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Summary

Liver disease remains a leading cause of mortality worldwide despite recent successes in the viral 

hepatitis field because increases in alcohol consumption and obesity are fueling epidemics of 

chronic fatty liver disease for which there are currently no effective medical therapies. About 20% 

of individuals with chronic liver injury ultimately develop end-stage liver disease due to cirrhosis 

and hence, treatments to prevent and reverse cirrhosis in individuals with ongoing liver injury are 

desperately needed. Success requires improved understanding of mechanisms that control liver 

disease progression. The liver responds to diverse insults with a conserved wound healing 

response, suggesting that it might be generally beneficial to optimize pathways that are crucial for 

effective liver repair. The Hedgehog pathway has emerged as a potential target based on 

compelling preclinical and clinical data which demonstrate that it critically regulates the liver's 

response to injury. This review will summarize evidence about the Hedgehog pathway's role in 

liver disease and discuss how modulating pathway activity might be applied to improve liver 

disease outcomes.
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Introduction

Liver disease is one of the leading causes of death worldwide1. Death from any type of acute 

or chronic liver injury results when sufficient healthy hepatic parenchyma cannot be 

regenerated to perform vital liver-specific functions. Although the regenerative capability of 

adult liver is legendary, 10-20% of individuals exhibit defective regenerative responses that 

progressively replace functional liver tissue with scar, placing them at risk for cirrhosis and 

primary liver cancer when confronted with chronic liver injury. The prognosis of cirrhosis is 
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worse than that of many malignancies given that survival is merely 2-4 years once evidence 

of liver dysfunction becomes overt2. Further, after cirrhosis has developed, reversing it is an 

extremely difficult and lengthy process, even after eliminating the underlying cause of liver 

injury3. These dismal statistics underscore the importance of developing effective strategies 

to prevent and treat cirrhosis. Cirrhosis is an extreme consequence of recurrent futile efforts 

to repair liver injury. The liver has robust regenerative capability and typically responds to 

injury with precisely-coordinated wound healing responses that persist until healthy hepatic 

parenchyma is completely restored. Injured liver epithelial cells trigger wound healing by 

releasing signals that mobilize various types of cells that must collaborate to reconstruct 

healthy hepatic parenchyma. Immune cells are recruited to combat invading pathogens, 

remove dying epithelial cells, and help activate resident hepatic stellate cells and sinusoidal 

endothelial cells. These sinusoidal cells, in turn, generate signals that stimulate 

vasculogenesis and matrix remodeling. Together with epithelial and immune cell-derived 

factors, the changes in blood flow and matrix composition promote the viability of surviving 

epithelial cells while nurturing the outgrowth and eventual differentiation of progenitors 

needed to repopulate the damaged parenchyma. During these wound-healing responses the 

accumulation of immune cells, activated endothelial cells, myofibroblasts, and progenitors 

plus the resultant matrix and vascular remodeling (a.k.a., scarring) disrupt the normal 

hepatic architecture. However, as healthy hepatic parenchyma is regenerated, the signals 

driving repair dissipate, wound healing responses subside, and scarring gradually regresses. 

Wound healing “stalls” during the phase of active scarring when liver injury is recurrent or 

when the mechanisms that orchestrate the wound healing process itself become 

dysregulated. In order to optimize effective recovery from liver injury, hepatologists need to 

better understand how to regulate the signals that control liver repair.

Growing evidence indicates that the Hedgehog (Hh) pathway is a critical regulator of adult 

liver repair and hence, a potential diagnostic and/or therapeutic target in cirrhosis. Although 

the Nobel Prize laureates Wieschaus and Nussland-Volhart described the Hh pathway in 

19804, its importance in dictating liver injury outcomes has emerged much more recently. 

Hh is a classic morphogen, i.e., it is secreted by ligand producing-cells, diffuses into the 

extracellular space and determines the fate of Hh-responsive target-cells according to its 

concentration and the duration of exposure5. Hh is crucial for embryogenesis and its name is 

based on evidence that genetic disruption of Hh production induces a spiculated appearance 

in fly larvae, causing them to resemble the homonymous mammal4. The first evidence that 

Hh might be involved in liver disease dates from the 2001 description of Hh pathway 

transcripts in a liver microarray analysis of liver samples from patients with 

cholangiopathies6. Since then, extensive evidence demonstrates that Hh pathway induction 

not merely associates with, but actually controls, liver disease progression, identifying this 

pathway as a potential therapeutic target to optimize liver repair. This review summarizes the 

preclinical and clinical data which show that Hh signaling regulates liver disease progression 

and discusses potential translational applications of this new knowledge.

The Hedgehog Signaling Pathway

The canonical Hh pathway is a conserved, highly complex signaling cascade, with many 

players and intricate regulation. However, it can be simplified into four fundamental 
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components: i) the ligand Hedgehog, ii) the receptor Patched (Patch), iii) the signal 

transducer Smoothened (Smo), and iv) the effector transcription factor, Gli (Figure 1). 

Canonical Hh signaling occurs along a highly specialized organelle, the primary cilium7. 

Primary cilia (PC) are tubulin-polymerized immotile cilia that assemble from the centriole at 

the end of mitosis. Components of the Hh pathway concentrate in PC8,9 and a complex PC 

trafficking system regulates the interaction of Hh pathway components to enhance, or block, 

the Hh-initiated signal10,11.

Hh is a protein produced as a 45-kDa precursor that undergoes proteolytic processing in the 

endoplasmic reticulum12 and subsequent lipid modification to acquire cholesterol and 

palmitoyl groups13,14. Hh is secreted into the extracellular space, diffusing away from the 

ligand-producing cell to bind to other cells whereby it determines their fate according to the 

concentration and duration of exposure5. Extracellular matrix proteins, such as 

proteoglycans, modulate the diffusion of Hh through the extracellular space and thus, 

regulate the concentration of Hh to which target cells are exposed15,16. Mammals have 3 

different Hh proteins: Sonic (Shh, named after the videogame personality), Indian (Ihh) and 

Desert (Dhh) hedgehog, (named after two mammalian hedgehog species)17. The 3 ligands 

similarly activate the Hh pathway in Hh-responsive cells, however their expression is 

differently regulated. While Shh and Ihh are widely expressed, Dhh is thought to be 

expressed mainly in the nervous system and testis10.

Patch, the Hh receptor, is a protein with 12 transmembrane domains. When Hh ligands are 

absent, Patch localizes to the PC and constitutively inhibits the Hh pathway by blocking 

Smo, the signal transducer protein, from entering the PC and being activated. When Hh 

ligand binds to Patch, it displaces Patch from the PC, allowing Smo to enter the PC and 

become active 9. The Hh-Patch complex is subsequently internalized and degraded18. Three 

Hh co-receptors, CAM-related down-regulated by oncogene (Cdo), brother of Cdo (Boc) 

and growth-arrest-specific (GAS)-2, 19. Conversely, Hhip, a soluble Hh receptor, inhibits Hh 

signaling by preventing Hh-Patch binding20.

Smo is a 7-pass transmembrane G-protein coupled receptor that mediates activation of Gli 

transcription factors in various types of Hh-responsive cells. Gli proteins promote 

transcription of several genes important in the regenerative/repair process. For example, in 

endothelial cells Gli promotes the transcription of vascular endothelial growth factors 

(VEGF), angiopoietin-1 and -2; in fibroblasts, it stimulates transcription of snail, twist-2, α-

smooth muscle actin (α-SMA) and vimentin; and in progenitor cells, Gli promotes 

expression of nanog, sox-2 and -910,21. In the absence of Hh, Smo activity is repressed by 

Patch and Gli binds to fused kinase (Fu), suppressor of fused (Sufu) and Costal-2, to form a 

suppressor protein complex which prevents Gli from entering the nucleus22. Arrested in the 

cytoplasm by the suppressor protein complex, Gli is vulnerable to sequential 

phosphorylation by protein kinase A (PKA), glycogen synthase kinase-3 (GSK3) and 

calmodulin kinase-1 (CK1). Phosphorylation of Gli enables Gli binding to β-transducin 

repeat containing protein (βTrCp) and the Gli-βTrCp complex is targeted to the proteasome 

for ubiquitination. In the proteasome, Gli can be either degraded entirely or processed to 

generate a truncated transcription repressor (Gli-R)23,24. When Hh binds to Patch, Smo is 

de-repressed and activated Smo dissociates Gli from the suppressor protein complex, 
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preventing Gli phosphorylation and subsequent degradation. Full-length Gli moves to the 

nucleus where it acts as a transcription factor.

Mammals have 3 known 3 Gli proteins: Gli-1, -2 and -3. Gli-1 does not undergo 

proteosomal degradation and hence, remains untruncated and always acts as a transcription 

promoter. Gli-1 is an important target gene for Gli-225. Full-length Gli-2 accumulates when 

Smo is activated because activated Smo protects Gli-2 from proteosomal degradation. When 

Smo is inactive, both Gli-2 and Gli-3 are targeted to the proteasome; Gli-2 is usually fully 

degraded but Gli-3 is frequently partially processed to a truncated form that acts as a 

transcriptional repressor26. As such, Gli-3 can act as either a transcriptional repressor (when 

Smo is inactive) or as an activator of transcription (when activated Smo protects it from 

proteosomal degradation). In contrast, Gli-1 and Gli-2 act predominantly as transcription 

promoters.

Besides the canonical Hh pathway, there are also two known types of non-canonical Hh 

signaling. Type 1 non-canonical Hh signaling depends on Patch but is Smo-independent. In 

the absence of Hh, Patch has direct pro-apoptotic and anti-proliferative effects, by activating 

caspase-327 and preventing nuclear localization of cyclin D28, respectively. Both effects of 

Patch are lost when Hh binds to Patch. Type 2 non-canonical Hh signaling depends on Smo 

but it does not require PC29. This non-canonical signaling depends on the Gαi activity of 

Smo that directly regulates metabolism (for example it promotes a Warburg-like effect 

promoting glycolysis in muscle, adipose tissue and myofibroblasts30,31), proliferation, 

calcium flux and migration (in myofibroblasts and endothelial cells32-34), in a Gli-

independent mechanism. Additionally, Gli signaling can occur in the absence of Hh via a 

process that also appears to be Patch and Smo-independent, as demonstrated by evidence 

that Gli induction is a direct downstream consequence of transforming growth factor (TGF) 

beta and RAS signaling35-37.

The Hedgehog Pathway In The Liver

Hepatic Development

The role of Hh in the embryogenesis of the liver is not fully understood. Shh is strongly 

expressed in the ventral foregut endoderm which gives rise to the liver, pancreas and lung 

buds. Shh expression disappears as the liver bud forms38,39 but it is transiently induced in 

hepatoblasts later in development. As hepatoblasts differentiate into hepatocytes, Shh 

expression is reduced again38, suggesting that Shh is necessary to generate, maintain, and 

expand certain populations of liver progenitors, but must be inhibited for these cells to 

differentiate into mature liver epithelial cells.

Healthy Adult Liver

In healthy adult liver, the Hh pathway is relatively dormant due to both very low production 

of ligands by liver-resident cells (e.g., occasional immature-appearing cholangiocytes), and 

robust expression of Hh inhibitors, such as Hhip, by quiescent HSC40. Interestingly, 

emerging evidence suggests that this low level of pathway activity may fluctuate in a 

circadian fashion and help to regulate zonal differences in hepatic metabolism by 
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modulating the relative levels of various Gli factors in hepatocytes41,42. These recent 

observations raise the intriguing possibility that mammalian liver may be exposed (and 

respond) to Hh ligands derived from extra-hepatic sources. In flies, for example, Hh ligand 

is produced by intestinal epithelial cells and carried in lipoproteins to the fat body (an organ 

with dual adipose- and liver-like functions) where it has metabolic activity43. Hh inhibits 

lipogenesis in both flies and mammals22,44. Hh ligands have been demonstrated in human 

lipoproteins45 but the source(s) of lipoprotein-associated Hh ligands and their function in 

man are unknown. This issue merits further study given recent evidence that inherited 

Smoothened defects which abrogate Hh signaling in humans lead to hepatic steatosis46.

Injured Adult Liver

Hh ligand expression is induced in liver-resident cells and robust Hh pathway activity 

reemerges in adults in response to situations that trigger acute liver regeneration (e.g., after 

an acute liver insult with hepatic necrosis or after partial hepatectomy) or chronic liver 

regeneration/repair (e.g., all types of chronic liver injury). Indeed, the level of Hh pathway 

activation generally correlates with the severity and duration of the liver injury, regardless of 

etiology47. The fact that Hh pathway activity closely parallels the intensity of the 

regenerative stimulus probably reflects the fact that the production of Hh ligands is 

stimulated by several factors that accumulate in injured livers, including platelet derived 

growth factor (PDGF), TGF-β, and epidermal growth factor (EGF)48-50. During liver wound 

healing, various liver-resident cell types produce Shh and/or Ihh ligands, including injured/

dying hepatocytes (e.g., ballooned hepatocytes in steatohepatitis), injured/activated 

cholangiocytes (e.g., in ductular reactions and cholangiopathies), myofibroblastic stellate 

cells (e.g., during fibrogenesis), sinusoidal endothelial cells (e.g., during capillarization), and 

immune cells (e.g., macrophages and NKT cells during fibrogenesis)40,48,51-58. Further, 

local production of Hh inhibitors is reduced as hepatic stellate cells quickly suppress their 

production of Hhip when they are becoming myofibroblastic53,54. These reciprocal changes 

in local production of Hh ligands and Hh inhibitors generate a microenvironment that 

promotes Hh pathway activation in Hh-responsive target cells.

There has been some debate about which types of liver cells might be able to activate 

canonical Hh signaling during liver injury. These uncertainties reflect technical challenges 

imposed by imperfect and inconsistent reagent specificity and the nature of the signaling 

process itself, which is quite dynamic and regulated at multiple levels. These challenges are 

compounded by the fact that PC are thought be necessary for cells to activate canonical Hh 

signaling in response to Hh ligand exposure. Cells possess a single 0.25 μm diameter PC and 

this structure forms and regresses as cells exit and enter the cell cycle59,60, making it quite 

difficult to visualize PC on any given cell in intact liver tissue, even with the best available 

approach (i.e., confocal microscopy with antibodies to acetylated tubulin61. This task is 

particularly daunting during the various phases of an active wound healing response. Indeed, 

it is conceivable that regeneration-related changes in PC contribute to the striking 

differences in Hh pathway activity in healthy and diseased livers.

Current dogma posits that all healthy adult hepatocytes are devoid of PC61, and hence 

cannot activate the canonical Hh pathway62. This assumption merits renewed scrutiny in 
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light of the aforementioned evidence suggesting that Hh signaling regulates hepatocyte 

metabolism during health42,63. In addition, other reports in patients and animal models with 

liver disease have demonstrated Gli2 nuclear staining in periportal hepatocytes47,62,64-68. 

This suggests that some hepatocytes may be able to acquire PC and become responsive to 

Hh, since the activation of the transcription factor Gli2 is the end result of the Hh pathway. 

On the other hand, Gli2 activation in such cells could be Hh- and Smo independent, since 

Gli2 can be activated by other signaling pathways such as TGF-β35 (which increases after 

fibrogenic insults) and FOXC169 (which is upregulated in hepatocellular carcinoma70). It is 

also possible that hepatocytes exhibit Hh-dependent, PC-independent, Smo-dependent or 

Smo-independent activation of Gli71,72. In any case, several groups have demonstrated Smo 

activity in hepatocytes65,72.

Similar to healthy mature hepatocytes, liver sinusoidal endothelial cells are not thought to 

express PC in general. However, endothelial cells are known to become ciliated when 

exposed to increased hydrostatic pressure73,74. The resultant Hh pathway activation induces 

a vasoconstrictive phenotype and loss of fenestration in liver sinusoidal endothelial cells, 

promoting angiogenesis, capillarization and vascular remodeling that contributes to portal 

hypertension55,56,75,76.

In contrast to hepatocytes and liver sinusoidal endothelial cells, cholangiocytes and 

progenitor cells in healthy livers seem to express PC fairly consistently62,77 and thus, 

heritable ciliopathies which alter Hedgehog signaling along PC (e.g., Bardet Biedl 

syndrome, adult polycystic kidney disease, Caroli's disease) exhibit an aberrant biliary 

phenotype78. Hh activation in bipotent liver epithelial progenitors induces proliferation, 

inhibits apoptosis and blocks differentiation along the mature biliary lineage38,40,62. Such 

dysregulated Hh signaling has been implicated in the pathogenesis of “acquired” 

cholangiopathies, including biliary atresia79-81 and the ductular reaction that develops during 

many types of liver injury49,51,82. The ductular reaction is believed to reflect accumulation 

of immature liver epithelial cells83. Hh pathway activation in liver progenitors expands the 

pools of cells available to replace epithelial cells that are dying after an acute or chronic 

insult. However, full recuperation of liver-specific functions requires precise modulation of 

Hh signaling since complete differentiation of progenitors into mature liver epithelial cells 

seems to require repression of pathway activity38,39.

Like cholangiocytes and progenitors, some hepatic stellate cells (HSC) in healthy adult 

livers also appear to have PC. This conclusion is based on evidence that HSC in healthy 

livers are marked by both Patch- and Gli-reporter activity in transgenic mice84-86, similar to 

tissue-resident perivascular mesenchymal stem cell-like cells in multiple other tissues87. Hh 

activation appears to promote differentiation of such cells into proliferative 

myofibroblasts84,88-90. The mechanisms mediating this transdifferentiation have been 

delineated in HSC and shown to involve a epithelial-to-mesenchymal transition-like process 

whereby the cells transiently repress their expression of genes that favor a more quiescent, 

epithelial phenotype while inducing various factors that promote the transcription of 

mesenchymal genes and enhance the stability/translation of the respective mRNAs to 

promote proliferation, survival, migration, contractility, and angiogenesis91-94. Interestingly, 

although ultrastructure studies of HSC and studies with confocal microscopy described PC 
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in only 2.5% of HSC of healthy livers59,68,95, in vitro studies show that HSC are highly 

responsive to both Hh ligand and antibodies that neutralize Hh84,90. HSC also appear to be 

responsive to Hh ligands in vivo as indicated by evidence that the pool of hepatic 

myofibroblasts expands in parallel with Hh ligand accumulation following various liver 

insults, whereas during recovery, a decline in Hh associates with involution of that pool of 

cells49. Further, in animal models neutralizing antibodies to Hh ligands promote 

myofibroblast inactivation, apoptosis and senescence96. Treatments that reduced injury-

related production of Hh ligands by hepatocytes also caused regression of myofibroblast 

populations in patients97. Given evidence that HSC are highly responsive to direct 

antagonists and agonists of Smo in vivo and in vitro84,91, and reports that direct 

manipulation of Gli factors also regulates HSC fate98. It is conceivable that various 

canonical (i.e., PC-dependent) and noncanonical (i.e., PC-independent) pathways interact to 

modulate Hh signaling in HSC99.

Lastly, certain populations of immune cells may be Hh responsive. Although PC have not 

been demonstrated in healthy liver-resident macrophages or lymphocytes, macrophages in 

injured livers have been shown to produce Hh ligands58,100,101 and treating liver-derived 

macrophages with neutralizing antibodies to Hh ligands inhibits them from becoming M2 

polarized in vitro58,101. Similarly, NKT cells (the predominant liver lymphocyte sub-

population in healthy adult livers) are highly responsive to Hh, which promotes NKT cell 

viability, proliferation and skews their differentiation towards a phenotype that enhances 

both immune tolerance and fibrogenesis57,102.

In summary, while Hh signaling is generally relatively dormant in the healthy adult liver, the 

pathway becomes very active when the liver is injured and orchestrates a dialogue between 

different cell types to assure an effectively integrated repair response. After the insult 

subsides, the Hh pathway must be shut-down so that the liver can recover its mature 

structure and function.

Hedgehog In Liver Regeneration

A growing body of evidence demonstrates that activation of the Hh pathway is crucial for 

liver regeneration. The best-studied animal model for evaluating acute regeneration is 

surgical removal of 70% of the healthy liver (partial hepatectomy, PH) in adult rodents. Hh 

ligand expression increases transiently but significantly following PH in rodents65. Further, 

inhibiting Hh pathway induction with a direct pharmacologic antagonist of Smo decreased 

both recovery of liver mass and overall survival54,65. Interestingly, similar results were found 

when a targeted molecular approach was used to inhibit Smo and block Hh pathway activity 

in liver pericytes54, identifying Hh-responsive HSC as central players in liver regeneration.

Patients undergoing extensive liver resection to de-bulk metastatic cancer are at risk of liver 

failure due to massive loss of functional hepatic mass. To prevent this potentially-fatal 

outcome, a two-stage hepatectomy is often performed, with the first step being segmental 

portal vein ligation, followed by a partial hepatectomy (PH) to stimulate compensatory 

growth of the non-occluded liver section. To expedite the regenerative response, a modified 

two-step approach (dubbed, associating liver partition and portal vein ligation for staged 
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hepatectomy, ALPPS) has been developed in which transection along the demarcation 

between occluded and non-occluded liver replaces the PH step. Compensatory liver growth 

is much faster after ALPSS than portal vein ligation alone, and it was recently reported that 

Ihh is massively up-regulated in the liver and blood of patients and mice subjected to 

ALPPS103. Interestingly, mice subjected to portal vein ligation with simultaneous 

administration of systemic Ihh, performed as well as mice submitted to ALPPS103, 

supporting the other preclinical evidence that Hh signaling plays a major role in promoting 

acute liver regeneration. Consistent with this concept, not only does the production of Hh 

ligands increase after PH, but the bioavailability of those ligands also changes. In the 

extracellular matrix of the healthy adult liver, the proteoglycan glypican-3 binds normally to 

Ihh to prevent Ihh from binding to Patch in order to constrain activation of the Hh pathway. 

After PH, the binding of Ihh to glypican-3 dramatically decreases, returning back to its 

baseline levels only when the liver recovers its initial size67. Thus, the bioavailability of Hh 

ligands increases rapidly and remains elevated for a period of time following PH, and this is 

accompanied by striking changes in hepatic Hh pathway activity. The kinetics of this process 

have been mapped after PH in rodents54,65,104.

Briefly, hepatic expression of Shh and Ihh ligands and Gli1/Gli2 transcription factors (the 

down-stream effectors of the canonical Hh signaling pathway) increases transiently after PH, 

with peak Hh pathway activity corresponding to the period of active hepatocyte replication. 

Interestingly, Ihh induction seems to occur slightly before, and slightly after, hepatocyte 

DNA proliferative activity peaks, while maximal Shh expression coincides with the time 

window during which hepatocyte replication and accumulation of α-SMA producing 

myofibroblasts are maximal65. Sinusoidal lining cells, particularly activated endothelial cells 

and inflammatory cells, appear to be major sources of Hh ligands, but hepatocytes isolated 

from mice after PH also produce these factors65, suggesting that PH may evoke transient 

stress and/or de-differentiation in residual mature hepatocytes105. While more research is 

necessary to clarify the latter issue, available data indicate that Smo-dependent nuclear 

accumulation of Gli-2 protein occurs initially in hepatocytes after PH, followed 24 hours 

later by nuclear accumulation of Gli-2 in cells that co-express progenitor markers65. Further, 

conditional disruption of Smo in α-SMA-expressing cells revealed that Hh pathway activity 

in myofibroblastic cells is required for post-PH matrix remodeling, progenitor cell 

expansion, and proliferative responses in hepatocytes and ductular cells54. Thus, multiple 

converging lines of evidence demonstrate that coordinated transient activation of the Hh 

pathway is critically important to re-construct healthy liver tissue following partial liver 

resection54. One appealing translation of this knowledge to improve current clinical practice 

might be to treat patients with Hh stimulants (for example recombinant Ihh) before extended 

hepatectomy or after transplantation of small-for-size liver grafts to optimize liver 

regeneration and avoid post-surgical liver failure. However, because maturation of liver 

epithelial cells is inhibited when Hh pathway activity is high, further study is essential to 

define safe doses and durations of pathway activation in these contexts.

Hedgehog In Chronic Liver Disease

The liver responds to different chronic insults with a highly conserved wound healing 

response during which different cell types must communicate to re-construct fully 
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functional, healthy liver parenchyma. The inter-cellular dialogue that orchestrates effective 

liver repair is accomplished by diverse factors (e.g., cytokines, growth factors, and 

morphogens, such as Hh ligands) that interact to appropriately modulate the fates of 

surviving liver cells. Cumulative data from humans and animal models indicates that Hh 

signaling is a pivotal regulator of the wound healing response in chronic liver disease. This 

discovery identifies the Hh pathway as a common target for therapeutic manipulation, 

regardless of the primary insult perpetuating liver injury.

Diverse insults (e.g., alcohol, toxic drugs, metabolically active fat, autoimmune attack, viral 

and parasitic infections) induce stress and cell death in liver epithelial cells (hepatocytes or 

cholangiocytes). The injured/dying cells generate signals to recruit help and promote 

healing, including alarmins, damage-associated pattern molecules (DAMPs), cytokines, and 

morphogens. Because mortally-wounded liver epithelial cells cannot replicate, their alarm 

signals are configured to elicit a proliferative response in residual cells that survived, 

including less mature epithelial cells that can be incited to differentiate into replacements for 

the dead mature epithelia once the microenvironment becomes less noxious. The cellular 

source(s) of such immature liver epithelial cells has become a matter for debate, but 

morphologically the process is identified as a ductular reaction, i.e., the accumulation of 

immature-appearing ductal cells that aggregate to form nascent duct-like structures 

embedded in variable amounts of fibrous matrix with accompanying stromal cells (e.g., 

small oval-shaped cells with a high nuclear:cytoplasmic ratio, immune cells, activated 

endothelial cells and myofibroblasts)83,106.

The cells in the ductular reaction have multiple duties that are essential for effective tissue 

repair, including nurturing progenitors to replace the dying epithelia, clearing dead cell 

debris, pathogen defense, vasculogenesis to optimize blood flow, and matrix remodeling to 

provide an appropriate scaffold for tissue reconstruction. Thus, it is intriguing that the 

ductular reaction and active scar tissue have many features in common given that the former 

is believed to be a potentially beneficial response, while the latter is thought to reflect failed 

regeneration. This apparent paradox might be reconciled if future research confirms our 

hypothesis that the microenvironment of the ductular reaction is dynamic and when 

optimally regulated, engenders an incubator-like niche that initially promotes the generation 

and expansion of epithelial precursors and then gradually morphs to instruct their 

appropriate differentiation into mature epithelial replacements. Viewed from this 

perspective, progressive scarring that leads to cirrhosis might simply reflect futile/stalled 

regeneration, i.e., inability to move beyond the initial phases of the wound healing response. 

Arrest during early wound healing might be appropriate if the liver is repetitively re-

challenged with noxious insults (as occurs during metabolic liver disease or chronic viral 

infection). Alternatively, it could occur despite resolution of the initial insult if key 

mechanisms that control the normal evolution of the ductular reaction become dysregulated 

due to inherited traits or environmental factors.

Dysregulated wound healing itself promotes progressive tissue damage: persistent 

accumulation of myofibroblasts causes progressive liver fibrosis, ultimately resulting in 

cirrhosis; persistent accumulation of inflammatory immune cells perpetuates liver injury, 

leading to chronic hepatitis; and persistent expansion of progenitor cells and their arrest in 
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immature forms favors carcinogenesis. The inability to shut down the wound healing 

response appropriately seems to more related to patient characteristics (e.g., inheritance, age, 

gender, environmental exposures) that convey susceptibility to defective tissue repair107 than 

to the specific etiology of the liver disease itself given that very different insults (e.g., 

alcoholic and nonalcoholic fatty liver disease108,109, chronic viral hepatitis110, 

schistosomiasis111) result in progressive damage and end-organ failure in a similar 

proportion of afflicted individuals.

The first suggestion that the Hh pathway might be involved in the pathogenesis of chronic 

liver disease was reported at the beginning of this millennium by Schakel et al who noted 

that Patch and Gli were upregulated in their microarray analysis of liver tissues from patients 

with primary biliary cholangitis (PBC) and primary sclerosing cholangitis (PSC)6. Since that 

initial description, the Hh pathway has consistently been shown to be aberrantly activated in 

different human cholangiopathies and animal models of these diseases. For example, 

immunohistochemistry studies have demonstrated increased Hh pathway activity in human 

PBC and PSC relative to healthy age-matched controls68,112,113, with the main sources of 

Hh ligands being ductular cells in PBC and peribiliary gland progenitor cells in large bile 

ducts of patients with PSC112,113. Progenitor cells and myofibroblasts are the main Hh-

responsive cell types in both diseases112,113. Importantly, the level of Hh activation strongly 

correlated with the degree of liver fibrosis in both PBC and PSC. Furthermore, genome wide 

association studies showed that genetic variants in the Hh pathway confer susceptibility for 

PBC114. In pediatric cholestatic diseases such as biliary atresia, Alagille's syndrome and 

progressive familial intrahepatic cholestasis, there is known activation of the Hh pathway. 

Further, high levels of Hh pathway activity correlate with dismal prognosis79,115. In 

pediatric cholangiopathies, the Hh pathway not only promotes fibrogenesis, but also induces 

epithelial to mesenchymal transition in biliary progenitors, which arrests them in an 

immature phenotype and abrogates ductular morphogenesis51,79. Studies in animal models 

of cholangiopathies not only replicated the evidence for excessive activation of the Hh 

pathway that was noted in the human diseases, but demonstrated a causal association. For 

example, a zebrafish model of biliary atresia caused by genetic deletion of glypican-1 could 

be reverted to a normal phenotype by administering a Hh inhibitor and replicated in wild 

type zebrafish embryos simply by administering recombinant Shh80. Rodent models of 

chronic bile duct ligation provides proof-of-concept that Hh signaling is also critical in the 

pathogenesis of cholangiopathies that are induced in adulthood. Bile duct ligation (BDL) in 

rats induces an exuberant fibroductular response that reproducibly culminates in biliary 

cirrhosis with accompanying high levels of Hh ligand production, profound downregulation 

of the Hh inhibitor Hhip, and striking nuclear accumulation of Gli, a Hh-regulated 

transcription factor. This liver phenotype can be reverted by submitting BDL rats to Roux-

en-Y hepaticojejunostomy, which decompresses the obstructed biliary tree. Such biliary 

diversion progressively silences the Hh pathway, causes regression of biliary fibrosis, and 

ultimately normalizes the hepatic architecture 48,49,51. Inhibiting the Hh pathway, either 

pharmacologically or through conditional disruption of the Smo gene abrogates liver injury 

and fibrosis in BDL mice53,116. The reverse is also true, that is, genetically modified mice 

with an overactive Hh pathway demonstrate a more exuberant fibroductular response to 

BDL48.
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Extensive data also demonstrate a role of the Hh pathway in the pathogenesis of alcoholic 

and nonalcoholic fatty liver disease. Studies of patients with alcoholic/nonalcoholic fatty 

liver disease consistently show that the level of Hh pathway activation correlates with the 

severity of liver cell injury/death, hepatic inflammation, liver fibrosis, and the risk for worse 

liver-related morbidity and mortality50,64,66,68,83,117. Various animal models of nonalcoholic 

fatty liver disease (NAFLD) have confirmed that the level of Hh pathway activity increases 

in parallel with the severity of steatohepatitis and liver fibrosis47,64,118-120. In contrast, the 

Hh pathway seems to protect the liver from steatosis in several preclinical NAFLD models. 

For example, obese ob/ob mice develop massive steatosis with age but are relatively 

protected from steatohepatitis and progressive liver fibrosis. This ob/ob phenotype results 

from monogenic deficiency of leptin; leptin has been proven to stimulate Hh signaling121; 

and Hh signaling is severely reduced in ob/ob mice96. Interestingly, a recent report indicates 

that the prevalence of NAFLD is higher in patients with germline mutations disrupting Smo 

than in the general population. This enrichment appears to be independent of obesity and 

seems to be driven predominately by the fact that reduced Smo function associates with 

hepatic steatosis. Indeed, expression of proinflammatory and profibrotic genes is generally 

low in such patients46. Similarly, genetically modified mice with reduced Hh pathway 

activity caused by global haploinsufficiency of Gli-2 develop more steatosis but less 

inflammation than wild type mice when exposed to steatogenic diets46. These findings in the 

livers of humans and mice with genetic inhibition of the Hh pathway are consistent with 

earlier publications proving that genetic activation of the Hh pathway directly inhibits 

lipogenesis in flies and mammals22,44, as well as more recent papers showing that targeted 

genetic/pharmacological activation of Hh signaling reverses steatosis in fatty hepatocytes 

harvested from obesity-related mice models of NAFLD42. Evidence linking reduced Hh 

activity with hepatic steatosis and excessive Hh signaling with steatohepatitis and fibrosis 

continues to accumulate as results of Hh pathway manipulation in additional animal models 

of NAFLD are published53,57,64,118,122-124.

Though studied less extensively than in cholangiopathies and fatty liver diseases, the Hh 

pathway is active in other forms of human liver disease, such as Schistosomiasis58,101 and 

chronic viral hepatitis100,125, and in several animal models of liver disease, including drug-

induced liver injury62,126, radiotherapy-induced liver injury127,128 and liver injury caused by 

ischemia-reperfusion129. The aggregate data identify the Hh signaling pathway as a 

promising therapeutic target to prevent various types of fibrogenic liver disease. However, 

much more must to be learned before the available information can be applied in a clinical 

setting. For example, it will be important to clarify if Hh pathway inhibition is safe in 

patients with ongoing liver injury since Hh signaling is crucial for liver regeneration. 

Improved understanding of the relative contributions of canonical versus non-canonical 

activation of the Hh pathway in liver disease pathogenesis may also help to guide strategies 

to modulate Hh pathway activity during chronic liver disease. This is particularly important 

because the Hh pathway is highly regulated and involves both self-inhibitory and self-

enhancing loops. Hence non-canonical signaling might not be blocked if the pathway is 

inhibited too far upstream. Conversely, blocking terminal activation of pathway targets is 

likely to have multiple off-target consequences because this approach would entirely 

abrogate much of the regulation that controls signaling initiated via either pathway.
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Hedgehog In Liver Cancer

The Hh pathway has been implicated in the pathogenesis of different liver cancers, namely 

hepatocellular carcinoma, cholangiocarcinoma34,130-134, infantile hepatoblastoma135,136 and 

gallbladder cancer137-141. The most extensively studied primary liver cancer is 

hepatocellular carcinoma. Different hepatoma cell lines demonstrate constitutive activation 

of the Hh pathway, with upregulation of the expression of several ligands and effector 

proteins and downregulation of the Hh inhibitor Hhip142-144. A frequent mechanism of Hhip 

downregulation in hepatoma cell lines is the hypermethylation of its promoter145. Hepatoma 

cell lines with higher upregulation of the Hh pathway tend to be more undifferentiated, with 

a more mesenchymal and invasive phenotype, and resistant to chemo and 

radiotherapy146,147. Furthermore, manipulation of the Hh pathway in hepatoma cell lines 

confirms that Hh inhibits apoptosis, promoting viability, proliferation, migration and 

invasiveness142-144,148-150.

Hh signaling activation has been consistently described in different animal models of 

hepatocellular carcinoma, such as chronic alcohol feeding, MDR2 deficient mice with 

spontaneous fibrotic cholangiopathy and hepatocellular carcinoma, and xenograft models of 

primary liver cancer151-154. Genetically inducing activation of Hh in only 2-5% of 

hepatocytes was able to enhance oncogene-induced hepatocarcinogenesis in mice155. 

Importantly, pharmacological treatment with Smo inhibitors was able to decrease tumor size, 

angiogenesis and metastasis, as well as increase radiosensitivity, in those 

models152-154,156,157. Studies in patients with hepatocellular carcinoma showed Hh 

activation in more than half the cases and higher levels of pathway activity tend to associate 

with higher tumor burden, invasion, metastatic disease, chemoresistance and worse 

prognosis with decreased overall survival and recurrence after liver 

transplant142,143,147,158-161. Phase I studies on Smo inhibitors are currently ongoing 

(NCT0215864,162). Smo inhibitors have been successfully used to treat other solid cancers 

such as basal cell carcinoma. However, the acquired resistance due to de novo mutations as 

well as the non-canonical Smo-independent Hh activation has generally challenged the 

treatment of malignancies with Smo inhibitors. Further, it is possible that Hh targets might 

be activated down-stream of Smo in at least some HCC given the recent discovery of a 

chromosomal translocation that constitutively activates Gli-1 in a subset of hepatic 

adenomas163.

Conclusion

Liver disease is a major cause of morbidity and mortality worldwide, reflecting the desperate 

need for effective treatments to prevent cirrhosis and primary liver cancers, the leading 

causes of fatal chronic liver disease. The liver responds to different insults with a similar 

wound-healing response. When this repair process cannot be shut down, scarring and 

neoplasia result instead of healing, increasing the risk for cirrhosis and primary liver cancer. 

This insight might be exploited in the future to develop novel therapies to prevent and treat 

cirrhosis and liver cancer. Therefore, growing evidence that the Hedgehog pathway critically 

regulates various facets of the wound healing response is particularly exciting because it 

identifies this morphogenic signaling pathway as a potential therapeutic target to prevent bad 
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outcomes of liver injury. Further research is necessary to clarify how Hedgehog pathway 

activity might be safely manipulated to optimize effective regeneration of injured liver to 

thwart the evolution of liver cirrhosis and primary liver cancer. This is an exciting field of 

research that gives liver disease patients and their doctors new hope for a brighter future.
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Abbreviations

ALPPS associating liver partition and portal vein ligation for staged hepatectomy

Boc brother of Cdo

βTrCp β-transducin repeat containing protein

Cdo CAM-related down-regulated by oncogene

CK-1 calmodulin kinase-1

Dhh Desert hedgehog

EGF epidermal growth factor

Fu fused kinase

GAS growth-arrest-specific

GSK3 glycogen synthase kinase-3

HSC hepatic stellate cells

Hh hedgehog

Ihh Indian hedgehog

Patch patched

PBC primary biliary cholangitis

PC primary cilia

PDGF platelet derived growth factor

PKA protein kinase A

PSC primary sclerosing cholangitis

Shh Sonic hedgehog

SMA smooth muscle actin

Smo Soothened

Sufu suppressor of fused

TGF transforming growth factor
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VEGF vascular endothelial growth factors
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Keypoints

• The Hedgehog pathway is a complex and tightly-regulated signal transduction 

pathway that can be simplified into 4 main components: the ligand Hedgehog, 

the receptor Patched, the signal transducer Smoothened, and the effector 

transcription factor, Gli.

• Hedgehog is a morphogen that is crucial for embryogenesis. In healthy adult 

liver, the Hedgehog pathway is dormant, but it reemerges after liver injury and 

is pivotal in orchestrating liver repair responses.

• The Hedgehog pathway is critical for liver regeneration but if persistently 

activated, Hedgehog signaling induces misrepair and scarring that promote 

cirrhosis and hepatocellular carcinoma.

• Upregulation of the Hedgehog pathway has been demonstrated consistently in 

chronic liver disease and liver cancer in humans, as well as in animal models. 

In all species examined to date, the level of pathway activity generally 

correlates with the severity of liver disease.

• Preclinical studies indicate that pharmacological manipulation of the 

Hedgehog pathway has therapeutic potential in liver disease.
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Figure 1. The simplified representation of the Hedgehog signaling pathway
A. In the absence of Hedgehog ligand (Hh), Patched (Patch) prevents Smoothened (Smo) 

from entering the primary cilium (PC), repressing Smo activity. This allows the sequential 

phosphorylation of Gli by several kinases: protein kinase A (PKA), glycogen 

synthase-3β(GSK3β) and casein kinase-1 (CK1). Phosphorylated Gli is susceptible for 

ubiquitination by Skip-Cullin-F-box (SCF) protein/β-Transducing repeat Containing Protein 

(TrCP), which primes Gli to limited degradation in the proteasome. Truncated Gli (Gli-R) 

acts as a repressor of gene transcription.

B. When hedgehog binds to Patch, it removes Patch from the PC, allowing Smo to enter the 

PC. The complex Hh-Patch is degraded in vesicles in the cytoplasm. The entry of Smo into 

the PC allows Smo activation. Active Smo abrogates phosphorylation and subsequent 

degradation of Gli. Full length Gli translocates to the nucleus where it acts as a transcription 

factor for several target genes.

Of note, Shh, Ihh and Dhh ligands similarly activate the Hh pathway. Gli-1 does not undergo 

proteasomal degradation, and in the absence of ligand, Gli-2 is preferentially completely 

degraded in the proteasome while Gli-3 is partially degraded, and hence Gli-1 and Gli-2 act 

mostly as transcription promoters and Gli-3 can act as a transcription repressor.
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Figure 2. Summary of the hedgehog pathway in the different hepatic cell types
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Table 1

The hedgehog pathway in liver disease.

Liver Regeneration Chronic liver disease Liver Cancer

• Animal models of partial 
hepatectomy present 
transient activation of the 
Hh pathway. Inhibition of 
the Hh pathway results in 
decreased recovery of the 
liver mass and increased 
mortality. Additionally, 
administration of Ihh 
accelerates liver 
regeneration and improves 
outcome.

• Humans submitted to 
ALPPS show increase in 
Ihh, which associates with 
accelerated recovery of liver 
mass as compared to the 
classical two-stage 
hepatectomy.

• Activation of the Hh pathway 
in animal models and humans 
with different types of chronic 
liver disease (NAFLD, ALD, 
chronic viral hepatitis, 
cholangiopathies, radiation 
liver injury and 
schistosomiasis).

• Pharmacological or genetic 
inhibition of the Hh pathway 
decreases liver injury and 
fibrosis in animal models.

• Patients with genetic inhibition 
of the Hh pathway have more 
frequently NAFLD, but with a 
less fibrogenic phenotype.

• Activation of the Hh pathway in 
different human liver cancers: 
HCC, cholangiocarcinoma and 
infantile hepatoplastoma.

• In patients with HCC, Hh 
activation associates with 
increased tumor burden, 
invasion, metastatic disease, 
chemoresistance and worse 
prognosis.

• Smo inhibition is effective in 
animal models of HCC.

• Phase I studies on Smo 
inhibition in HCC ongoing.

Hh, hedgehog; Ihh, Indian hedgehog; ALPPS, associating liver partition and portal vein ligation for staged hepatectomy; NAFLD, nonalcoholic 
fatty liver disease; ALD, alcoholic liver disease; HCC, hepatocellular carcinoma.
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