stellate cells to up-regulate
their synthesis and release of Hh ligands (Jung et al., 2008, Omenetti et al., 20083, Omenetti
et al., 2008b, Omenetti et al., 2007, Witek et al., 2009, Yang et al., 2008). This further
enriches the injured liver with Hh ligands, and amplifies the stimulus for Hh pathway
activation. The proximity of various types of Hh producing and Hh responding cell types in
damaged livers suggests that Hh pathway activation coordinates complex autocrine and
paracrine signaling loops that help to orchestrate remodeling and re-construction of the
injured liver.

Because mature hepatocytes are not able to respond to Hh ligands, enrichment of the
microenvironment with these factors provides a selective survival advantage for cell types
that are Hh-responsive, leading to the outgrowth of these populations as long as injury
persists. However, when the insult abates and injury subsides, the Hh pathway turns off
(Omenetti et al., 2008a), and other factors promote the differentiation of the progeny of Hh-
responsive cells toward one cell population or another. Because PDGF-BB, EGF, and IGF-1
activate AKT-dependent post-translational mechanisms that stabilize Gli transcription
factors in Hh-responsive cells (Riobo et al., 2006) (in addition to stimulating production of
Hh ligands), Hh signaling may modulate the actions of multiple growth factors, and vice
versa. Thus, variations in tissue remodeling during liver injury probably ultimately reflects
differences in: 1) local cytokine/growth factor accumulation, 2) the dose and duration of Hh
ligand exposure, 3) the balance between Hh-responsive/-unresponsive cell types, and 4) the
presence/absence of poorly understood factors that regulate cell differentiation when these
injury-related signals wane.

HEDGEHOG PATHWAY ACTIVATION AND LIVER PROGENITORS

Progenitor populations in many tissues are enriched with Hh-responsive cells and Hh
ligands generally enhance the growth of such progenitors by inhibiting apoptosis and/or
enhancing proliferative activity (Sicklick et al., 2006b, Jung et al., 2007, Yang et al., 2008).
We reported that human embryonic stem cells that had been specified to undergo hepatic
differentiation, as well as more-differentiated EpCam-expressing liver progenitors from
human fetal livers, were Hh-responsive. Both cell types relied upon Hh pathway activity to
retain optimal viability (Sicklick et al., 2006b). Progenitor populations in adult rodent and
human livers, including oval cells, immature ductular cells and small hepatocytic cells, are
also Hh responsive. Cell culture studies demonstrate that Hh ligands inhibit apoptosis and
enhance proliferation in such cells (Omenetti et al., 2007). More recent studies that used a
highly specific pharmacologic inhibitor of the Hh pathway (cyclopamine) to manipulate Hh
signaling in regenerating livers after 70% partial hepatectomy (PH) suggest that Hh
signaling also plays a major role in promoting progenitor growth in intact liver tissue
(Ochoa et al., 2010). This concept is supported by other evidence in various rodent models
of chronic liver injury. For example, in wild type mice and rats, the numbers of cells
expressing various progenitor markers increase in parallel with the level of Hh ligand
production during liver injury, and regress in parallel with the disappearance of Hh ligands
as injury abates (Fleig et al., 2007). In addition, liver injury-related accumulation of Hh-
responsive progenitor cells is enhanced in transgenic mice with an impaired ability to silence
Hh signaling (Omenetti et al., 2007, Syn et al., 2009a). A similar relationship between the
hepatic progenitor content and level of Hh pathway activity has been documented in
different human liver diseases, including primary biliary cirrhosis (Jung et al., 2007,
Omenetti et al., 2008b), alcoholic steatohepatitis (Jung et al., 2008), nonalcoholic fatty liver
disease (Syn et al., 2009a), chronic hepatitis B, and chronic hepatitis C (Pereira et al., 2010).
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HEDGEHOG PATHWAY ACTIVATION AND REPAIR-RELATED INFLAMMATION

Hh pathway activation stimulates immature ductular cells to produce various chemokines,
including chemoattractants for monocytes, neutrophils, and various types of T lymphocytes,
including Natural killer T (NKT) cells (Omenetti et al., 2009). In order to evaluate the
potential significance of this response, we have examined Hh-regulation of CXCL16, the
chemokine that recruits NKT cells to the liver. We proved that ductular cell expression of
CXCL16 is Hh-dependent and showed that the resultant increase in CXCL16 recruits NKT
cells towards the ductular epithelia. NKT cells respond to glycolipid antigens that are
presented by CD1d molecules on antigen presenting cells (Brossay et al., 1997, Roark et al.,
1998). Several types of resident liver cells, namely hepatocytes, bile ductular cells, and
various sinusoidal lining cells, including HSC, are capable of presenting CD1d-associated
glycolipids to NKT cells (de Lalla et al., 2004, Geissmann et al., 2005). Hence, it is not
surprising that lymphocytes populations in both murine and human livers are particularly
enriched with such cells (Ajuebor, 2007, Bendelac et al., 2007, Eberl et al., 1999, Emoto and
Kaufmann, 2003, Klugewitz et al., 2004, Matsuda et al., 2000, Wingender and Kronenberg,
2008). Many types of liver cells that express CD1d are also capable of producing Hh
ligands, particularly when the liver is injured. This is intriguing because we discovered that
Hh ligands function as potent anti-apoptotic factors for NKT cells. In addition, we
demonstrated some NKT cells that are isolated from adult livers or peripheral blood produce
Hh ligands (Syn et al., 2009b). Therefore, activation of the Hh pathway in injured livers
provides stimuli that not only recruit circulating NKT cells to the liver, but also that enhance
their intra-hepatic survival and exposure to potential antigen-presenting cells. Consistent
with this concept, we demonstrated that NKT cells accumulate in human liver diseases in
which the hedgehog pathway is strongly activated, such as primary biliary cirrhosis (Jung et
al., 2007, Omenetti et al., 2008b), and cirrhosis related to chronic hepatitis C or nonalcoholic
steatohepatitis (Syn et al., 2010). It is conceivable that NKT cell accumulation also
contributes to the progession of liver fibrosis in these conditions because NKT cells produce
Hh ligands, which stimulate the growth of myofibroblasts (see below). In addition, Hh
ligands simulate NKT cells to produce pro-fibrogenic cytokines, such as IL13 and I1L4 (Syn
et al., 2009b). We recently showed that conditioned medium from activated liver NKT cells
stimulated quiescent hepatic stellate cells to transition to a myofibroblastic phenotype and
produce collagen matrix (Syn et al., 2010). Therefore, immune-mediated events appear to be
involved in hepatic repair responses that are regulated by the Hh pathway.

HEDGEHOG PATHWAY ACTIVATION AND LIVER FIBROSIS

Myofibroblasts are the major source of fibrous matrix that accumulates during chronic liver
injuries that result in cirrhosis. Liver myofibroblasts may be derived from several sources,
including circulating bone marrow-derived monocytes/fibrocytes, epithelial-to-
mesenchymal transition (EMT) of certain types of liver epithelial cells, and myofibroblastic
transformation of resident hepatic stellate cells. The latter process is generally believed to be
the predominant source of myofibroblasts in most types of adult liver injury (Friedman,
2008).

In healthy adult livers most hepatic stellate cells (HSC) are quiescent (Q) and exhibit a fat-
storing, non-myofibroblastic (MF) phenotype. However, factors released during liver injury
stimulate Q-HSC to undergo transition to MF-HSC; other injury-related factors then
promote hepatic accumulation of MF-HSC by enhancing proliferation and/or inhibiting
apoptosis of MF-HSC (Friedman, 2008). We discovered that Q—HSC produce large amounts
of the Hh inhibitor, Hhip, but quickly down-regulate Hhip when exposed to conditions that
promote their transition to MF-HSC (Choi et al., 2009). These situations also activate PI3K/
AKT-dependent mechanisms that induce HSC production of Hh ligands (Yang et al., 2008).
HSC-derived Hh ligands, in turn, result in increased expression of Hh-target genes, such as
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Gli2 (Choi et al., 2009). Hh neutralzing antibodies or specific pharmacologic inhibitors of
smoothened that abrogate downstream Hh signaling drastically reduce MF-HSC viability
and virtually eliminate the proliferative effects of known MF-HSC mitogens, such as PDGF-
BB (Yang et al., 2008). In addition, pharmacologic inhibition of Hh pathway with the
Smoothened antagonist, cyclopamine, caused surviving MF-HSC to revert to a less
myofibroblastic and more quiescent phenotype (Choi et al., 2009, Choi et al., 2010, Sicklick
et al., 2005).

Hh pathway activation also may promote hepatic accumulation of myofibroblasts that are
derived from “non-conventional” sources, such as bone marrow and EMT. We demonstrated
that activating Hh signaling in immature ductular cells caused such cells to produce MCP-1,
which is a known chemokine for circulating monocytes/fibrocytes (Omenetti et al., 2009).
Moreover, Hh pathway activation increases local production of IL-13 (see above) and IL-13
has been shown to promote the differentiation of monocytes into fibrocytes (Shao et al.,
2008). Finally, Hh signaling induces EMT in immature ductular cells (Omenetti et al.,
2008b). Thus, the aggregate findings predict that injury-related activation of the Hh pathway
would play a major role in hepatic accumulation of myofibroblasts.

The concept that Hh pathway activation promotes hepatic accumulation of myofibroblasts is
supported by several lines of experimental evidence. First, myofibroblast numbers and
matrix accumulation in regenerating livers after PH parallel Hh pathway activation and are
virtually abolished by pharmacologic inhibition of Hh signaling (Ochoa et al., 2010).
Second, hepatic accumulation of myofibroblasts and collagen matrix increase in parallel
with cholestatic liver injury following chronic bile duct ligation, and resolve in parallel with
the progressive down-regulating of Hh signaling that occurs once biliary obstruction is
relieved (Omenetti et al., 2008a). Third, myofibroblast accumulation and liver fibrogenic
activity are enhanced transgenic mice with an overly-active Hh pathway following bile duct
ligation (Omenetti et al., 2008a) or exposure to hepatotoxic diets (Syn et al., 2009a). Fourth,
myofibroblast accumulation and the severity of liver fibrosis parallel the level of Hh
pathway activity in patients with different types of liver disease, including chronic viral
hepatitis (Pereira et al., 2010) and nonalcoholic fatty liver disease (Syn et al., 2009a).

HEDGEHOG PATHWAY ACTIVATION AND VASCULAR REMODELING

Cirrhosis is characterized by changes in hepatic sinusoidal architecture together with
extrahepatic vasculature rearrangement (Friedman, 2008). Several types of cells that reside
near sinusoidal endothelial cells are capable of generating Hh ligands, including injured
hepatocytes, activated HSC, liver progenitors, and certain types of resident lymphocytes.
The Hh pathway is a key regulator of vascular remodeling during development (Vokes et al.,
2004), while PDGF-BB (which activates Hh signaling in adult liver cell populations)
(Omenetti et al., 2008a, Yang et al., 2008) has also been demonstrated to regulate hepatic
vascular structure and function (Semela et al., 2008).

Furthermore, a potential role for Hh-mediated activation of other angiogenic factors that
could impact vascular remodeling have been identified in other tissues (Yamazaki et al.,
2008, Pola et al., 2001, Lavine et al., 2006, Ueda et al., 2010). Recently published evidence
also suggests that activated HSC may enhance the vascular remodeling process by secreting
angiogenic factors, such as angiopoeitin 1 (Taura et al., 2008). Hence, we postulated that Hh
signaling might regulate cirrhosis-related vascular remodeling.

In support of this concept, biologically active Hh ligands were identified in exosomes that
were released from myofibroblasts and immature cholangiocytes after these cells were
exposed to PDGF-BB (Witek et al., 2009). Moreover, treatment of other cells that contained
Hh-reporter constructs with exosomes purified from myofibroblast- or cholangiocyte-
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conditioned medium activated Hh transcriptional activity, proving that Hh-containing
exosomes are capable of initiating Hh signaling in distant Hh-target cells (Witek et al.,
2009). Consistent with the in vitro data, BDL-induced fibrosis/cirrhosis elicited the release
of membrane-associated Hh ligands into both plasma and bile (Witek et al., 2009). Even
more interestingly, when exposed to either plasma- or bile-derived exosome-enriched Hh-
containing membrane particles, sinusoidal endothelial cells were stimulated to undergo
phenotypic changes that are known to occur during the capillarization proccess that
accompanies cirrhosis-related vascular remodeling (Witek et al., 2009). These findings
identify a potentially novel mechanism for vascular remodeling during cirrhosis, namely,
Hh-induced phenotypic changes in endothelial cells.

HEDGEHOG PATHWAY ACTIVATION AND CARCINOGENESIS

Hh pathway activation has been demonstrated in many types of cancer (Beachy et al., 2004).
In some tumors, this results from activating mutations in smoothened or gli family members
(Toftgard, 2000, Romer and Curran, 2005, Saldanha, 2001, Daya-Grosjean and Couve-
Privat, 2005). However, in others enhanced Hh signaling is explained by epigenetic events
that silence Hhip or that increase production of Hh ligands (Freeman et al., 2009). Beachy et
al. (2004) demonstrated excessive Hh signaling in cholangiocarcinomas. Our group was the
first to report increased Hh pathway activity in human hepatocellular carcinomas (HCC) and
certain human HCC-derived hepatoma cell lines. Moreover, we showed that smoothened
inhibitors significantly reduced the growth of Hh-responsive hepatoma cells (Sicklick et al.,
2006a). These findings were quickly validated by several other research teams (Patil et al.,
2006, Huang et al., 2006, Fu et al., 2008, Tada et al., 2008, Cheng et al., 2009). Subsequent
microarray analyses of human HCC banks suggest that Hhip may be hypermethylated and
silenced in as many as two-thirds of human HCCs (Wang et al., 2007, Villanueva et al.,
2007), identifying the Hh pathway as a potentially important therapeutic target in
hepatocarcinogenesis.

To date, however, little information has been published to clarify the cellular sources and
targets of Hh ligand in HCC. We are using immunohistochemistry to address this issue.
Preliminary results in an HCC that developed in a patient with HCV-related cirrhosis
suggest that the malignant stroma is particularly-enriched with cells that produce Hh ligand,
as well as Hh responsive cells. This finding is particularly intriguing given a recent report
which demonstrated that a pharmacologic Hh inhibitor eliminated most of the tumor stroma
and improved the outcomes in a mouse model of pancreatic cancer (Olive et al., 2009).

CONCLUSIONS

Recent evidence suggests that repair of adult liver, like many tissues, involves the
coordinated response of a number of different cell types. In adult livers, fibroblastic cells,
ductular cells, inflammatory cells, and progenitor cells contribute to this process. The fates
of such cells are dictated, at least in part, by fetal morphogenic pathways which were once
thought to be active mainly during embryogenesis, such as Hedgehog. Emerging data from
studies of injured adult human and rodent livers demonstrate that injury-related activation of
the Hedgehog pathway modulates several important aspects of repair, including the growth
of hepatic progenitor populations, hepatic accumulation of myofibroblasts, repair-related
inflammatory responses, vascular remodeling, liver fibrosis and hepatocarcinogenesis
(Figure 1). These findings identify the Hedgehog pathway as a potentially important target
for biomarker development and therapeutic manipulation, and emphasize the need for
further research to advance knowledge about how this pathway is regulated by and interacts
with other signals that regulate adult liver repair.
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hedgehog-interacting protein
hepatic stellate cell

hepatocellular carcinoma
insulin-like growth factor 1

Indian hedgehog
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natural killer T cell
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plateled-derived growth factor-BB
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Figure 1.

A. Healthy liver. There is very little evidence of Hedgehog (Hh) pathway activity in healthy
adult liver, although this tissue harbors a number of different cell types that are capable of
producing and/or responding to Hedgehog ligands. Two mechanisms seem to account for
these low basal levels of Hh activity: 1) relative lack of Hh ligand production and 2) high
expression of the Hh ligand antagonist, Hhip, by sinusoidal lining cells, such as quiescent
hepatic stellate cells (Q-HSC) and sinusoidal endothelial cells (SEC). B. Liver epithelial
cell injury. Injury to liver epithelial cell unleashes a cascade that results in progressive
activation of the Hh pathway and consequent expansion of cell populations that are involved
in liver inflammation, regeneration, and fibrogenesis. 1) Injury stimulates mature
hepatocytes and cholangiocytes to produce and release Hh ligands into the bile, space of
Disse, and liver sinusoids. 2) Injury represses sinusoidal lining cell expression of Hhip.
These two responses increase exposure of Hh-responsive cell types (e.g., HSC, SEC, liver
progenitors, cholangiocytes, and liver lymphocytes) to Hh ligands. 3) Hh ligands stimulate
Q-HSC to undergo transition to myofibroblastic (MF)-HSC; enhance MF-HSC proliferation
and survival; and stimulate further production of Hh ligands by MF-HSC. 4) Hh ligands
generated by injured liver epithelial cells and MF-HSC enhance the proliferation and
survival of liver progenitors and cholangiocytes, both of which also produce Hh ligands. 5)
Hh ligands stimulate cholangiocytes to undergo EMT, thereby providing another source of
myofibroblasts in injured livers. 6) Hh-activated cholangiocytes also produce various
chemokines that recruit different types of bone marrow-derived cells and immune cells to
liver, such as fibrocytes, monocytes, neutrophils, T and B lymphocytes, and NKT cells. 7)
Hh ligands are viability factors for lymphocytes, including NKT cells. Thus, they promote
the accumulation of NKT cells within a microenvironment that is enriched with CD1d-
expressing cells that function as antigen-presenting cells for NKT cells. 8) Hh ligands also
stimulate NKT cells to produce pro-fibrogenic cytokines, including IL-4 and IL-13. These
NKT cell-derived factors, as well as Hh ligands that are produced by the NKT cells
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themselves, further stimulate expansion of liver myofibroblasts by promoting growth of MF-
HSC and inducing transition of bone marrow derived monocytes into fibrocytes. 9) The
cumulative effects of Hh ligands on SEC promote SEC capillarization and alter liver blood
flow by up-regulating SEC expression of CD31, adhesion factors, and nitric oxide. 10) Thus,
injury-related activation of the Hh pathway contributes to many of the repair responses that
typify chronic liver injury, including inflammation, fibrogenesis, vascular remodeling, and
accumulation of progenitor populations that might provide the seeds for subsequent liver
cancers.
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