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Abstract

:

As evolutionarily conserved signaling cascades, AhR and Wnt signaling pathways play a critical role in the control over numerous vital embryonic and somatic processes. AhR performs many endogenous functions by integrating its signaling pathway into organ homeostasis and into the maintenance of crucial cellular functions and biological processes. The Wnt signaling pathway regulates cell proliferation, differentiation, and many other phenomena, and this regulation is important for embryonic development and the dynamic balance of adult tissues. AhR and Wnt are the main signaling pathways participating in the control of cell fate and function. They occupy a central position in a variety of processes linked with development and various pathological conditions. Given the importance of these two signaling cascades, it would be interesting to elucidate the biological implications of their interaction. Functional connections between AhR and Wnt signals take place in cases of crosstalk or interplay, about which quite a lot of information has been accumulated in recent years. This review is focused on recent studies about the mutual interactions of key mediators of AhR and Wnt/β-catenin signaling pathways and on the assessment of the complexity of the crosstalk between the AhR signaling cascade and the canonical Wnt pathway.
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1. Introduction


1.1. AhR


Aryl hydrocarbon receptor (AhR) is a ligand-activated transcription factor [1,2,3]. Initially, AhR was identified in studies on its binding to polychlorinated aromatic hydrocarbons, including 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), and polychlorinated biphenyls [1,2,3]. Protection from external chemicals, as implemented by the metabolism of xenobiotics, has long been considered to be AhR’s main function.



AhR is ubiquitously expressed in many vertebrate cell types and mediates various cellular functions. Its numerous physiological and homeostatic functions have been shown by accumulating evidence, including data from experiments on AhR knockout mouse models or on orthologs of AhR in nonmammals and experiments with AhR-mediated toxicity of TCDD in mice [4,5,6]. In mouse models, the complete depletion of AhR has been shown to alter the development and function of several organs, including the liver, heart, skin, and immune system [7,8,9,10].



Endogenous functions are modulated by AhR at early stages of embryogenesis during organogenesis in the neuroepithelium, heart, liver, kidneys, lungs, muscles, epidermis, and retina [11]. AhR is highly expressed in the tissues of important physiological barriers of the body, such as the placenta, skin, lungs, gastrointestinal tract, and liver [7,12,13].



AhR regulates fundamental metabolic processes that modulate such cellular phenomena as proliferation, differentiation, the cell cycle, adhesion, migration, invasion, pluripotency, and stemness and mediate such physiological functions of AhR as the homeostasis of organs of the cardiac, immune, reproductive, nervous, and intestinal systems and of the liver, insulin–glucose regulation, oxidative stress, and adaptation to hypoxia [14,15,16,17,18,19].



The persistence of AhR in multicellular organisms from mollusks to humans proves that it performs an important physiological function. It is believed that the evolution of AhR, which began hundreds of millions of years ago in multicellular animals, has been driven by adaptation to environmental toxins [20]. Nonetheless, the following hypothesis is likely to be true: the function of AhR was originally the regulation of development, and its involvement in xenobiotic metabolism probably has emerged as an adaptation later, during the evolution of vertebrates [4,20].




1.2. Wnt


The signaling pathway of the Wnt (wingless-type MMTV integration site) family of secreted glycolipoproteins is central to multiple developmental processes [21,22]. Compared to the signaling pathways of other growth factors, Wnt signaling has several unique properties and, in fact, governs development and tissue homeostasis. The Wnt signaling pathway takes part in the workings of such crucial cellular phenomena as intercellular communication, cell migration, the determination of the fate of nascent cells, embryogenesis, organogenesis, and homeostasis of embryonic and adult stem cells [21,22,23,24]. The Wnt signaling pathway is evolutionarily conserved and Wnt proteins are active in all clades of the animal kingdom [25].



Between AhR and the Wnt/β-catenin pathways, various types of crosstalk can occur, which have been most fully described in a review by Schneider et al. [26]. In recent years, numerous studies showed potential crosstalk between AhR and Wnt/β-catenin signaling cascades, and a lot of new evidence was accumulated about a dual interaction between these pathways, as did data on the interdependent regulation of their signal transduction as a possible mechanism for the maintenance of physiological or pathophysiological functions. This review covers studies on this topic that have been conducted in recent decades.





2. AhR Signaling


2.1. The Genomic AhR Signaling Pathway


The first identified function of AhR (related to its participation in the metabolism of xenobiotics) is implemented through a genomic pathway. AhR is a member of the basic helix-loop-helix/Per-Arnt-Sim (bHLH-PAS) transcription factor superfamily. In its inactive basal state, AhR is a part of a cytoplasmic complex composed of two chaperones—heat shock protein 90 (Hsp90) and X-associated protein 2 (XAP2) [also known as AhR-interacting protein (AIP)/ARA9]—as well as cochaperone p23 and additional partners, including kinases c-Src [5,27,28,29] (Figure 1A).



When a ligand binds to AhR, this event induces the dissociation of the complex, thereby leading to the potential activation of several AhR pathways.



2.1.1. The Canonical AhR Signaling Pathway


The canonical pathway (Figure 1B), which is genomic, starts after the translocation of AhR into the nucleus and dimerization with its partner, ARNT. The AhR/ARNT heterodimer can bind to specific response elements called xenobiotic response elements (XREs), located in the regulatory sequences of various target genes. XREs have the consensus sequence 5′-TNGCGTG-3′, in which AhR recognizes the half site (TNGC), whereas ARNT recognizes GTG [28,30,31,32]. After binding to a ligand, the complex dissociates, resulting in the potential activation of several pathways: the genomic pathway involving its nuclear partner ARNT and the regulation of target gene transcription [28,32] and nongenomic signaling [33,34].



Among the target genes containing XRE in their promoters are genes coding for xenobiotic biotransformation enzymes CYP1A1, CYP1A2, CYP1B1, UGT1A1, UGT1A6, GSTA1/2, and ABCG2, which mediate the detoxification function of AhR [1,2,3], as well as genes encoding murine epiregulin, ecto-ATP, δ-aminolevulinic acid synthase, prostaglandin endoperoxide H synthase 2, MDR1, BRCP, AhRR, and p27kip1 [32] and EGFR ligands called amphiregulin (AREG) and epiregulin (EREG) [4].




2.1.2. “Noncanonical” AhR Signaling Pathways


Other “noncanonical” pathways (Figure 1C) after the dissociation of the cytoplasmic complex potentially lead to the interaction of AhR with other partners such as transcription factor Krüppel-like factor 6 (KLF6) or transcription factors of the nuclear factor kappa B (NF-κB) family (e.g., RelB) [35,36], retinoblastoma protein (pRb), or nuclear receptors (e.g., estrogen receptor α) [37,38,39,40]. Proteins AhR and KLF6 form a heterodimer that recognizes a novel nonconsensus XRE (NC-XRE) and initiates the transcription of the genes involved in cell cycle regulation. Proteins AhR and RelB (an NF-κB subunit) combine into a heterodimer that recognizes a RelB–XRE complex and induces the transcription of some chemokine genes [41,42,43]. AhR and NF-κB form a heterodimer that leads to the induction of the expression of cytokines and chemokines: B-cell-activating factor of the tumor necrosis factor family (BAFF), B-lymphocyte chemoattractant (BLC), CC-chemokine ligand 1 (CCL1), and interferon-responsive factor (IFR3) [44,45]. The AhR–ARNT–NF-κB interaction decreases the expression of CYP1A1. AhR and pRb form a heterodimer that results in the blockade of cell cycle progression by downregulating S-phase genes [40,46,47,48].



Among the genes that are targets of the noncanonical pathway, there are those encoding proteins responsible for organ development (p21Cip1, p27KIP1, p40phox, and Blimp1), for antimicrobial defense (NADPH oxidase/p40phox), for immunity/inflammation (C-Kit, Il-1β, Il-6, IL-17A, Il-22, CXCL5, and IDO/TDO), for energy homeostasis (TiPARP, CD36, and CD38), and for reproduction (CYP19) [48].





2.2. Nongenomic AhR Signaling


In addition to the genomic signaling through target genes [49,50,51,52,53], AhR participates in nongenomic signaling [33,34]. For instance, a member of the c-Src cytoplasmic complex, after activation of AhR and dissociation from the complex, can trigger alternative pathways by activating signaling via EGFR, which is a receptor tyrosine kinase (RTK) of the ErbB family [54] and plays a key part in embryonic development and physiology [55] and in several cellular processes such as proliferation, differentiation, and apoptosis. The signaling downstream of EGFR includes the focal adhesion kinase (FAK) pathway and pathways of mitogen-activated protein kinase (MAPK) RAS-RAF-MEK1/2-ERK1/2 and AKT-PI3K-mTOR, as well as pathways of protein kinase C (PKC), STAT, SRC, and NF-κB; these may participate in the modulation of proliferation and adhesion processes and of inflammation [4,34,56,57]. Aside from acting as a ligand-activated transcription factor in gene expression, AhR is also a component of a protein complex that functions as an E3 ubiquitin ligase for the proteasomal degradation of substrate proteins [58,59].




2.3. AhR Ligands


AhR regulates many functions owing to the huge variety of ligands that activate it. The activity of AhR depends on the type of ligands, which are xenobiotics, naturally occurring food compounds, and endogenous molecules [17,60,61,62].



Numerous ligands of AhR have been identified as agonists of AhR, including synthetic and environmental chemicals [60,61]. Nonetheless, the subsequent discovery of endogenous and plant source ligands led to the recognition that AhR plays a fundamental role in normal cell biology and physiology by ensuring normal development and homeostasis [63,64,65,66,67,68,69,70].



2.3.1. Exogenous Synthetic AhR Ligands


Xenobiotics, which are mainly aromatic hydrocarbons, were the first discovered ligands of AhR. The best known exogenous synthetic ligands are halogenated aromatic hydrocarbons, including TCDD, and polycyclic aromatic hydrocarbons, such as 3-methylcholanthrene (3MC) and benzo(a)pyrene (BaP), which have strong affinity for AhR [1,2,61,69]. These compounds are present in the air as complex mixtures and are very stable; some of them can accumulate in the body. Prolonged exposure leads to pronounced toxic effects, including immunotoxicity, thyroid dysfunction, anomalies of nervous-system development, and impairment of reproductive functions [11,28,61].




2.3.2. Natural AhR Ligands


The natural compounds that are natural AhR ligands present in food can activate AhR and have been characterized as ligands of AhR, although most of them are low-affinity ligands [63,71,72]. This is the most widespread class of polyphenols—flavonoids quercetin and resveratrol found in fruits and vegetables—and indoles such as indole-3-carbinol (I3C) or one of its secondary metabolites, 3,3′-diindolylmethane, obtained from cruciferous vegetables [28]. Quercetin and resveratrol activate AhR [73,74] and have both agonistic and antagonistic effects [11,28,75].




2.3.3. Endogenous AhR Ligands


Finally, the endogenous molecules that are formed by endogenous metabolism can also serve as ligands of AhR. Endogenous ligands that are capable of activating AhR include indole and its derivatives such as tryptophan and its derivatives tryptamine and kynurenine (Kyn) pathway metabolites [indole-3-acetic acid (IAA), Kyn, and FICZ (formylindolo[3,2-b]carbazole)], as well as leukotrienes and arachidonic-acid metabolites [lipoxin A4, some prostaglandins (PGE2), and heme breakdown products: bilirubin and biliverdin] [11,76,77,78]. It is worth mentioning that the tryptophan photoproduct FICZ, which arises in the skin under ultraviolet irradiation, is the most potent AhR ligand known to date. It has a stronger affinity for human AhR than TCDD does [11].



Some of the tryptophan metabolites originate from the microbiota and are agonists or antagonists of AhR activity (indole, IAA, or tryptamine) [11,68,75,79,80]. Indirubin and indigo represent another family of phenols that are present in our body under normal physiological conditions and are strong inducers of AhR [77,81]. Some compounds of bacterial origin are also known to be ligands of AhR. These are virulence factors (phenazine or pyocyanin from Pseudomonas aeruginosa) [80] or modulators (lipopolysaccharide from Escherichia coli) [82].



Thus, AhR acts as a receptor for a variety of exogenous and endogenous molecules and can mediate either toxic or physiological effects. Apparently, the nature of a ligand, a tissue- and organ-specific microenvironment, and the presence of coregulators or specific transcription factors in the cell contribute to the outcome of the modulation of gene transcription by AhR. The diversity of responses resulting from the activation of AhR may be explained by various interactions of AhR with other proteins or transcription factors [83].



So far, numerous proteins have been described that affect the activity of AhR and vice versa [28]. AhR, by performing functions in the regulation of transcription, participates in various key signaling pathways that eventually affect the homeostasis of organs and tissues in response to either endogenous or exogenous stimuli. For instance, an AhR pathway can directly functionally interact with the signaling pathways involved in organ development, e.g., the TGFβ/BMP (transforming growth factor β/bone morphogenetic protein) pathway and the pathways of receptor tyrosine kinases—including KGFR (keratinocyte growth factor receptor), VEGFR (vascular endothelial growth factor receptor), and EGFR (epidermal growth factor receptor)—as well as the Notch pathway and Wnt/β-catenin signaling [14]. The canonical Wnt/β-catenin pathway is examined in detail in this review.






3. Wnt Signaling


The Wnt signaling pathway constitutes a highly complex regulatory network. Three intracellular Wnt signaling pathways have been identified, which include the crucial and best-studied canonical pathway—i.e., the Wnt/β-catenin pathway, which activates gene transcription via β-catenin—and noncanonical pathways [21,22]. Canonical Wnt signaling functions via the regulation of the amount of a transcription coactivator known as β-catenin (CTNNB1), which controls the expression programs of key genes associated with ontogenesis. Noncanonical Wnt/PCP pathways (planar cell polarity pathways) and Wnt/calcium (Wnt/Ca2+) pathways regulate cytoskeletal dynamics and Ca2+-dependent pathways (Wnt/Ca2+ pathway) that influence cell adhesion and the expression of related genes via an intracellular Ca2+ release [21,22,23,24]. The Wnt signaling pathway is activated by a ligand protein binding to plasma membrane receptors called Frizzled and coreceptors [84].



Canonical ligands called Wnt mediate the post-translational regulation of β-catenin and induce the accumulation of β-catenin, which, after translocation to the nucleus, triggers the expression of Wnt-responsive target genes [21,23]. β-catenin is a multifunctional protein present in various subcellular components. The membrane-bound form of β-catenin interacts with E-cadherin and fuses actin filaments, thereby giving rise to the cytoskeleton. The cytosolic form of β-catenin comes into being after a release of the bound form into the cytosol by tyrosine phosphorylation and acts as a downstream protein of the Wnt signaling pathway [85].



In the absence of ligand proteins (Figure 2A) (Wnt), cytosolic β-catenin is cleaved by a destruction complex consisting of scaffold proteins [adenomatous polyposis of the colon (APC), casein kinase 1α (CK1), and glycogen synthesis kinase 3 (GSK3)] situated on an Axin protein “platform” Axin and thus maintaining low cytoplasmic levels of β-catenin in the cell [86]. In this multiprotein complex, β-catenin is phosphorylated by GSK3β and cleaved via the ubiquitin-proteasome system. GSK3β is one of the most complicated kinases for cellular processes, and its possible substrates are hundreds of proteins, one of which is β-catenin [87]. GSK3β is recognized as a key player in the modulation of the β-catenin function [86,87]. The destruction complex induces the continuous elimination of β-catenin, thereby preventing its nuclear transport, so that the expression of Wnt-responsive genes is switched off.



3.1. The Canonical Wnt Signaling Pathway


In the canonical Wnt signaling pathway (Figure 2B), ligands called Wnt bind to several different receptors, thus promoting a variety of cellular processes depending on the presence of coreceptors and on the assembly of receptor complexes [88]. The Wnt/β-catenin signaling pathway is regulated at the cell surface by multiple secreted proteins, including two major families of endogenous agonists of the Wnt signaling pathway: proteins Wnt and R-spondin (RSPO) [89,90].



The Wnt/β-catenin signaling pathway begins with the formation of a complex of Wnt with a transmembrane cell surface receptor called Frizzled (FZD) and coreceptors: membrane complexes LRP5/6 related to low-density lipoprotein receptor. This receptor complex recruits the destruction complex to the cell membrane via an interaction of Axin with a phosphorylated LRP5/6 tail and with multifunctional phosphoprotein Disheveled (Dvl), which facilitates the interaction between LRP5/6 and Axin and mediates the inhibition of the β-catenin destruction complex [89,91].



In this way, it prevents constitutive proteasome-dependent degradation of β-catenin either by inhibiting the phosphorylation of β-catenin in combination with the disassembly of the destruction complex or through the inactivation of ubiquitination and proteasomal degradation of β-catenin in the destruction complex. As a consequence, free β-catenin accumulating in the cytoplasm enters the nucleus and initiates the transcription of Wnt-sensitive target genes with the help of transcriptional T-cell factors and factors of the lymphoid enhancer-binding factor family (TCF/LEF) [92,93,94,95]



RSPO, another endogenous agonist of Wnt signaling, is a secreted glycoprotein that interacts with low-density lipoprotein receptor proteins 4/5/6 (LGR4/5/6), thereby substantially enhancing Wnt/β-catenin signaling [89,90,96].



The negative regulation of Wnt signaling is mediated by other secreted factors, including secreted Frizzled-related proteins (sFRPs), Wnt-inhibitory factor 1 (WIF-1), the Dickkopf family (DKK), and ubiquitin ligases ZNRF3/RNF43 [97]. sFRP and WIF-1 directly serve as antagonists of Wnt proteins by binding them in the extracellular space [98].



DKK can associate with LRP5/6 proteins to prevent the formation of the FZD–Wnt–LRP complex. The DKK protein (belonging to a protein family containing four members), when binding to LRP5/6, stabilizes cytosolic β-catenin by suppressing the Axin function. The complex of DKK with LRP5/6 inhibits Wnt signaling in a competitive way toward Wnt proteins or in a way where DKK separates LRP5/6 from the plasma membrane. Thus, DKK regulates the LRP5/6 amounts, thereby coordinating various biological processes depending on the Wnt signal [97,99].



Wnt/β-catenin signaling negative regulators called ubiquitin ligases ZNRF3/RNF43 inhibit i) the binding of RSPO to LGR5 and ii) stimulation of the canonical Wnt pathway, thus reducing the availability of Wnt receptors on the membrane via internalization and the degradation of membrane receptors FZD and LRP5/6 [100,101,102,103,104]. The LGR5–RSPO–RNF43/ZNRF3 regulatory axis further complicates the Wnt/β-catenin pathway.




3.2. The Noncanonical Wnt Signaling Pathway


Binding of Wnt isoforms to either FZD or Ror2 triggers noncanonical, i.e., β-catenin–independent Wnt signaling cascades (Figure 2C), including the inhibition of the canonical Wnt/β-catenin pathway. In the planar cell polarity (PCP) pathway, Wnt binds to receptors FZD, thereby activating Dvl and Dvl-associated activator of morphogenesis (DAAM). Dvl and DAAM together trigger small GTPases Rho and Rac, which catalyze the activation of JNK and ROCK1, resulting in a cytoskeleton rearrangement and changes in the gene expression.



In the Wnt/Ca2+ pathway, a signal is transmitted via a triggering of phospholipase C (PLC) through Dvl activation. PLC hydrolyzes phosphatidylinositol 4,5-bisphosphate generating inositol 1,4,5-triphosphate and 1,2-diacylglycerol. Inositol 1,4,5-triphosphate activates calcium/calmodulin-dependent protein kinase II (CAMKII) and calcineurin (CaN) through a release of calcium from the endoplasmic reticulum. Active CAMKII and CaN alter a target gene’s expression by inducing a transcription factor called nuclear factor of activated T cells (NFAT). DAG triggers the protein kinase C, which raises the CaN activity.




3.3. Wnt Target Genes


A growing number of endogenous target genes of Wnt have been identified [105], in particular β-catenin–responsive target genes. These targets include the genes required for cell proliferation, differentiation, adhesion, survival, migration, self-renewal, metabolism, and epithelial–mesenchymal transition (EMT) [106], as well as genes of Axin2 and RNF43/ZNRF3, which are components of the Wnt/β-catenin pathway that constitute negative feedback loops in its regulation [104].





4. Intersection of AhR and Wnt Signaling


4.1. Effects of AhR on Wnt Signaling


4.1.1. The Influence of AhR (Not Activated by Agonists) on Wnt Signaling


A review by Schneider et al. [26] fully described the then-known evidence of mutual interference between two pathways: AhR and β-catenin cascades [26]. AhR and Wnt/β-catenin have been shown to cooperate in the induction of transcriptional targets of AhR, and, in this context, the persistent activation of AhR causes a decrease in the level of active β-catenin, thereby influencing the phenotype of liver progenitor cells and leading them to more differentiated cell types [107]. AhR has been shown to be an inhibitor of canonical Wnt signaling in the mouse gut and to be capable of suppressing gut carcinogenesis through the degradation of β-catenin [108]. In a human breast cancer cell line, the constitutive expression of AhR via the introduction of a mutation can downregulate CTNNB1 [26].



Further research has revealed that the loss of AhR signaling in murine intestinal lamina propria CD11c+ antigen-presenting cells is related to aberrant Wnt signaling in these cells and to the abnormal development of the intestinal epithelium [109]. In that study, overall upregulation of Wnt target genes such as Axin2, Lgr5, c-Myc, and Nmp4 was noted. The expression of Dkk3 is significantly elevated in AhR-deficient intestinal macrophages [109]. Furthermore, elevated levels of β-catenin in the AhR-null (AhR−/−) liver have been found in preweaning-to-adult mice, and it has been demonstrated that by inhibiting Wnt/β-catenin signaling along with PI3K and ERK signaling, AhR contributes to the physiological polyploidization of the liver [110]. AhR is required for the proper maturation, differentiation, and polyploidization that take place during the transition from an immature to mature liver, thus ultimately leading to an organ with nonproliferative cells. Accordingly, the AhR−/− liver phenotype includes a faster proliferation with deficient polyploidization and the activation of signaling cascades, including Wnt/β-catenin, PI3K/AKT, and ERK pathways. This change is probably possible because AhR is a component of a repressive complex that binds to β-catenin, thereby promoting its ubiquitination and subsequent degradation [108].



Because both proteins are coimmunoprecipitated under normal conditions in the adult liver [110], AhR may contribute to the regulation of liver repair and to the blockage of carcinogenesis via β-catenin signaling and the modulation of stem cells [111]. A study [111] indicates that AhR deficiency improves liver regeneration after acute toxic injury by CCl4 but promotes the development of hepatocarcinoma, probably because of the expansion of stem cells and the activation of factors associated with pluripotency, including β-catenin. The involvement of β-catenin signaling in AhR-dependent liver regeneration is confirmed by such observations as increased levels of β-catenin after the CCl4 injury in AhR−/− mice but not in AhR+/+ mice, the activation of Axin2 and repression of Dkk1 in the AhR−/− liver, and Dkk1 induction in the AhR−/− liver when regeneration reaches its maximum [111].



Thus, AhR and β-catenin are probably linked within a regulatory network that controls the formation of stem-like and pluripotent cells necessary for liver regeneration. This supposition is supported by a finding that the activation of AhR alters Wnt/β-catenin signaling, thereby impairing tissue regeneration in zebrafish and impeding urogenital-sinus formation during prostate development [26,112,113].



AhR also takes part in liver regeneration in adult rodents. The application of 2/3 partial hepatectomy to AhR+/+ and AhR−/− livers has revealed that the AhR depletion improves liver regeneration in response to severe damage to this organ, and this benefit is most likely mediated by the expansion of hepatic stem cells, which are already known to improve regeneration after acute toxic injury. Wnt/β-catenin, PI3K/AKT, and Hippo signaling pathways appear to participate in the regulatory process in an AhR-dependent manner [111,114].



AhR plays a critical role in intestinal stem cells (ISCs) by calibrating their response to Wnt-β-catenin signals, thereby enabling coordinated stem cell renewal and differentiation [115]. Using AhR−/− mouse models and intestinal organoid cultures, those authors found that AhR acts directly on ISCs by regulating the expression of E3 ubiquitin ligases RNF43 and ZNRF3 (which suppress Wnt/β-catenin signaling), thus limiting the excessive proliferation of ISCs. In mice having intact AhR, these defects can be reversed via the activation of AhR by means of nutritional ligands, which was found to restore the regulation of the Wnt/β-catenin pathway and barrier homeostasis and to prevent tumorigenesis through the transcriptional regulation of ubiquitin ligases RNF43 and ZNRF3 [115].



AhR signal transduction suppresses Wnt/β-catenin signaling in colon cells, thereby playing a protective role in genetically induced colon carcinogenesis [116]. The enhancement of Wnt signaling by an AhR knockout in the murine intestinal epithelium promotes the expansion and clonogenic capacity of colonic stem/progenitor cells carrying mutations ApcS580/+ and KrasG12D/+.



Shackleford G. et al. have reported that AhR can interact with β-catenin and apparently may stimulate its degradation during the peripheral myelination of nerves [117]. This conclusion is based on evidence that an AhR knockdown in mice alters the β-catenin expression in the sciatic nerve, whereas an AhR knockdown in the MSC80 mouse Schwann cell line activates the Wnt/β-catenin pathway. For instance, the protein level of active β-catenin and mRNA expression of components of the Wnt signaling pathway (Lrp6, Dvl2, Dvl3, and Axin2) increase, relevant sites in the TCF/LEF promoter are activated, and a protein–protein interaction of β-catenin with AhR is detectable by immunoprecipitation [117].



The AhR signaling pathway elevates the expression of β-catenin and of Wnt5a/b in the tumor tissue of patients with inflammatory breast cancer (IBC) that overexpresses AhR and its target gene/protein CYP1B1 [118]. In that study, it was shown that a knockdown of the AhR gene causes the suppression of CYP1B1 and Wnt5a expression in the IBC cells.




4.1.2. Effects of Activated AhR on Wnt Signaling


Upregulation of Wnt Signaling


In early studies by L.K. Mathew and coworkers [113] concerning the effects of AhR agonist TCDD on Wnt signaling in zebrafish, they showed that the activation of AhR by TCDD enhances canonical Wnt signaling through the overexpression of R-Spondin1 (Rspo1) [113]. This Rspo1 signaling is mediated by a coreceptor called LRP6, which launches the Wnt pathway and leads to the inhibition of regeneration in zebrafish under the influence of TCDD.



The administration of TCDD to the embryonic chick thymus causes a change in the Wnt signaling pathway owing to the initiation of Wnt protein expression via an AhR-dependent pathway. The activation of genes encoding proteins WNT5A, WNT2B, and WNT7B has been registered [119].



In human poorly differentiated colon carcinoma cell line RKO in vitro, TCDD-activated AhR causes an increase in the β-catenin levels. TCDD suppresses the growth of RKO cells and promotes their death through AhR signaling, likely as a result of the stimulation of multiple molecules involved in the modulation of various signaling pathways, including via β-catenin [120]. When these data are compared with findings from another study on human colon cancer cell lines DLD-1, SW480, and HCT116, there is a controversy regarding whether AhR agonists enhance or weaken β-catenin and its signal [121]. In these cell lines, there was no effect of such AhR ligands as 3MC, I3C, IAA, and β-naphthoflavone (βNF) on the amount of β-catenin. On the contrary, only a unidirectional interaction was found, which is the upregulation of the AhR signal by β-catenin [121].



In human liver cancer HepG2 cells, TCDD-activated AhR in vitro induces an increase in β-catenin levels along with STAT3, Ras, and Akt amounts; these proteins participate in cell proliferation and differentiation [122].



Many tumors contain a small population of cells that have a high potential for tumor initiation, stem cell–like properties, and capacity for self-renewal and chemoresistance. A research article about cancer stem cells (CSCs) from human choriocarcinoma cell line JEG-3 revealed that the activation of AhR by TCDD induces the expression of β-catenin and its nuclear translocation and initiates the expression of β-catenin targets: cyclin D1 and c-Myc [123]. The launch of the β-catenin pathway implies the involvement of a Wnt signaling cascade in the effects of AhR on choriocarcinoma CSCs.



Al-Dhfyan and colleagues [124] demonstrated that the activation of AhR/CYP1A1 in breast cancer MCF-7 cells by TCDD or 7,12-dimethylbenz[a]anthracene induces the overexpression of β-catenin and its downstream target cyclin D1 at mRNA and protein levels. The activation of the β-catenin pathway and Akt is mediated by the AhR/CYP1A1 signaling cascade and has been shown to mediate the proliferation and chemoresistance of mammary gland CSCs [124]. The activation of AhR by TCDD in wild-type human ovarian cancer A2780 cells and cisplatin-resistant cells (A2780cis) indicates that AhR mediates the properties, self-renewal, and maintenance of CSCs and metastatic potential by launching PI3K/Akt and Wnt/β-catenin signaling pathways and mediates chemoresistance by preventing apoptosis [125]. An earlier paper about breast cancer MCF-7 cells showed that the activation of AhR/CYP1A1 promotes chemoresistance through the triggering of Wnt/β-catenin and ALDH pathways, which mediate the development, maintenance, and self-renewal of CSCs [124].



A report [125] revealed that the activation of AhR induces Wnt/β-catenin pathways in wild-type A2780 cells but not in chemoresistant cells (A2780cis), indicating that other pathways may be involved. It has been demonstrated that, in breast cancer cell lines MCF-7 and MDA-MB-231 under the influence of organophosphate pesticide chlorpyrifos (CPF) and due to the action of AhR, cell proliferation is induced and the Wnt/β-catenin signaling pathway is launched, partially via the PGE2 pathway [126]. It was shown there that CPF, by the activation of AhR, enhances the expression of β-catenin and diminishes GSK3β activity [126].



It has been found that AhR activated by its endogenous ligand FICZ launches Wnt/β-catenin signaling in periodontal ligament cells in humans and mice, thus causing mineralization in the tissue in question [127]. In these cells, an AhR antagonist, StemRegenin 1 (SR1), causes the opposite outcome [127]. A study of the impact of FICZ on neurogenesis and on its interaction with the Wnt/β-catenin signaling pathway in mouse hippocampal tissue suggests that treatment with FICZ leads to the β-catenin upregulation at mRNA and protein levels [128]. AhR and WNT/β-catenin have also been shown to play a modulatory role in beta-amyloid precursor protein (APP) expression and affect hippocampus-dependent learning and memory deficits [129].



AhR–Wnt/β-catenin crosstalk in fetal heart tissues has been demonstrated by combined treatment with two AhR activators: cadmium (Cd) and FICZ [130]. In that study, mouse fetuses were exposed either to Cd alone, which can activate both AhR and Wnt/β-catenin signaling pathways, or to a combination of Cd with FICZ on gestational day zero. In fetal heart tissues, the mRNA expression levels of the target genes of Wnt/β-catenin went up in the presence of FICZ. During combined exposure to Cd and FICZ, AhR proved to be overexpressed in fetal hearts and the mRNA expression levels of Wnt/β-catenin target genes—Ctnnb1 and Nkx2.5 (but not Gsk3β)—also rose significantly. In this context, it was shown that the dysregulation of AhR–Wnt/β-catenin signaling during cardiogenesis can affect the development of the mouse heart. These data indicate that chemical contaminants such as Cd, by inhibiting the metabolic degradation of FICZ, may interfere with the normal function of AhR, which plays a physiological role in the regulation of Wnt/β-catenin.



It is reported that AhR can promote the EMT mediated by β-catenin, and this EMT contributes to the onset and progression of pulmonary fibrosis [131,132]. In a study by P.C.M. Selvam et al. [133], it was found that the activation of AhR by an AhR agonist such as TCDD, indeno(1,2,3-cd)pyrene, or FICZ promotes the production of inflammatory cytokines in the mouse macrophage cell line RAW 264.7 and the induction of the expression of biomarkers of EMT in the mouse lung epithelial cell line MLE-12. They demonstrated that such production of inflammatory factors was achieved through an influence on the Wnt/β-catenin signaling pathway, and indeno(1,2,3-cd)pyrene turned out to be a more effective agonist, which led to the accumulation of active β-catenin in the cytoplasm, thereby creating a microenvironment that induces EMT. Overall, their results indicated that the EMT was mediated by the activation of AhR after exposure to AhR agonists through a launch of the Wnt/β-catenin pathway. Nonetheless, the mechanisms or pathways taking part in the activation of this Wnt/β-catenin signaling have not yet been identified [133].



In an in vitro model of intestinal organoids derived from intestinal crypts of C57BL/6 mice, investigators studied the effects of an anticancer phytochemical ligand of AhR (I3C) on intestinal organoid development [134]. It was noted that I3C raised the level of active nonphosphorylated β-catenin but suppressed a Notch signal. This report provides direct evidence for the role of AhR in the regulation of intestinal stem cell development. For instance, I3C elevated the expression of Muc2 and lysozyme (i.e., clone-specific genes of goblet cells and Paneth cells, respectively) but suppressed the expression of IAP: a marker gene of enterocytes. In the intestines of mice treated with I3C, the number of goblet cells decreased, but the number of Paneth cells and the depth and length of crypts and villi did not change [134]. Those authors have previously reported that the activation of AhR by TCDD or FICZ, on the contrary, inhibits Wnt signaling by reducing β-catenin protein levels in intestinal epithelial organoids of C57BL/6 mice and suppresses intestinal organoid development [135].



In a paper by B. Liu et al. [136] on the mechanism of melanin synthesis in cultured normal human epidermal melanocytes under the action of an AhR ligand called astragaloside IV (AS-IV, which is a natural flavonoid), it was shown that AS-IV stimulates melanin synthesis. This induction of melanogenesis by AS-IV was at least partially mediated by AhR-dependent AKT–GSK3β–β-catenin signaling. Elevated phosphorylation of AKT and of GSK3β was identified in the normal human epidermal melanocytes treated with AS-IV. An increased concentration of β-catenin in the nucleus was observed, as was the significantly enhanced phosphorylation of AKT and of GSK3β. These findings are consistent with the notion of prevention of β-catenin degradation, an increase in β-catenin stability in the cytoplasm, and β-catenin translocation to the nucleus as a consequence of phosphorylation of components of the inhibitory complex: AKT and GSK3β [136].



High-throughput RNA sequencing in colon cancer cell lines has identified a signature of AhR target genes regulated by exogenous ligands of AhR of the TCDD type and by endogenous ligand Kyn, a tryptophan metabolite. Among these genes, along with CYP1A1, ALDH1A3, ABCG2, and ADGFR1, the gene of actin-uncoupling protein scinderin (SCIN) was identified [137]. SCIN, which is a Ca2+-dependent actin filament–uncoupling protein, proved to be required for cell proliferation. The suppression of SCIN limited cell proliferation, while its expression increased it. The researchers revealed a unique link between SCIN (whose expression is regulated by TCDD or by the endogenous AhR agonist Kyn) and WNT signaling. It was noted that the amount of β-catenin in cells went up with the increased expression of SCIN, and that SCIN expression is high in a variety of samples from patients with colon cancer, which also contained elevated levels of β-catenin. Notably, SCIN expression promotes the nuclear translocation of β-catenin and thereby triggers the WNT pathway. Those authors described a novel signaling mechanism in which SCIN, probably owing to its ability to modify the actin cytoskeleton, facilitates the nuclear translocation of β-catenin [137].



In cellular models of hepatocellular carcinoma (HCC) with an inducible knockdown (in HuH-7 and Sk-Hep1 cells), it has been shown that the enhancement of AhR and β-catenin pathways is coordinated and is a consequence of the activation of an enzyme called IDO1, which catalyzes the formation of the tryptophan metabolite Kyn. After a triggering of IDO1 and the subsequent activation of AhR, β-catenin is activated [138]. The results of that study uncovered the previously unknown involvement of IDO1 in HCC and pointed to a new mechanism by which IDO1 has an oncogenic influence on HCC cells via two pathways. The first one is a proliferative cascade that is primarily triggered by AhR–Src–PTEN–PI3K/Akt–GSK3β–β-catenin signaling, and the other one is a prometastatic pathway that relies on the cooperation of AhR/β-catenin and Snail [138].



Nevertheless, in mouse and human tumor intestinal epithelia, Kyn has been shown to promote β-catenin activity via a PI3K–AKT–GSK3β signaling event, not by AhR-mediated transcriptional activity [139]. Recent papers revealed the overexpression of one of the key enzymes of the Kyn pathway of tryptophan metabolism, tryptophan 2,3-dioxygenase (TDO2), in multiple types of cancer and its stimulatory role in oncogenic signal transduction through the Kyn pathway [140,141,142]. In a study by T. Miyazaki et al. [143], an analysis of metabolites in colorectal cancer spheroids derived from patients uncovered high levels of Kyn and TDO2, which positively correlated with metastasis to the liver. In the colon cancer spheroids, the TDO2-mediated activation of AhR was found to promote a launch of the Wnt/β-catenin signaling pathway. For instance, an impact of inhibitors of TDO2/AhR on the expression of target genes of Wnt/β-catenin was investigated: CCND1, c-Myc, RNF43, ZRNF3, LGR5, and ASCL2. The inhibition of TDO2 or AhR suppressed all of the tested target genes of Wnt and blocked nuclear localization of β-catenin. An inducible knockout of AhR also repressed the Wnt target genes and the nuclear localization of β-catenin [143]. Among these six Wnt target genes, subsequent in silico analysis showed that promoter regions of the LGR5 gene contain potential binding sites for AhR, whereas chromatin immunoprecipitation assays confirmed that AhR was bound to the promoter of LGR5 and that this binding was abrogated by inhibitors of AhR or TDO2. Thus, the TDO2–AhR pathway directly modulates the expression of LGR5, thereby likely contributing to the upregulation of the Wnt cascade and to the stemness of colon CSCs [143].




Downregulation of Wnt Signaling


In several experimental models, toxic AhR ligands have been shown to interfere with Wnt/β-catenin signaling (reviewed by [26,112]).



	
TCDD






Do interactions between AhR and Wnt/β-catenin pathways participate in the toxic effects of AhR agonists? TCDD is a potent stable ligand of AhR and a well-known toxic substance that enhances tumor formation in various organs [144].



The activation of AhR alters Wnt/β-catenin signaling, thereby impairing tissue regeneration in zebrafish and impeding urogenital-sinus formation during prostate development [112,113]. The activation of AhR by TCDD reduces the levels of Wnt proteins during the early differentiation of mouse embryonic stem cells and inhibits cardiomyocyte functions [145]. The activation of AhR by TCDD has been shown to modulate Wnt/β-catenin signal transduction in WB-F344 rat liver progenitor cells by lowering the levels of the active form of β-catenin and downregulating several target genes of the Wnt/β-catenin pathway [107,146,147].



In liver progenitors, the AhR ligand TCDD reduces the levels of active β-catenin and induces changes in the Wnt pathway such as hypophosphorylation of Dvl, which partakes in the modulation of Wnt signaling [107]. On the other hand, the TCDD-induced weakening of the canonical Wnt pathway in the mouse urogenital sinus has been linked with a decrease in the activity of activators known as R-Spondin2 and R-Spondin3 [145,148].



An analysis of the global profile of gene expression and TCDD-induced changes in the transcriptome of lung carcinoma A549 cells revealed the deregulation of the Wnt/β-catenin signaling pathway in response to TCDD and helped to identify DKK1 (an inhibitor of the Wnt signaling pathway) as a target of AhR [149].



In human HepaRG undifferentiated liver progenitor cells, the TCDD-induced activation of AhR suppresses the expression of target genes of Wnt/β-catenin—DKK1 and AXIN2—the latter of which is a direct transcriptional target of canonical Wnt signaling and may act in a negative feedback loop, thus limiting Wnt signaling [150]. Nonetheless, not all target genes of the Wnt/β-catenin pathway are downregulated by TCDD because the NKD2 and MYC mRNA levels increase in the cells treated with TCDD, indicating a more complicated effect of AhR activation on Wnt signaling than a simple reduction in the β-catenin level and activity [150].



The TCDD-driven activation of AhR significantly inhibits β-catenin expression in mesenchymal stem cells of mice with collagen-induced arthritis [151].



	
PM2.5






Small particulate air pollution particles smaller than 2.5 µm (PM2.5) are more likely than larger particles to penetrate deep into alveoli, enter the circulation, and activate AhR. It has been shown that AhR activation either by PM2.5 particles or by extractable organic matter (EOM) from PM2.5 can repress Wnt/β-catenin signaling, thereby leading to heart defects in zebrafish embryos [152,153]. Furthermore, the toxicity of PM2.5 to heart development in zebrafish embryos can be prevented by targeting AhR or Wnt/β-catenin signaling. During exposure to PM2.5, an AhR antagonist or β-catenin agonist can restore the normal phenotype of the developing heart [152,154,155,156]. In an article about the P19 cell line (a malignant analog of embryonic stem cells that is able to differentiate toward cardiac lineages), it was reported that the activation of AhR by EOM suppresses the Wnt/β-catenin pathway by reducing the expression of β-catenin, thereby mediating EOM toxicity to heart development and inhibiting cardiac differentiation [157].



	
FICZ






A direct interaction between the AhR and β-catenin pathways during normal zebrafish embryogenesis is indicated by the finding [158] that AhR2 represses active β-catenin signaling [158]. By means of two AhR agonists having a similar affinity for AhR but a different resistance to metabolic degradation (PCB126 and FICZ) and two β-catenin modulators toxic to zebrafish embryos (XAV939 and AZP), the following was demonstrated. FICZ inhibited the toxicity caused by AZP (increases β-catenin activity by inhibiting GSK3β) and enhanced the toxicity induced by XAV (inhibits β-catenin activity by stabilizing axin). At the same time, the induction of β-catenin–regulated genes (Axin2, Runx2b, Rspo2, and Pcna) by AZP was blocked by the presence of FICZ or PCB126 and elevated by an AhR2 knockdown (axin2).



The AhR agonist FICZ blocks the Wnt/β-catenin pathway in human myofibroblasts in an AhR-dependent manner by decreasing the phosphorylation of GSK3β [159]. FICZ inhibits Wnt signaling by diminishing the protein level of β-catenin in intestinal epithelial organoids of C57BL/6 mice [135]. In one report [135], FICZ and TCDD were shown to inhibit in vitro the development of intestinal organoids from mouse crypts or in mouse Lgr5+ stem cells. The number of Paneth cells in the small intestine and the depth of the crypts of the small and large intestines were reduced by FICZ administration to mice [135].



	
I3C






The activation of AhR by a phytochemical ligand called I3C leads to phosphorylation and degradation of β-catenin in prostate cancer DU145 cells [160]. AhR expression activated by AhR agonists I3C, IAA, or 3MC lowers the expression of CTNNB1 in human colon cancer cell lines [108]. AhR as a component of an E3 ubiquitin ligase that is activated by natural ligands derived from indole (which are generated via conversion from dietary tryptophan by intestinal microbes) cleaves β-catenin, thereby inhibiting intestinal carcinogenesis [108]. This is an AhR ligand–dependent pathway of β-catenin degradation that is independent of the APC system.



	
IS and Kyn






Being AhR agonists that are also tryptophan uremic metabolites, indoxyl sulfate (IS) and Kyn suppress β-catenin in human NIH 3T3 fibroblasts, human epithelial kidney HK-2 cells, and mouse mesenchymal embryonic fibroblasts with an AhR knockout by inhibiting the activity of Wnt and proangiogenic targets of Wnt [161]. The just cited study on the mechanism suggests that these uremic substances suppress β-catenin in cells in an AhR-dependent manner based on serine 33 in the degron motif [161].



In another project [162], colon carcinoma HT-29 cells were cultured in a tryptophan-rich DMEM medium. AhR agonist Kyn is the first product of tryptophan breakdown mediated by indolamine 2,3-dioxygenases 1 and 2 (IDO1 or -2) or tryptophan 2,3-dioxygenase (TDO). Furthermore, ref. [162] observed that Kyn promotes goblet cell differentiation of colon carcinoma HT-29 cells by modulating AhR, Wnt, and Notch signals. Those authors demonstrated that Kyn reduces the expression of β-catenin in epithelial cell line HT-29 and that the underexpression of β-catenin was reversed by an IDO-1 inhibitor called 1-methyltryptophan. Those authors hypothesized that Kyn regulates β-catenin expression in an AhR-dependent manner, where AhR acts as a component of a ligand-dependent E3 ubiquitin ligase [162].



Recently, it was found that in neurons, amyloid β activates the IDO1–Kyn–AhR signaling axis, accompanied by the suppression of the Wnt/β-catenin signaling cascade, and that this phenomenon can be reversed by an IDO1 inhibitor [163]. In that work, in primary hippocampal neurons from a Sprague–Dawley rat and hippocampal neurons from an HT22 mouse, the impact of amyloid β on IDO1–Kyn–AhR and Wnt/β-catenin signaling pathways was investigated, as were the reverse effects of IDO1 inhibitors on amyloid-β-induced neuronal damage. It was shown that different concentrations of amyloid β led to a dose-dependent increase in the expression of IDO1 and AhR and phosphorylation of β-catenin. Chromatin immunoprecipitation using cross-linked chromatin from HT22 cells revealed that AhR can bind to XRE sites in the promoter of DKK1, which is a negative modulator of Wnt/β-catenin signaling. Thus, the neurotoxicity of amyloid β depends on IDO1–Kyn–AhR signaling. The activation of the IDO1–Kyn–AhR axis through DKK1 suppresses the Wnt/β-catenin pathway, thereby causing neurotoxicity [163].






4.2. Wnt Signaling Effects on AhR Signaling


The existence of interactions between Wnt/β-catenin and AhR signaling cascades and the involvement of Wnt/β-catenin signals in the transcriptional control over cytochrome P450 family 1 (CYP1) enzymes are supported by several lines of evidence [26,107,118,164,165,166]. Early research papers have shown that β-catenin interacts with AhR for the induction of CYP1 enzymes. The basal expression of Cyp1a2 is low in mice with a hepatocyte-specific knockout of Ctnnb1 [167,168,169], and the induction of CYPs by an AhR agonist called 3MC is weak in this mouse model. The two signaling pathways are synergistic in terms of the induction of AhR target genes by means of TCDD in vitro [107,164,170]. The influence of the WNT/β-catenin pathway on the regulation and inducibility of the main P450 enzymes has been documented by research on the consequences of the treatment of HepaRG cells with an agonist of the WNT/β-catenin signaling pathway (WNT3a) or small interfering RNA (siRNA) against β-catenin, separately or in combination with a set of ligands activating AhR. The evaluation of the expression of P450 genes and P450 enzymatic activity after suppression or activation of the WNT/β-catenin pathway has revealed the necessity of β-catenin, in particular, of AhR-mediated induction of CYP1A [165,171].



4.2.1. The Wnt/β-Catenin Pathway as a Positive Regulator of AhR


An analysis of the currently available data obtained in various rodent liver models and human cell lines suggests that the Wnt/β-catenin pathway is mainly a positive regulator of the expression of AhR and its target genes in many cell types [26,164,172,173]. There is a study about the influence of the chemical nature of AhR agonists (three structurally unrelated agonists of AhR: the polycyclic aromatic hydrocarbon 3MC, the flavonoid βNF, and the antioxidant butylated hydroxyanisole on the interaction of the β-catenin pathway with activated AhR of mice with a hepatocyte-specific knockout of Ctnnb1 (β-catenin). The study shows that, in mice with the knockout of the β-catenin gene, the attenuation of CYP1 induction does not depend on the chemical nature of an AhR agonist [174].



The transcriptional regulation of AhR and of its target genes CYP1A1 and CYP1B1 via the WNT/β-catenin pathway is mediated by several molecular mechanisms. First, activated β-catenin may promote AhR overexpression [164,172,173,175]. In particular, a transcriptome analysis has revealed that an overexpressed hyperactive form of β-catenin (featuring a deletion of amino acid residues 24–47) induces AhR transcription. Moreover, reporter vectors containing dioxin-sensitive elements are activated by functional β-catenin carrying mutation S33Y [170]. The identification of AhR as a target gene for β-catenin has been performed by (1) mimicking the activation of the Wnt signaling cascade by means of β-catenin containing stabilizing mutations, (2) the inhibition of GSK3b by LiCl, and (3) an activator called Wnt3A. Second, the direct transcriptional activation of CYP1A1 and CYP1B1 by the β-catenin–TCF transcription complex has been demonstrated. For example, in transgenic mice, the hepatic expression of CYP1A is stimulated by the expression of activated β-catenin (via the S33Y mutation) in the absence of AhR-activating compounds but is suppressed after a β-catenin knockout. These effects were further analyzed in vitro and the stimulatory role of β-catenin was attributed to the TCF-binding site in the promoter of CYP1A1 [164]. It has been shown that Wnt/β-catenin regulates the transcription of CYP1B1 in endothelial cells of brain capillaries and in human liver cell lines [176,177]. Third, there is in vitro evidence for the cooperative behavior of β-catenin–TCF and AhR on the human CYP1A promoter, where specific binding sites for these transcription factors are located in close proximity [174,178]. Fourth, the activation of β-catenin enhances the transactivation and transcriptional activity of AhR through physical interaction with its XRE in DNA as a coactivator of the AhR–ARNT complex, which induces Cyp1A1 and Cyp1A2 [121,164,179,180].



Recently, mechanisms of zonal AhR-mediated induction of Cyp1A1 under the action of TCDD were determined in a multiscale computational model of a virtual lobule of the mouse liver with embedded stand-alone hepatocytes. It was found that the Wnt/β-catenin signaling cascade maintains basal expression of AhR [181]. The results of the analysis of this model showed that the binding and sequestration of TCDD by CYP1A2, as well as the interaction of transcription factors of the β-catenin gene and the β-catenin–AhR–TCDD complex along with basal metabolic site specificity, determine the zonal induction of Cyp1A1.



A regulatory interaction was recently demonstrated between AhR and the Dvl protein, which play a central part in β-catenin stabilization [182]. It was noted that the expression of the AhR protein is substantially dependent on the silencing and overexpression of Dvl in chronic myelogenous leukemia cell lines.



All of the presented data suggest that the Wnt/β-catenin dysregulation associated with an increase in the level or activity of β-catenin may have a positive effect on the expression of CYP1 enzymes participating in the metabolism of procarcinogens, promutagens, natural compounds, endogenous compounds, and some medications.




4.2.2. The Wnt/β-Catenin Pathway as a Negative Regulator of AhR


By contrast, there is an example of a different effect of Wnt/β-catenin signals on AhR signaling: HCT116 human colon cancer cells, where the genotoxicity of BaP has been investigated [183]. In these cells, elevated β-catenin activity due to a mutation of the CTNNB1 gene plays a key role in the regulation of their growth and tumorigenicity [184]. While evaluating the effect of the inhibition of β-catenin signaling on BaP metabolism and on the expression and activity of the CYP1 enzymes involved in the bioactivation of BaP, those authors discovered that the suppression of β-catenin in an HCT116-based model of colon carcinoma cells carrying an activating mutation of β-catenin enhances the induction of the expression/activity of enzymes CYP1A1, CYP1A2, and CYP1B1 in HCT116 cells by the genotoxic ligand of AhR: BaP [183]. While discussing the discrepancies in the bioactivation of BaP between murine and human models of colonic or intestinal epithelial cells or in the regulation of CYP1A1 expression between this and some of the above studies, those authors proposed several underlying mechanisms. First, the regulation may be species-specific. Second, there are probably β-catenin–independent effects of the APC protein from the destruction complex (degrading β-catenin), which may contribute to the regulation of CYP1, and there is a truncating CTNNB1 gene mutation featured by the studied mouse models. Third, different classes of AhR ligands (TCDD, BaP, 3MC, and βNF) may have different requirements for transcription coactivators and may modulate CYP1 expression in different ways in the context of altered β-catenin signaling [183].



An article by R. Lee et al. [185] about APC-deficient colorectal cancer revealed a relation between WNT signal transduction and the Kyn signaling pathway of tryptophan metabolism, one of the key enzymes of which is TDO2. In a synthetic essentiality analysis, TDO2 was identified as a key downstream effector in APC-deficient colorectal cancer. As for the mechanism, a deficiency of APC activated WNT signaling through the upregulation of TDO2 transcription mediated by transcription complex TCF4/β-catenin. TDO2 in turn activated the Kyn–AhR pathway, which enhanced glycolysis, which stimulates the anabolic growth of cancer cells and CXCL5 secretion to recruit macrophages to the tumor microenvironment. That is, APC deficiency launches the TCF4–TDO2–AhR–CXCL5 cascade, which affects many characteristics of cancer [185].



A recent study about the role of signaling via proliferative and survival pathways, in particular via the Wnt/β-catenin cascade, in the control of CYP1 expression was undertaken to test the hypothesis that additional indirect mechanisms may participate in the control over CYP1 expression in tumor cells [186].



In a research project about the regulation of CYP1 expression in cell models (derived from liver and colon tissues) during the modulation of cell proliferation or the inhibition of transcriptional effectors of proliferative signaling pathways, in particular β-catenin, investigators showed that, in various types of liver cells, cell proliferation is associated with the reduced induction of CYP1A1, CYP1A2, and CYP1B1. That is, the activation of proliferative Wnt/β-catenin signaling leads to the inhibition of CYP1 expression [186]. Using an siRNA-mediated knockdown of β-catenin, those authors have confirmed that in cells derived from either the human liver or human colon, the suppression of proliferative signaling enhances the induction of CYP1 enzymes by an AhR ligand: TCDD [186].



Different classes of AhR ligands may have different requirements for transcription coactivators, and this state of affairs may result in different types of regulation of CYP1A1 expression. In a paper about a possible mechanism controlling the expression of AhR-regulated CYP1 enzymes in colon carcinoma HCT-116 cells, it was shown that aberrant proliferative Wnt/β-catenin signaling in tumor cells can attenuate CYP1 induction through competition (with coregulatory protein p300) for the binding to promoters of CYP1 genes and via the displacement of p300 from the regulatory regions of a CYP1 gene [186].




4.2.3. Interactions of Wnt and AhR Signaling Cascades in Health and Disease


There are several examples of how the interaction of Wnt/β-catenin and AhR signaling pathways can be important for normal physiology and diseases. For instance, Wnt/β-catenin signaling plays a central role in the establishment and maintenance of a complex blood–brain barrier phenotype in brain endothelial cells, while influencing the metabolic pathways modulated by CYP1B1 [176]. By analyzing the expression of CYP1B1 in endothelial cells of β-catenin-deficient mice, scientists have demonstrated the necessity of β-catenin for CYP1B1 expression in cerebrovascular endothelial cells: in the absence of β-catenin, Cyp1b1 expression was significantly lower [176]. One of functions of CYP1B1 is the production of retinoic acid and an arachidonic acid metabolite (20-hydroxyeicosatetraenoic acid; 20-HETE), which regulate the expression of P-glycoprotein and of junction proteins, respectively. High levels of Cyp1b1 expression can affect the endothelial production of retinoic acid and 20-HETE, thereby promoting vascular homeostasis and the maintenance of the blood–brain barrier. Therefore, the endothelium-specific regulation of CYP1B1 transcription through the Wnt/β-catenin pathway influences endothelial metabolism and potentially engages CYP1B1 in brain pathologies linked with an impairment of the blood–brain barrier [176].



Another example of the relevance of the interaction between Wnt/β-catenin and AhR signaling pathways for cell physiology and pathologies is the discovery of a new mechanism modulating the expression of CYP1B1 by means of the TSPYL1 protein via Wnt/β-catenin signaling in such disease states as obesity [177]. Lately, members of the gene family called testis-specific Y-encoded-like protein (TSPYL) have been identified as novel transcriptional regulators that may influence the expression of CYP genes [187,188], in particular CYP1B1, which participates in arachidonic acid metabolism and affects cholesterol concentration. Clinical studies have uncovered elevated plasma and urinary levels of arachidonic acid metabolite 20-HETE in disease states that include obesity [177]. When examining the consequences of the regulation of CYP1B1 by TSPYL1 and the molecular mechanism by which TSPYL1 regulates the expression of CYP1B1, Xiujuan Zhu et al. showed that β-catenin is an activator of CYP1B1 transcription in HepaRG cells and stimulates cholesterol metabolism with the formation of metabolite 20-HETE. In other words, TSPYL1 is one of the proteins regulating CYP1B1 expression and having a considerable effect on cholesterol metabolism. This effect of TSPYL1 is implemented by the inhibition of β-catenin binding to TCF/LEF on the CYP1B1 promoter [177].






5. Summary


It can be concluded that AhR has been identified as an inhibitor of canonical Wnt signaling when a specific role has been tested in projects using only a knockout or knockdown of AhR. For instance, a loss of AhR in murine CD11c+ intestinal cells is associated with aberrant Wnt signaling caused by the overexpression of target genes Axin2, Lgr5, c-Myc, Nmp, and Dkk3 in intestinal macrophages and the anomalous development of the intestinal epithelium [109]. In intestinal stem cells, AhR modulates the expression of ubiquitin ligases RNF43 and ZNRF3, negatively regulating Wnt/β-catenin signaling and thus limiting cell hyperproliferation, as shown in the AhR−/− mouse model and cultured intestinal organoids [115]. A knockout of AhR enhances Wnt signal transduction in the mouse colon epithelium [116]. The AhR−/− mouse liver phenotype includes faster cell proliferation with insufficient cell polyploidization and the activation of Wnt/β-catenin signaling, possibly owing to AhR being a part of a repressive complex promoting β-catenin ubiquitination and its subsequent degradation [110]. At least coimmunoprecipitation of AhR and β-catenin has been registered under normal conditions in the adult liver [110]. AhR deficiency improves liver regeneration after acute toxic damage by CCl4 or after severe mechanical damage to the organ but contributes to the development of hepatocarcinoma, probably in part due to the activation of β-catenin, which is one of the pluripotency factors [111,114]. A knockdown of AhR in the murine Schwann cell line MSC80 launches the Wnt/β-catenin pathway by raising the protein level of active β-catenin and the mRNA expression of signaling components Lrp6, Dvl2, Dvl3, and Axin2 by activating TCF/LEF-binding sites [117]. Only one study indicates that AhR signal transduction upregulates the expression of β-catenin and Wnt5a/b, where a knockdown of the AhR gene led to the suppression of Wnt5a expression [118]. This was documented in tumor tissue from patients with inflammatory breast cancer demonstrating a constitutive overexpression of AhR.



AhR has been identified as an inhibitor or activator of the canonical Wnt signaling pathway when AhR’s role has been determined in various studies by means of its agonistic ligands such as environmental pollutants (TCDD, PM2.5, 3MC, or BaP), an organophosphate pesticide (CPF), natural compounds (I3C and AS-IV), or endogenous compounds (FICZ, IS, or Kyn).



In some reports, such AhR agonists as TCDD, PM2.5, FICZ, IS, Kyn, and I3C have been shown to impede Wnt/β-catenin signaling [107,135,145,146,147,148,150,151,152,153,154,155,156,157,158,159,161,162,163]. Such data have been obtained in research on zebrafish embryogenesis [158]; the heart of zebrafish embryos [152,153]; mouse embryonic stem cells [145]; rat liver progenitors [107,146,147]; human undifferentiated HepaRG liver progenitors [150]; the P19 cell line; which is a malignant analog of embryonic stem cells [157]; the mouse urogenital sinus [145,148]; lung carcinoma A549 cells [149]; mesenchymal stem cells from mice with collagen-induced arthritis [151]; human myofibroblasts [159]; intestinal epithelial organoids of C57BL/6 mice [135]; human NIH 3T3 fibroblasts, human kidney HK-2 epithelial cells, and mesenchymal embryonic fibroblasts [161]; colon carcinoma HT-29 cells [162]; and mouse hippocampal neuronal HT22 cells [163].



Other studies indicate that similar agonists of AhR, including TCDD, FICZ, Kyn, and I3C, as well as 7,12-dimethylbenz[a]anthracene, Cd, CPF, indeno(1,2,3-cd)pyrene, AS-IV, IAA, and βNF promote the activation of the Wnt/β-catenin signaling pathway [119,120,122,123,124,125,126,127,133,134,136,137,138,143]. Such data have been obtained in research on the chick embryonic thymus [119], the colon carcinoma cell line RKO [120] and other colon cancer cell lines [137], spheroids of colon cancer cells [143], human liver cancer HepG2 cells [122], CSCs from human choriocarcinoma cell line JEG-3 [123], breast cancer MCF-7 and MDA-MB-231 cells [124,126], human ovarian cancer A2780 cells [125], human and murine periodontal ligament cells [127], fetal heart tissues [130], the murine macrophage cell line RAW 264.7 [133], intestinal organoid models derived from intestinal crypts of C57BL/6 mice [134], normal human epidermal melanocytes [136], HCC cell lines HuH-7 and Sk-Hep1 [138], and mouse and human intestinal epithelial cells [139].



The enhancement of canonical Wnt signaling, as follows from the review of the literature, is likely due to the influence of AhR on such upstream components of the Wnt pathway as R-Spondin1 [113], Axin2, Lgr5, and Dkk3 [109]; Lrp6, Dvl2, Dvl3, and Axin2 [117]; Wnt5a/b [118]; and WNT5A, WNT2B, and WNT7B [119]. The enhancement of Wnt/β-catenin signals may be due to the impact of AhR on the expression of β-catenin [118,124,128,130], its activation in the cytoplasm [133,134] owing to greater phosphorylation of AKT and GSK3β [136], and nuclear localization [123,137]. The genes of some upstream components of the Wnt/β-catenin pathway have been shown to be targets of AhR. The promoter regions of genes CTNNB1, RSPO, Wnt5a, Rnf43, LGR, and DKK contain potential binding sites (XREs) for AhR [118,143,149,163,189].



Very recently, a novel AhR signaling mechanism underlying Wnt signal transduction activation was demonstrated [137], in which the SCIN protein, whose expression is regulated by AhR agonists, facilitates nuclear translocation of β-catenin, probably by altering the actin cytoskeleton. The Wnt/β-catenin pathway signals, in turn, are involved in interactions with AhR signaling. An analysis of recent research findings showed that the Wnt/β-catenin pathway is mainly a positive regulator of the expression of AhR and its target genes in various cell types [121,164,174,176,177,179,180,182].



β-catenin plays the main part in the interaction with AhR signaling. Firstly, AhR and CYP1 have been identified as target genes of β-catenin [164,170]; secondly, activated β-catenin may elevate the amount of AhR [164,172,173,175]; thirdly, the binding sites for β-catenin/TCF and AhR in the promoter of CYP1A are located in close proximity [174,178]; and, finally, β-catenin interacts with an XRE as a coactivator of the AhR–ARNT complex [121,164,179,180].



Lately, in chronic myeloid leukemia cell lines, a regulatory interaction between AhR and the Dvl protein, which plays a central role in β-catenin stabilization, has been demonstrated; this interaction manifests itself as a dependence of AhR protein expression on the silencing or overexpression of Dvl [182]. There is an example of a different influence on AhR signaling in HCT116 human colon carcinoma cells, where the suppression of β-catenin potentiated the induction of the expression/activity of CYP1 enzymes by BaP [183].



It is worth highlighting the involvement of key enzymes of the Kyn pathway of tryptophan metabolism—TDO2 and IDO1 (which catalyze the formation of Kyn, an agonist of AhR)—in the interactions between AhR and Wnt. The enhancement of the AhR and β-catenin pathways can proceed in a coordinated manner and is a consequence of the activation of the IDO1 enzyme: after the triggering of IDO1 and the subsequent activation of AhR, β-catenin is activated [138]. The activation of AhR mediated by TDO2 enhances the expression of target genes of Wnt/β-catenin: CCND1, RNF43, ZRNF3, LGR5, and ASCL2 [143].




6. Conclusions


Thus, the presented evidence of the influence of AhR pathway signals on the Wnt/catenin signaling cascade paints a complicated picture where the outcome of such an influence is determined by the type of cells, tissues, or organs, as well as by the chemical structure of the AhR ligand. The Wnt/β-catenin pathway signals, in turn, are involved in interactions with AhR signaling. Taken together, the presented literature proves the important role of the interdependent regulation of AhR and Wnt/β-catenin signaling pathways in the maintenance of embryogenesis, organogenesis, and cell homeostasis under normal and pathophysiological conditions. In these interactions of the signaling pathways, AhR appears to act as a fine-tuner of Wnt signal transduction in a cellular, tissue, or organ context; this property indicates the high potential of AhR as a therapeutic target for Wnt pathway modulation in pathological conditions, including cancer and nonmalignant diseases.
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Figure 1. AhR signaling pathways. (A) Before ligand binding, AhR is located in the cytosol in the form of a complex with hepatitis B virus X-associated protein 2 (XAP-2), with two heat shock proteins 90 (HSP90), with cochaperone p23, and with additional partners, including c-Src. A ligand changes AhR’s conformation, thereby leading to the dissociation of the complex and translocation of AhR to the nucleus, where AhR forms a dimer either with AhR nuclear transporter (ARNT) (canonical pathway) (B) or with partner proteins other than ARNT (noncanonical pathway) (C), such as transcription factor Krüppel-like factor 6 (KLF6), transcription factors of the nuclear factor kappa B (NF-κB) family, retinoblastoma protein (pRb), or nuclear receptors (e.g., estrogen receptor α). The resultant dimer binds to a xenobiotic-responsive element (XRE) in DNA and, thus, induces the transcription of target genes of AhR. AhR also takes part in nongenomic signaling: when dissociated from the c-Src complex, AhR can interact with epidermal growth factor receptor (EGFR), whose downstream signaling includes the focal adhesion kinase FAK pathway and mitogen-activated protein kinase (MAPK) pathways called RAS–RAF–MEK1/2–ERK1/2 and AKT–PI3K–mTOR, as well as protein kinase C (PKC), STAT proteins, SRC, and NF-κB. AhR is also a component of a protein complex that functions as an E3 ubiquitin ligase. 
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Figure 2. Wnt signaling pathways. (A) Secreted Frizzled-related proteins (SFRPs) and Wnt-inhibitory factor 1 (WIF1) counteract Wnt signaling by isolating the Wnt protein in the extracellular space. In the absence of Wnt proteins, degradation of β-catenin takes place in the cytoplasm, and this process limits the transcription of Wnt target genes. The degradation of cytosolic β-catenin is mediated by proteasomes or autophagy because of persistent phosphorylation of β-catenin by a multimeric protein degradation complex containing Axin, adenomatous polyposis colonic (APC) scaffold proteins, casein kinase 1α (CK1α), and glycogen synthase kinase 3 (GSK3) and because of subsequent ubiquitination by β-transducin repeat-containing protein 1 (β-TrCP1). (B) Binding of a Wnt protein (usually Wnt3A and Wnt1) to a receptor called Frizzled (FZD) and to coreceptor LRP5/6 induces phosphorylation of the cytoplasmic region of LRP5/6 by GSK3β and recruitment of a cytosolic protein called Disheveled (Dvl). This event leads to an increase in the amount of β-catenin in the cytoplasm, owing to isolation and inhibition of the protein complex responsible for β-catenin phosphorylation. After translocation to the nucleus, β-catenin forms an active complex with transcription factor T-cell factor and a transcription factor from the lymphoid enhancer-binding factor family (TCF/LEF) and other histone-modifying coactivators (CBP, p300, and BCL9) and initiates the transcription of target genes of Wnt. The Daple protein may inhibit the recruitment of DVL. A secreted inhibitor by the name of Dickkopf (DKK) can also counteract Wnt signal transduction by competitively binding to LRP5/6. Ubiquitin ligases ZNRF3/RNF43 reduce the availability of membrane receptors (LRP5/6) and FZD to Wnt through their internalization and degradation, thereby negatively regulating the Wnt pathway. R-spondin (RSPO) binds to receptor proteins called leucine rich repeat-containing G protein-coupled receptor 4, 5, or 6 (LGR4/5/6) and to the extracellular domain of RNF43/ZNRF3, resulting in their physical association, internalization into the cytoplasm, and the removal of ZNRF3/RNF43 from the membrane. In this way, the availability of the Wnt membrane receptor increases, and the activation of the Wnt ligand–mediated pathway is enhanced. (C) Binding of Wnt isoforms (e.g., Wnt-5a) to either FZD or Ror2 triggers noncanonical (β-catenin–independent) Wnt signaling cascades, including the inhibition of the canonical Wnt/β-catenin pathway. In the planar cell polarity (PCP) pathway, Wnt binds to receptors FZD, thereby activating Dvl and Dvl-associated activator of morphogenesis (DAAM). Dvl and DAAM together trigger small GTPases Rho and Rac, which catalyze the activation of JNK and ROCK1, resulting in a cytoskeleton rearrangement and changes in gene expression via activation of the activating protein-1 (AP1) family of transcription factors. In the Wnt/Ca2+ pathway, a signal is transmitted via a triggering of phospholipase C (PLC) through Dvl activation. PLC hydrolyzes phosphatidylinositol 4,5-bisphosphate (PIP2) generating inositol 1,4,5-triphosphate (IP3) and 1,2-diacylglycerol (DAG). IP3 activates calcium/calmodulin-dependent protein kinase II (CAMKII) and calcineurin (CaN) through a release of calcium from the endoplasmic reticulum. Active CAMKII and CaN alter a target gene’s expression by inducing a transcription factor called nuclear factor of activated T cells (NFAT). DAG in turn triggers protein kinase C, which raises CaN activity. 
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