
β-Catenin Signaling and Roles in Liver Homeostasis, Injury, and 
Tumorigenesis

Satdarshan Pal Monga
Department of Pathology and Medicine, University of Pittsburgh School of Medicine, Pittsburgh, 
Pennsylvania

Abstract

β -catenin (encoded by CTNNB1) is a subunit of the cell surface cadherin protein complex that acts 

as an intracellular signal transducer in the WNT signaling pathway; alterations in its activity have 

been associated with the development of hepatocellular carcinoma and other liver diseases. Other 

than WNT, additional signaling pathways also can converge at β-catenin. β-catenin also interacts 

with transcription factors such as T-cell factor, forkhead box protein O, and hypoxia inducible 

factor 1α to regulate the expression of target genes. We discuss the role of β-catenin in metabolic 

zonation of the adult liver. β-catenin also regulates the expression of genes that control metabolism 

of glucose, nutrients, and xenobiotics; alterations in its activity may contribute to the pathogenesis 

of nonalcoholic steatohepatitis. Alterations in β-catenin signaling may lead to activation of hepatic 

stellate cells, which is required for fibrosis. Many hepatic tumors such as hepatocellular 

adenomas, hepatocellular cancers, and hepatoblastomas have mutations in CTNNB1 that result in 

constitutive activation of β-catenin, so this molecule could be a therapeutic target. We discuss how 

alterations in β-catenin activity contribute to liver disease and how these might be used in 

diagnosis and prognosis, as well as in the development of therapeutics.
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β-catenin is expressed throughout the adult liver. In hepatocytes, it is observed at the cell 

surface throughout the hepatic lobule, although it has cytoplasmic and nuclear localization in 

the hepatocytes that surround the central vein. In the normal adult liver, β-catenin signaling 

is always active in hepatocytes in the pericentral region, although it forms part of 

intercellular junctions elsewhere.

Upon injury to the liver (surgical resection, toxic insult, infection, metabolic insult, or tumor 

growth), β-catenin localization and signaling change. These changes can contribute to 

reparative responses or to disease development. How is β-catenin signaling regulated in the 
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healthy liver and how does it change during the development of specific diseases? We 

discuss its roles in WNT signaling and WNT-independent pathways.

Activation of β-Catenin by WNT Signaling

β-catenin is a component of the WNT signaling pathway; it usually is bound to a 

multiprotein degradation complex comprising casein kinase I, glycogen synthase kinase 3β 

(GSK3β), adenomatous polyposis coli gene product (APC), diversin, and axin (Figure 1). 

When WNT signaling is off as a result of the presence of WNT inhibitors such as WNT 

inhibitory factor, soluble frizzled-related proteins (sFRPs), Dickkopf and cerberus,1 β-

catenin is phosphorylated first at serine-45 (S45) by casein kinase I, followed by 

phosphorylation at S33, S37, and threonine-41 by GSK3β2–4 (Figure 1). Once 

phosphorylated, β-catenin is recognized by β-transducin repeat-containing protein, which 

also requires intact lysine-19 and lysine-49 in β-catenin, for ubiquitination and proteosomal 

degradation of β-catenin5,6 (Figure 2).

Binding of active WNT to its cell surface receptor (frizzled) and co-receptor (low-density 

lipoprotein–related protein 5 or 6 [LRP5/6]) in an autocrine or paracrine manner inactivates 

the β-catenin degradation complex. For WNT proteins to be bioactive, they must be 

glycosylated and acylated, which is, mediated by porcupine.7 After acylation, WNT proteins 

become hydrophobic and require a cargo receptor, Wntless (also called Evenness 

interrupted), for cellular transport and secretion.8,9 Upon inhibition of degradation complex, 

β-catenin is released and undergoes nuclear translocation, where it acts as a co-factor for the 

T-cell factor/lymphoid enhancement factor (TCF/LEF) family of transcription factors to 

regulate target gene expression (Figure 1). It is important to note that WNT can activate or 

sometimes inhibit β-catenin as well. An example worth noting is that of WNT5a, which has 

been considered a prototypical noncanonical WNT. However, its ability to activate β-catenin 

or inhibit it through activation of the WNT/calcium pathway was shown to be dependent on 

the form of frizzled available at the time for ligand binding10 (Figure 1C).

Dissociation of β-Catenin From Adherens Junctions

β-catenin is a component of the adherens junctions (AJs). It forms a bridge between the 

cytoplasmic domain of the cadherins and the actin cytoskeleton11–13 (Figure 2). Specific β-

catenin binding sites on the cytoplasmic domain of cadherins have been characterized.14,15 

Interactions between β-catenin and E-cadherin are regulated by tyrosine phosphorylation in 

the carboxy terminal of β-catenin. Phosphorylation of β-catenin destabilizes the cadherin–β-

catenin bond and promotes loss of intracellular adhesion.16,17 Conversely, 

dephosphorylation of β-catenin at tyrosine residues increases the activity of E-cadherin, and 

β-catenin and α-catenin reassembly.18 After tyrosine phosphorylation of β-catenin, its 

cytosolic pool is increased, and may increase the transcriptional activity of the β-catenin–

TCF complex.19

Nonreceptor kinases such as sarcoma family kinase and Fps/fes (Feline sarcoma) related 

kinase phosphorylate β-catenin at tyrosine residues, leading to its dissociation from E-

cadherin (Figure 2).20,21 The epidermal growth factor receptor and epidermal growth factor 

receptor 2 are associated with β-catenin.22–24 Epidermal growth factor signaling can induce 
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tyrosine phosphorylation of β-catenin at Y654 to decrease the association between β-catenin 

and E-cadherin, leading to enhanced β-catenin activity in the nuclei if its degradation by the 

proteasome is simultaneously inhibited.25

Hepatocyte growth factor (HGF) induces phosphorylation of β-catenin at tyrosine residues 

654 (Y654) and Y670 through direct interactions with MET (Figure 2).26–28 In fact, β-

catenin is required for liver growth in response to HGF in vivo.29 Hepatoblastomas, which 

frequently have deletions or missense mutations in exon 3 of the gene that encodes β-catenin 

(CTNNB1), express high levels of Y654 β-catenin, induced by HGF signaling via MET.30 

Fibrolamellar variants of hepatocellular cancers (HCCs) have higher levels of β-catenin 

phosphorylation at Y654 than nontumor liver tissues.25

Signaling Pathways

TGFβ Pathway

WNT signaling interacts with the transforming growth factor β (TGF-β) pathways. 

Complexes of β-catenin–TCF and SMAD4 interact with SMAD2 and SMAD3 after TGF-β 

signaling.32 Subsets of HCC tissues have signs of activation of β-catenin after that of TGF-

β.33 Intriguingly, the WNT target BMP and activin membrane-bound inhibitor inhibit the 

ability of TGF-β to inhibit proliferation, and could be involved in the development of 

HCC.34

NF-κB Pathway

β-catenin forms a complex with the p65 subunit of the nuclear factor-κB (NF-κB) in 

hepatocytes to inhibit this transcription factor.35 Loss of β-catenin leads to NF-κB activation 

of genes that regulate cell survival. Mice with hepatocyte-specific disruption of β-catenin 

have reduced liver injury in response to tumor necrosis factor-α. Expression of NF-κB target 

genes increases when β-catenin is inhibited, and decreases when β-catenin is 

overexpressed.36 Studies are needed to determine whether interactions between NF-κB and 

β-catenin co-factor could be targeted by therapeutic agents.

Protein Kinase A Signaling

Prostaglandin E1 (PGE1) and isoproterenol activate protein kinase A (PKA) and also can 

activate β-catenin. PKA phosphorylates β-catenin at S675 to help stabilize and activate it.37 

Cyclic adenosine monophosphate–dependent activation of PKA leads to phosphorylation of 

β-catenin at S552 and S675 to promote its ability to regulate transcription38 (Figure 2A). 

PGE2 activates β-catenin via cyclic adenosine monophosphate and PKA during induction 

and engraftment of hematopoietic stem cells. PGE2 might cooperate with WNT to induce β-

catenin activation during liver regeneration.39 PKA activation was required for 

triiodothyronine-induced activation of β-catenin, expression of cyclin D1, and proliferation 

of hepatocytes.40 Recently, phosphorylation of β-catenin at S675 was shown to mediate 

fibrocystin-defective congenital hepatic fibrosis in mice.41
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Nucleus

β-catenin does not bind DNA directly, but it interacts with and regulates the activities of 

transcription factors. For example, β-catenin activates gene expression by interacting with 

the TCF/LEF family of transcription factors. β-catenin binds other transcription factors 

under different conditions. The interactions between β-catenin with various transcription 

factors allows it to control many different functions of liver cells.

Interactions With TCF4

In the nucleus, β-catenin co-activates the high mobility group box containing the DNA 

binding protein TCF/LEF family of transcription factors42,43 (see Stadeli et al44 for a full 

description). Once the TCF-β–catenin complex is formed in the nucleus, expression of target 

genes is stage- and tissue-specific (Table 1).

Interactions With Hypoxia Inducible Factor 1α

β-catenin interacts with hypoxia inducible factor 1α (HIF1α) during periods of hypoxia. In 

colorectal cancer cells, during oxygen deprivation, formation of a complex between β-

catenin and TCF4 is inhibited, instead β-catenin binds to HIF1α to induce expression of 

genes that regulate adaptation and survival under hypoxic conditions.45 In ischemia-

reperfusion liver injury,46 increased levels of WNT or β-catenin protected cells, whereas 

inhibition of β-catenin caused tissue damage under conditions of hypoxia. Under conditions 

of normoxia, β-catenin bound TCF to regulate genes that promote proliferation, whereas 

under conditions of hypoxia, β-catenin switched from TCF to HIF1α, leading to increased 

expression of targets such as erythropoietin and vascular endothelial growth factor. This 

switch could be modulated by N-acetylcysteine, which regulates reactive oxygen species. It 

therefore was proposed that interactions between β-catenin and HIF1α depend on the redox 

state of a cell.

Another study showed an opposite role of HIF2α in regulating the activities of β-catenin and 

TCF4.47 HIF2α assembled with the complex of β-catenin and TCF to facilitate gene 

transcription and induce tumor cell proliferation. In fact, the effect of HIF2α was opposite to 

that of HIF1α on β-catenin and proliferation because HIF1α inhibited β-catenin–dependent 

transcription. A balance of HIF1α vs HIF2α therefore might contribute to the overall 

activity of β-catenin and determine the response in the form of proliferation vs cellular 

adaptation and survival when appropriate upstream effectors are present.

Interactions With Forkhead Box Protein O

β-catenin is sensitive to oxidative stress and interacts with forkhead box protein O (FOXO) 

transcription factors. β-catenin binds directly to FOXO in response to oxidative stress,48 and 

FOXO and TCF compete for binding to β-catenin. When target genes are activated by β-

catenin and FOXO, those regulated by β-catenin and TCF are inactivated.49 FOXO factors 

respond not only to changes in the redox state of a cell but also to the insulin level, and their 

interactions with β-catenin have been associated with pathogenesis of nonalcoholic 

steatohepatitis (NASH).50
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Normal and Diseased Liver

β-catenin can be activated via several different pathways, although the WNT signaling 

pathway has been the most widely studied. Researchers have studied mice with liver-

specific knockout of β-catenin or LRP5/6, in which WNT is unable to communicate with β-

catenin. These studies have provided evidence for the roles of β-catenin signaling in 

metabolic zonation, where β-catenin regulates the expression of genes in pericentral 

hepatocytes.51 Hepatic tissues of mice with liver-specific knockout of β-catenin do not 

express Glul (encodes glutamine synthetase [GS]), Cyp2e1 (encodes cytochrome p450 2e1), 

or Cyp1a2.52,53 Furthermore, knockout of LRP5/6 from livers of mice prevents expression 

of these genes, showing that β-catenin is regulated by WNT signaling in mouse liver.54 Mice 

with liver-specific knockout of β-catenin have defects in regeneration also observed in 

LRP5/6 knockout mice, supporting the role of WNT signaling in this process.55

Zonation of hepatic lobule requires expression of specific genes in pericentral vs periportal 

hepatocytes for optimum hepatic function in regulating metabolism.56 Is WNT signaling 

alone sufficient to regulate this dynamic process? Although hepatocyte nuclear factor-4α 

(HNF4α) is considered to be a liver-enriched transcription factor, it also regulates gene 

expression in periportal hepatocytes.57 Moreover, loss of HNF4α from hepatocytes 

increases pericentral gene expression by the periportal hepatocytes (similar to mice with 

liver-specific knockout of APC). There appears to be a mechanism whereby HNF4α 

suppresses gene activation by β-catenin and TCF4.58

The sequence of the WNT-responsive element in gene promoters is similar to that of the 

HNF4α-responsive element. Therefore, HNF4α could bind to the TCF4-binding site and 

vice versa. Further analyses identified interactions between β-catenin, HNF4α, and TCF4 

proteins. Although TCF4 and HNF4α might bind to one another’s motifs on target genes, 

the presence of HNF4α appears to prevent β-catenin–dependent transcription, whereas the 

presence of β-catenin appears to prevent HNF4α-dependent transcription. This could be the 

basis of overall metabolic zonation in the liver (Figure 3). Further studies are needed to 

elucidate these interactions and their regulation.

NASH

NASH is the most common cause of chronic liver disease in the United States. NASH arises 

through several metabolic aberrations in tandem, including alterations in glucose and lipid 

metabolism. These culminate in inflammation, oxidative stress, cell death, and, in some 

patients, fibrosis and HCC. β-catenin signaling is involved in many of these processes. 

Variants of the gene that encodes transcription factor 7-like 2, a transcription factor that 

interacts with β-catenin, have been associated with a risk for type 2 diabetes.59

β-catenin binding to TCF4 activates gene expression, whereas binding to HNF4α inhibits the 

activity of this transcription factor. The association between TCF4 and HNF4α might be 

inhibited by β-catenin, especially in the periportal region, which would allow for expression 

of genes that regulate hepatic glucose production and lipogenesis.58 β-catenin regulates 

gluconeogenesis at baseline and during starvation, a process that usually is deranged in 

insulin resistance, via interactions with FOXO1. This interaction regulates the expression of 
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genes encoding glucose-6-phosphatase and phosphoenolpyruvate carboxykinase, which are 

rate-limiting enzymes in hepatic gluconeogenesis.50 Increased interaction between β-catenin 

and TCF during hepatic gluconeogenesis had the opposite results—it negatively regulated 

hepatic gluconeogenesis genes.60 There appears to be a switch that regulates interactions 

between β-catenin and transcription factors. Further studies are needed to evaluate the 

mechanism, its regulation and any therapeutic implications. Although it is not clear what 

factors regulate the function of β-catenin during the development of NASH, WNT signaling 

appears to be involved.

Although NASH is not always associated with obesity, often body fat, insulin resistance, 

and type 2 diabetes occur with NASH in patients. WNT signaling might link all these 

processes with NASH pathogenesis. LRP6+/− mice are protected from hepatic steatosis 

when fed high-fat diets.61 Reduced WNT signaling in these mice decreased body fat mass 

and hepatic gluconeogenesis, and increased brown adipose tissue and hepatic sensitivity to 

insulin. This occurred via decreased mammalian target of rapamycin signaling, increased 

expression of uncoupling protein 1 and peroxisome proliferator-activated receptor (PPAR)γ 

coactivator 1-α, increased expression of hepatic leptin, and decreased nuclear β-catenin in 

hepatocytes. These changes led to lower levels of glucose-6-phosphatase and 

phosphoenolpyruvate carboxykinase. WNT signaling or nuclear β-catenin therefore could 

contribute to NASH pathogenesis, although further studies are required.

Fibrosis

The first studies showing increased expression of WNT pathway components in hepatic 

fibrosis used genomic analysis from primary biliary cirrhosis livers.62,63 These studies 

identified increased expression of WNT13, WNT5a, β-catenin, and others, although a cause-

and-effect relationship was not addressed. In the meantime, the role of WNT signaling was 

and continues to be reported in pulmonary and renal fibrosis.64–67 Hepatic fibrosis is a 

wound healing response and represents a common end point of many chronic liver diseases, 

which, owing to lack of treatment, remains a substantive unmet clinical need. Hepatic 

fibrosis is mostly a function of hepatic stellate cells (HSCs), which are a source of 

extracellular matrix deposition within injured livers. The role of WNT signaling in hepatic 

stellate cell biology has begun to unravel.

A study directly investigating gene expression differences in quiescent vs activated HSCs 

identified, among others, an up-regulated expression of WNT5a and Fz2.68 Subsequent 

studies further have identified aberrant WNT5a expression in fibrotic livers, and its 

suppression led to reduced HSC activation.69,70 As has been discussed earlier, WNT5A can 

have opposing roles on β-catenin signaling based on receptors expressed in a cell type 

(Figure 1C). Whether the role of WNT5A in promoting fibrosis is caused by inhibition, 

activation, or independent of β-catenin needs further clarification. Unfortunately, there is 

evidence for all 3 in the literature at the present time. As mentioned previously, one study 

showed no change in nuclear translocation of β-catenin after a WNT5A increase that was 

evident during stellate cell activation concomitant with up-regulation of FZ2.68

Another study showed that activation of WNT/β-catenin signaling in primary rat HSC by an 

inhibitor of GSK3β decreased synthesis of α-smooth muscle actin and WNT5A, and induced 
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the expression of glial fibrillary acidic protein.71 This study further showed that activation of 

WNT signaling decreased DNA synthesis and prevented HSCs from entering the cell cycle 

to eventually show the role of WNT signaling to β-catenin in maintaining their quiescence. 

However, a growing body of literature supports the activation of β-catenin by WNT 

signaling during the process of HSC activation and fibrosis.72–74 In fact, different molecules 

have been used to block WNT signaling, directly or indirectly, to show an overall 

antifibrotic effect both in vitro and in vivo.

Activating pregnane X receptor by rifampicin, among other things, also inhibited WNT 

signaling and reduced HSC proliferation and transdifferentiation to active myofibroblasts.75 

Another study showed that necdin, a melanoma antigen family protein that promotes 

neuronal and myogenic differentiation while inhibiting adipogenesis, is expressed in HSCs. 

Necdin is induced during HSC activation and its silencing reversed them to quiescence 

through PPARγ and suppression of WNT/β-catenin signaling.76 Another study showed that 

Septin 4 a subunit of the septin cytoskeleton specifically expressed in quiescent HSCs, is 

down-regulated through transdifferentiation to activated myofibroblasts. Loss of Septin 4 in 

HSCs coincided with decreased expression of WNT inhibitor Dickkopf protein 2, increased 

WNT signaling via β-catenin, and increased fibrosis.77

Finally, another study supported the concept that the canonical WNT pathway promotes 

fibrogenesis, based on an analysis of mesoderm-specific transcript homologue, a strong 

negative regulator of WNT/β-catenin signaling.78 The investigators showed that mesoderm-

specific transcript homologue expression in HSCs alleviated carbon tetrachloride–induced 

collagen deposition in liver tissue by decreasing the expression of β-catenin, α-smooth 

muscle actin, and Smad3 both in vivo and in vitro.

WNT–β-catenin signaling might activate HSCs via negative regulation of adipogenesis.79 

Expression of WNT1 or β-catenin with the S33Y mutation in preadipocytes prevented their 

differentiation to adipocytes at least in part through inhibition of expression of CCAAT 

enhancer binding protein-α and PPARγ (Figure 4). Conversely, blockade of β-catenin 

signaling, either through dominant-negative TCF4 or axin, facilitated adipogenic 

differentiation of the preadipocytes. Quiescent HSCs contain lipid droplets and their 

activation to myofibroblasts involves loss of adipogenic genes including PPARγ and 

CCAAT enhancer binding protein-α, therefore this event is analogous to differentiation of 

adipocytes to preadipocytes. Gain-of-function mutations in adipogenic transcription factors 

such as PPARγ and sterol regulatory element binding protein-1c can reverse a culture-

induced myofibroblast into a quiescent HSC phenotype. Taken together, these observations 

indicate that activation of WNT signaling via β-catenin could be involved in HSC activation 

by inhibiting adipogenic programs; inhibition of this signaling pathway could contribute to 

the adipogenic gene profile of a quiescent HSC. Inhibiting WNT signaling to β-catenin 

therefore might block hepatic fibrosis. Further studies are needed to determine the identity 

and cell sources of the factors that activate β-catenin HSCs.
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Liver Cancer

Focal Nodular Hyperplasia

Focal nodular hyperplasia (FNH) is a benign hepatic tumor characterized by the presence of 

almost-normal-looking hepatocytes that are arranged in plates, which are usually 1- to 2-

cells thick. These structures are separated by fibrotic bands and surround a central fibrous 

scar that contains a dystrophic arterial blood vessel. It has been speculated that FNH may 

originate from a hyperplastic lesion composed of reactive polyclonal proliferating 

hepatocytes, which could be the result of increased blood flow caused by local vascular 

malformation.80 There is also a well-known association of FNH with vascular disorders 

such as Rendu–Osler–Weber syndrome or hereditary telangiectasia. The molecular basis of 

FNH remains largely obscure. However, it is clear that FNH is polyclonal in nature in a 

significant subset of cases. Recently, transcriptomic analysis of FNH identified activation of 

WNT to the β-catenin pathway without any mutations in the gene encoding β-catenin, 

consistent with its polyclonal origin.81 Interestingly, immunostaining for glutathione 

synthetase (GS), whose expression is regulated by WNT–β-catenin signaling, shows a map-

like staining of FNH in the liver that now is used in diagnosis.82 Although the significance 

of these findings is unclear, these observations might result from an alternate mechanism of 

β-catenin activation such as growth factor–dependent activation in the face of altered blood 

flow in the lesion.26,83 Alternatively, especially because these tumors are thought to be a 

result of vascular disturbances, there may be areas of hypoxia within the tumors.80 Hypoxia 

has been shown to activate WNT signaling, therefore changes in β-catenin signaling, 

indicated by increased levels of GS, may be secondary to areas of relative hypoxia within 

FNH, which might promote growth of this benign tumor.84

Hepatocellular Adenomas

Hepatocellular adenomas (HCAs) are characterized by monoclonal proliferation of well-

differentiated hepatocytes that usually are arranged in sheets and cords. There is a classic 

absence of a portal triad and interlobular bile ducts in HCAs. Although initially considered a 

well-defined homogeneous entity, it now is known that several molecular classes of this 

tumor type exist that dictate tumor origin, behavior, and eventually determines prognosis 

and helps to determine treatment options.82 At least 3 classes of HCAs with a known 

molecular basis have been defined and at least 2 of these have WNT signaling via β-catenin 

activation and implications in disease behavior.

Biallelic inactivating mutations in HNF1A or TCF1 genes have been identified in 

approximately 30%–40% of HCAs.85 These tumors have marked steatosis and excess 

glycogen accumulation. HCAs with HNF1A inactivation have an extremely low risk of 

malignant transformation; which is almost always observed in tumors with activation of β-

catenin and interleukin 6 (inflammatory).

Another subset of HCAs (approximately 10%–15%) have WNT activation of β-catenin 

activation owing to mutations in exon-3 of CTNNB1.86 HCAs with these mutations in β-

catenin develop in combination with other mutations in inflammatory HCAs.87 In fact, 

approximately half of HCAs with active β-catenin are of the inflammatory type. Some 
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HCAs were found to have mutations outside of exon 3 of CTNNB1.88 These mutations 

affected codons 335 (exon 7) and 387 (exon 8). These HCAs initially were categorized as 

either unclassified or inflammatory. The mutations led to β-catenin activation, although to a 

lesser extent than classic exon 3 mutations, in vitro and in vivo.

Overall, mutations in β-catenin occurred more frequently in HCAs that developed in men. 

These HCAs were found to have cholestasis and cell dysplasia in histologic analyses. A 

target of β-catenin, GS, is up-regulated in β-catenin–mutated HCA at the RNA and protein 

level. Because detection of nuclear β-catenin by staining often is challenging, samples also 

can be analyzed by a GS analysis to determine if β-catenin is mutated in HCAs with greater 

sensitivity.89 HCAs with mutations in β-catenin have a greater propensity for malignant 

transformation.86

The third group of HCAs that account for approximately half of all adenomas are of the 

inflammatory type. The characteristic feature of inflammatory HCA is the activation of the 

janus kinase (JAK)–signal transducer and activator of transcription (STAT) pathway. These 

tumors are characterized histologically by polymorphic inflammatory in-filtrates. This type 

of HCA has mutations in FYN-related kinase, interleukin 6 ST (encodes gp130), STAT3, and 

GNAS complex locus.87,88 All of these mechanisms lead to activation of STAT3 and 

expression of genes, including those encoding cytokines and chemokines, which promote 

tumor infiltration by lymphocytes. Importantly, a subset of this tumor type also has 

mutations in CTNNB1, irrespective of the molecular driver, and poses an increased risk of 

malignant transformation.87

HCC

Patients with HCC have poor prognoses—HCC has the highest mortality and morbidity 

rates of any cancer worldwide. It usually develops in patients with chronic liver injury or 

cirrhosis, caused by factors such as infection, metabolic disease, or biliary disease.90 There 

are limited therapeutic options for advanced HCC. Sorafenib has been approved by the US 

Food and Drug Administration for treatment of stage 4 unresectable HCC. It only modestly 

increases survival time; therefore, new specific treatments are needed.91

HCC cells from animal models and patients have constitutive activation of WNT–β-catenin 

signaling. Liver cancer cells were shown by immunohistochemical analyses to have 

abnormal localization of cadherins and catenins.92 In mouse models, mutations in CTNNB1 

and altered expression were detected in approximately 25% of all HCCs and in up to 50% of 

all hepatic tumors.93 Several subsequent studies corroborated these observations in patients 

and currently approximately 8%–44% of all HCCs show mutations in CTNNB1, the most 

well-understood mechanism of β-catenin activation (Table 2). These mutations, similar to 

HCA, affect exon 3 at serine/threonine sites or adjacent amino acids that hinder 

phosphorylation and eventually degradation of β-catenin protein, leading to its stabilization 

and nuclear translocation. Mutations also have been reported in other components of the 

degradation complex of β-catenin including AXIN1 in approximately 3%–16%94–96 and 

AXIN2 in approximately 3% of all HCC cases95 (Table 2). Additional mechanisms also have 

been described and include overexpression of FRZ7,97,98 WNT3 up-regulation,99 

inactivation of GSK3β,100 methylation of sFRP1,101 epigenetic inactivation of several 
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sFRPs,102 TGF-β–dependent activation of β-catenin,33 and β-catenin activation by receptor 

tyrosine kinases, especially in the fibrolamellar subset of HCCs.25

Mutations in CTNNB1 and AXIN1/2 lead to WNT autonomous activation of β-catenin, 

whereas other mechanisms such as WNT signaling via overexpressed frizzled or decreased 

expression of WNT inhibitors would activate β-catenin in a WNT-dependent manner. Is the 

extent of activation of WNT signaling owing to these diverse mechanisms comparable? 

Also, is the target gene expression caused by disparate mechanisms of β-catenin activation 

similar? A study showed significant correlation between CTNNB1 mutations and 

overexpression of the target genes GS, G-protein–coupled receptor 49, and glutamate 

transporter-1 (P = .0001), but not for other target genes such as ornithine aminotransferase, 

LECT2, c-MYC, or cyclin D1.96 This study showed GS to be a good immunohistochemical 

marker of β-catenin activation in HCC, which also was validated independently.25 However, 

no increase in the expression of GS, G-protein coupled receptor 49, or glutamate 

transporter-1 was evident in HCC with AXIN1 mutations. A mouse model with conditional 

loss of AXIN1 in hepatocytes led to HCC that showed only some β-catenin targets to be up-

regulated and did not show an increase in nuclear β-catenin or GS.103 A tissue-array–based 

study also showed distinct patterns of β-catenin and GS staining in HCC.104 Thus, it is likely 

that various mechanisms of β-catenin activation in HCC may lead to differing qualitative 

and quantitative WNT signaling with a distinct impact on tumor phenotype. Indeed, β-

catenin active HCC owing to mutations in CTNNB1, AXIN1, or additional modes of β-

catenin activation, all have been shown to have a distinct phenotype in transcriptome 

classifications of HCC.33,96,105

Is there a predilection of β-catenin activation in HCC based on disease etiology? Could 

variations in mutation frequencies be reflective of differences in geographic, dietary, and 

other etiologic factors influencing the molecular pathogenesis of HCC? One study detected 

an inverse correlation between β-catenin mutations and loss of heterozygosity in the genome 

suggesting chromosomal instability (involving tumor-suppressor genes) and mutations in 

CTNNB1 representing alternative modes of tumor progression.106 Higher frequency of 

CTNNB1 mutations in HCC associated with hepatitis C virus (HCV) infection has been 

reported with more than 40% of tumors showing mutations (mostly S45).107 HBV-related 

HCC had less-frequent CTNNB1 mutations.108 A recent study, however, showed that in 

patients with a low number of HBV DNA copies per hepatocyte, additional risk factors such 

as alcohol, HCV infection, or NASH might cooperate to influence disease progression to 

HCC.109 Although CTNNB1 mutations were clustered into the G5 and G6 groups (in which 

G4, G5, and G6 mostly included patients without HBV infection),105 tumors in the G4–G6 

group contained a small subset of HBV-positive tumors, co-infected with HCV or additional 

disease modifiers, and CTNNB1 mutations.109 Few aflatoxin-associated HCCs had 

mutations in CTNNB1, although 45% of these tumors showed increased accumulation of β-

catenin, compared with healthy liver tissue.110

Distinct molecular signatures of HCC have been identified in cirrhotic vs noncirrhotic livers. 

Although these findings are preliminary, they indicate that unique pathogenetic events 

separate the subsets. HCCs from non-cirrhotic livers more frequently have activation of 

WNT signaling to β-catenin than HCCs from cirrhotic livers, which frequently have altered 
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P53 activity.90 Along similar lines, another study reported more frequent alterations in WNT 

signaling via β-catenin in HCV-associated HCCs, compared with those associated with 

alcoholism, which have alterations in RB1- and P53-regulated pathways.111

Researchers found that 59% of HCCs have somatic mutations in the promoter region of 

telomerase reverse-transcriptase (TERT) that increased its expression. This mutation also 

was observed in 25% of cirrhotic preneoplastic nodules and in 44% of HCAs that evolved 

into HCC.112 What was intriguing was the fact that in HCCs, there was a significant 

association between CTNNB1 and TERT promoter mutations, therefore these appear to 

synergize to promote neoplastic transformation—especially in a subset of cirrhotic 

preneoplastic nodules.112

There is debate about the overall effects of β-catenin mutations and activation in patients 

with HCC, and how these affect their prognosis.113 CTNNB1 mutations have been 

associated with both better prognosis and a more differentiated tumor type,105,114 and more 

proliferating and poorly differentiated HCC.33,115,116 Overall, prognosis is a complex 

attribute and in HCC it is dependent on not only multiple tumor characteristics, such as 

vascular invasion, metastasis, and nodularity, but also the state of nontumor tissues, 

including fibrosis, cirrhosis, hepatic dysfunction, and extrahepatic factors. Additional studies 

are required to address if alterations in gene expression with CTNNB1 mutations or other 

changes in β-catenin activation affect tumor phenotype and patient prognosis.96,117

Decreased hepatic fibrosis in CTNNB1-mutated tumors has been reported in a few 

studies.25,118 Whether β-catenin mutations and cirrhosis are mutually exclusive, non-

cooperating risk factors for the development of HCC or their concurrence decreases the 

threshold of neoplastic transformation. Although not tested directly for CTNNB1 mutations, 

a small but significant subset of HCV patients (which are known to favor β-catenin gene 

mutations for the development of HCC) developed HCC without evidence of advanced 

fibrosis.119 Similarly, small subsets of HCAs that progress to HCC in patients often show 

CTNNB1 mutations and no fibrosis.86 To experimentally address any cooperation of 

advanced fibrosis and CTNNB1 mutations in the development of HCC, we induced fibrosis 

in S45-mutant–β-catenin transgenic and control mice with thioacetamide and showed no 

difference in HCC development.104 Thus, CTNNB1 mutations and cirrhosis may not 

cooperate and so may be independent contributors to tumorigenesis.

The WNT–β-catenin pathway in HCC in experimental models deserves mention. The first 

question that has been answered is if β-catenin mutation, activation, or over-expression by 

itself is sufficient for HCC initiation. None of the transgenic mice overexpressing either 

wild-type or stable mutants of β-catenin thus far have shown spontaneous HCC.120–123 

However, several studies now suggest that β-catenin collaborates with other signaling 

pathways to contribute to hepatocarcinogenesis. β-catenin was shown to cooperate with an 

activated renin-angiotensin system (RAS) in HCC.124 Mice with heterozygous disruption of 

LKB1 that express transgenic β-catenin have accelerated progression of HCC compared with 

mice with LKB1 disruption.125 The chemical carcinogen diethylnitrosamine, which normally 

induces HCC by activating RAS,126 induces earlier formation of larger HCCs in mice with 

the S45 mutation in β-catenin.122 These findings indicate that alterations in β-catenin 
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activity are involved in the development of HCC, although additional factors are required 

for tumorigenesis.

In clinical studies, somatic mutations in TERT promoter that led to its overexpression 

frequently were observed with activation of WNT–β-catenin signaling, especially those 

caused by CTNNB1 mutation.112 The exception to this rule was the liver-specific APC 

deletion mutants, which develop spontaneous HCC secondary to β-catenin activation.127,128 

However, because APC also inhibits proliferation by binding directly to DNA, its β-catenin–

independent effects may cooperate with β-catenin to lead to HCC in this model.129

Specific chemical carcinogenesis models can be used to induce HCC with preferential 

activation of β-catenin via its mutations. In the C3H strain, a single intraperitoneal injection 

of DEN at 75 μg/g body weight to 6-week-old male mice will lead to HCC with 

predominant RAS mutations.126 Interestingly, when these mice were fed phenobarbitol 

(0.05% in diet) 3 weeks after DEN injection, 80% of the liver tumors that developed had β-

catenin mutations whereas RAS mutations were undetectable. These findings indicate that 

phenobarbital selects for cells that contain β-catenin mutations.130 Similar to the observation 

in patients, tumors with β-catenin mutations in mice also show tumor-wide GA staining and 

can serve as a good biomarker. New models of liver cancer, such as transgenic lines, and 

those that involve administration of chemical carcinogens (such as 2-amino-3, 4-

dimethylimidazo [4,5-f] quinoline, which selectively activates β-catenin) could improve our 

understanding of the role and regulation of this pathway and to test new therapeutic 

strategies.131

Hepatoblastoma

Hepatoblastoma is the most common malignant hepatic tumor of early childhood. Up to 

90% of these tumors are composed of cells with abundant nuclear and cytoplasmic 

localization of β-catenin caused by in-frame mutations in CTNNB1.132–135

Mutations in AXIN1 have been detected in less than 10% of HBs.95 APC mutations have 

been identified in familial cases136 and in sporadic cases.137 A comprehensive study in 85 

HB patients showed 65 cases with missense mutations and interstitial deletions affecting 

exon 3 of CTNNB1.138 The same study identified loss-of-function mutations in APC and 

AXIN1 genes. Therefore, 82% of hepatoblastomas in this group contained an activating 

mutation in β-catenin. Hepatoblastoma is a component of syndromes such as Beckwith–

Wiedemann syndrome.134,139 Therefore, β-catenin appears to be involved in the 

pathogenesis of hepatoblastoma.

However, the exact role of β-catenin in hepatoblastoma is unclear. During normal liver 

development, β-catenin signaling is activated during hepatic induction, hepatoblast 

expansion, hepatocyte maturation, and biliary differentiation.140,141 The major difference 

between β-catenin signaling in normal hepatic development vs hepatoblastoma is the extent 

and molecular basis of its activation. Although during normal development β-catenin likely 

is activated spatiotemporally by proteins such as WNT, fibroblast growth factor, and HGF, 

during the development of hepatoblastoma, β-catenin activation occurs autonomously from 

ligand because of deletions or mutations. Mutations that activate β-catenin do so 
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uncontrollably and constitutively. Genes regulated by WNT signaling, such as those 

encoding c-MYC, cyclin-D1, GS, epidermal growth factor receptor, axin-2, and others have 

been reported to be up-regulated in different histologic subtypes of hepatoblastoma.142

The 2 major histologic subtypes of hepatoblastoma are the embryonal and fetal variety, 

which, as the name suggests, are composed of embryonal (or immature) or fetal (or more 

differentiated) hepatoblasts, although these tumors can have components of both. In fact, 

more nuclear β-catenin was evident in embryonal hepatoblastoma (or in embryonal areas of 

a hepatoblastoma) and coincided with a lack of GS (a β-catenin target in mature 

hepatocytes), whereas fetal hepatoblastoma showed membranous, cytoplasmic, and nuclear 

β-catenin and coincided with GS expression in the tumor (or fetal component of a 

hepatoblastoma).143 Because we reported full-length β-catenin protein during early liver 

development and a calpain-cleaved truncated form missing the amino terminal in late liver 

development in mouse, we used β-catenin antibodies directed against its amino- or carboxy-

terminal to distinguish the 2 histologic subtypes. We showed that irrespective of the 

monoallelic mutations in CTNNB1, and based on the normal wild-type allele that always is 

present in the tumors, we were able to distinguish embryonal hepatoblastoma, which are 

positive for amino- and carboxy-terminal β-catenin, from fetal hepatoblastoma, which was 

positive only for carboxy-terminal β-catenin, based on immunohistochemical analyses.

Interstitial deletions in CTNNB1 are more frequent than missense mutations in 

hepatoblastoma.143 Whether there are any functional differences between point vs deletion 

mutants of the β-catenin gene needs to be studied further. Intriguingly, when an amino-

terminal deletion mutant of β-catenin is overexpressed in the liver using an adenoviral 

approach or by generation of a transgenic mouse over-expressing β-catenin under liver-

specific promoter, the mice never show hepatoblastoma.120,121 In addition, transgenic mice 

expressing a point mutant form of β-catenin do not show hepatoblastoma.122 It is likely that 

oncogenic β-catenin is by itself insufficient to induce hepatoblastoma and may be 

cooperating with another pathway.

Eighty percent of hepatoblastomas have simultaneous nuclear β-catenin and Yes-associated 

protein, a component of the Hippo signaling pathway.144 In hepatoblastoma cells, but not in 

HCC cells, suppression of one led to inhibition of the other, suggesting synergism between 

the 2 pathways. Overexpression of a mutant form of β-catenin and active Yap using the 

sleeping beauty transposon/transposase led to extensive development of hepatoblastoma and 

death of mice at about 12 weeks.144 Interactions among Yap, β-catenin, TCF4, and TEA 

domain are involved in the pathogenesis of hepatoblastoma. This model will be invaluable 

in understanding the biology of the disease and provide an opportunity to test therapies.

Future Directions

Alterations in the expression and activity of β-catenin affect hepatic pathophysiology. These 

effects require extensive characterization. We do not completely understand how β-catenin 

is regulated and what determines its interaction with various transcription factors, under 

different conditions, or in different cell types. Although β-catenin controls regeneration via 

cyclin-D1 expression and metabolic zonation by regulating the expression of pericentral 
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genes, the identity of specific WNT proteins that modulate β-catenin activity in these events 

remains unknown.

Reagents that alter β-catenin activity could be developed as therapeutics. In patients with 

end-stage liver disease of any etiology or patients receiving liver transplants, activation of β-

catenin could induce liver regeneration. It is important to identify factors that regulate β-

catenin activity. We have shown that triiodothyronine can activate β-catenin in cells40,145 

and studies in animals are planned.

As protocols are optimized to induce differentiation of stem cells into hepatocytes, these 

should include strategies to modify β-catenin activity, which could increase the efficiency of 

the process. Similarly, based on its role in regulating target genes in the pericentral 

hepatocytes, spatiotemporal activation of β-catenin activation might be used to generate 

more physiologic, functional hepatic tissue.

The roles of β-catenin activation in hepatic disorders such as NASH and hepatic fibrosis 

requires further study; current evidence is preliminary or controversial. However, we have 

much knowledge about the role and regulation of β-catenin in hepatic tumor development. 

Subsets of HCAs, HCCs, and hepatoblastomas show an unquestionable activation of β-

catenin owing to mutations in key components of the WNT pathway or other mechanisms. 

Although it is not clear whether all mechanisms leading to β-catenin activation in tumors are 

equally bad, strategies to inhibit this protein are expected to be of notable benefit when β-

catenin activation is secondary to mutations in CTNNB1.

Studies have shown the therapeutic benefits of inhibiting β-catenin. Although it is not clear 

how β-catenin inhibition would affect HCC growth and progression, it would down-regulate 

target genes that have important roles in cancer cell proliferation (such as those encoding 

cyclin-D1 and c-MYC) viability (such as survivin) or metabolism (such as GS), 

angiogenesis (such as vascular endothelial growth factor A), or stem cell expansion (such as 

epithelial cell adhesion molecule). Interesting β-catenin inhibitors that could have clinical 

applications include ICG-001 or its derivative PRI-724, PMED-1, and others.146–148 Anti-

sense and small inhibitor RNAs also might be used to reduce levels of β-catenin in HCCs or 

other tumor types. In a recent study, β-catenin reduction in CTNNB1-mutated HCCs in a 

murine model led to complete tumor response, showing a clear benefit of therapeutic 

targeting of this molecule.149 This lays the groundwork of precision medicine for HCC 

treatment.150

Could β-catenin be a safe therapeutic target owing to its role at AJs in addition to being the 

WNT signaling component? Although it would be helpful to inhibit nuclear β-catenin in 

HCC cells, effects on β-catenin at the membrane actually could increase tumor cell motility 

and migration by disrupting the AJ. Interestingly, β-catenin inhibition increased levels of γ-

catenin at the cell membrane to maintain the AJ.151,152 γ-catenin, however, could not 

compensate for the loss of β-catenin in the WNT signaling pathway in the liver, in vivo, or 

in hepatoma cells. It will be pertinent to continue to define the exact molecular basis of γ-

catenin stabilization after β-catenin suppression to spare it when γ-catenin is targeted 

therapeutically for a subset of HCCs.
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AJ adherens junction

APC adenomatous polyposis coli gene product

FNH focal nodular hyperplasia

FOXO forkhead box protein O

GS glutathione synthetase

GSK3β glycogen synthase kinase 3β

HBV hepatitis B virus

HCA hepatocellular adenoma

HCC hepatocellular cancer

HCV hepatitis C virus

HGF hepatocyte growth factor

HIF1α hypoxia inducible factor 1α

HNF4α hepatocyte nuclear factor-4α

HSC hepatic stellate cell

LEF lymphoid enhancement factor

LRP5/6 low-density lipoprotein–related protein 5 or 6

NASH nonalcoholic steatohepatitis

NF-κB nuclear factor-κB

PGE prostaglandin E

PKA _________________________

PPAR peroxisome proliferator-activated receptor

RAS renin-angiotensin system

S serine

sFRP soluble frizzled-related protein

STAT signal transducer and activator of transcription

TCF T-cell factor

TERT telomerase reverse-transcriptase
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Figure 1. 
WNT Signaling via β-catenin. (A) In the absence of WNT or in the presence of WNT 

inhibitors, β-catenin is phosphorylated at specific serine and threonine residues in exon 3 by 

kinases in the degradation complex, leading to recognition by β-transducin repeat-containing 

protein for destruction. Mutations affecting these residues can lead to stabilization of the β-

catenin protein. (B) WNT protein is palmitoylated and glycosylated by porcupine (Porcup) 

in the endoplasmic reticulum and transported by wntless (WLS) protein from the Golgi 

apparatus to the membrane for secretion. Secreted WNT binds to its receptor (FZ) and co-

receptors LRP5 or LRP6. The signal is transduced through disheveled to inactivate the β-

catenin degradation complex, leading to nuclear translocation of β-catenin. In the nucleus, β-

catenin interacts with LEF/TCF transcription factors to regulate the expression of target 

genes. (C) WNT5A either can activate or inhibit β-catenin signaling, depending on the type 

of FZD expressed by a cell. WNT5A can activate β-catenin signaling in the presence of 
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frizzled-4 (FZD4), although it inhibited β-catenin in the presence of FZD2 or an alternate 

WNT receptor called the receptor tyrosine kinase-like orphan receptor 2. β-cat, β-catenin; 

CK, casein kinase; Dsh, disheveled; P, phosphorylation; WIF, WNT inhibitory factor.
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Figure 2. 
β-catenin structure and role in adherens junctions. (A) Specific amino acids in β-catenin 

regulate its stability, activity, and interactions with other proteins. (B) In a normal liver, β-

catenin acts as a bridge between the intracytoplasmic tail of E-cadherin and the actin 

cytoskeleton to regulate cell adhesion. Molecules such as HGF, EGF, FER kinase, and SRC 

can affect this complex negatively through tyrosine phosphorylation of β-catenin at specific 

residues. The end result of dissociation of the complex in some cases can result in nuclear 

translocation and activation of β-catenin. Left: in the absence of β-catenin, γ-catenin is able 

to maintain AJs by binding to E-cadherin and actin cytoskeleton. γ-Catenin did not 

compensate for nuclear β-catenin function. EGF, epidermal growth factor; JAM-A, 

junctional adhesion molecule-A; jxns, junctions.
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Figure 3. 
Interactions among β-catenin, HNF4α, and TCF4 in periportal and pericentral hepatocytes. 

(Left panel) β-catenin binds to TCF4 and this complex binds to WNT response elements in 

promoters of target genes in pericentral hepatocytes. Here, TCF can bind to the HNF4α 

response elements, making it unavailable for HNF4α to bind and transactivate its target 

genes. Furthermore, β-catenin can bind HNF4α to prevent its binding to gene promoters. β-

catenin signaling via TCF4 therefore is activated and HNF4α transactivation is inactivated 

in these cells. (Right panel) In periportal hepatocytes, HNF4α binds to HNF4α response 

elements in promoters of target genes to induce their expression while also occupying WNT 

response elements, preventing TCF binding. Furthermore, HNF4α can bind β-catenin and 

TCF to keep them engaged and prevent binding to target gene promoters. HNF4α signaling 

therefore is activated and β-catenin signaling via TCF4 is inactivated in these cells. β-cat, β-

catenin.
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Figure 4. 
WNT signaling to β-catenin during adipogenesis and activation of hepatic stellate cells. 

Inhibition of WNT signaling to β-catenin is required for differentiation of pre-adipocytes 

into adipocytes, regulating expression of genes that control adipogenesis such as PPARγ and 

CCAAT enhancer binding protein-α (CEBPα). HSC differentiation into active 

myofibroblasts is analogous to de-differentiation of adipocytes to preadipocytes (losing 

adipogenic properties). WNT activation of β-catenin promotes this process by negatively 

regulating the expression of PPARα and CEBPα. WNT signaling via β-catenin therefore 

might be inhibited to treat patients with fibrosis: it would activate the expression of genes 

involved in adipogenesis-induced quiescence of activated stellate cells.
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Table 1

Genes Regulated by WNT Signaling to β-Catenin in the Liver

Target genes Liver model Co-factor for TF Reference

Axin-2 HCA, hepatoblastoma, and HCC TCF4 142,153

MYC HB TCF4 142,154

Cyclin-D1 Normal liver, LD, LR, hepatoblastoma, HCC TCF4 53,142,154–157

Epidermal growth factor receptor Normal liver and hepatoblastoma TCF4 123

G-protein–coupled receptor 49 HCC TCF4 158

Glutamate transporter-1 Normal liver TCF4 159

Glutamine synthetase Normal liver, HCC, hepatoblastoma, HCA TCF4 51,52,89,96,142,159,160

Ornithine aminotransferase Normal liver TCF4 159

Survivin HCC 161

T-cell factor-1 HCC TCF4 162

Lect2 Normal liver/HCC TCF4 96,163,164

Vascular endothelial growth factor A HCC and ischemia-reperfusion injury TCF4/HIF1α 46,165,166

Regucalcin Normal liver and HCC TCF4 167

Constitutive androstane receptor Normal liver TCF4 58

CYP1A2 Normal liver TCF4 58

Glucose-6-phosphatase Normal liver FOXO 50

Phosphoenol-pyruvate carboxykinase Normal liver FOXO 50

Erythropoietin Ischemia-reperfusion injury HIF1α 46

Claudin-2 Normal liver TCF4 53

LD, liver development; LR, liver regeneration; TF, transcription factor.
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Table 2

Mutations Detected in CTNNB1

Cases with mutations in exon 3 of 
CTNNB1 (%) Information

41/125 (33)168 An additional 15.2% had mutations in AXIN1

9/32 (28)25 Tyrosine-654 was phosphorylated β-catenin in the fibrolamellar variety of HCC

20/45 (44)96 An additional 7 patients had AXIN1 mutations

15/45 (33)169 No GSK3B mutations

16/38 (42)158 Multiple mutations in 2 patients

14/73 (19)95 1 insertion between S33 and G34

5/62 (8)110 Aflatoxin study

7/60 (12)168 62% of tumors had cytoplasmic β-catenin staining

57/434 (13)108 34 had mutations at GSK3B; 17 had mutations at codons 32 and 34

9/22 (41)107 Multiple mutations in 1 patient

12/35 (34)115 Multiple mutations in 2 patients

21/119 (18)106 Multiple mutations in a patient

9/38 (24)169 Aberrant accumulation of β-catenin in the nucleus, cytoplasm and membrane was seen in 39% of cases

8/31 (26)93 2 patients had mutations at D32
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