
 

 
 

 

 
Int. J. Mol. Sci. 2021, 22, 752. https://doi.org/10.3390/ijms22020752 www.mdpi.com/journal/ijms 

Review 

AhR and Cancer: From Gene Profiling to Targeted Therapy 

Anaïs Paris 1,†, Nina Tardif 1,†, Marie-Dominique Galibert 1,2,* and Sébastien Corre 1,* 

1 CNRS (Centre National de la Recherche Scientifique), IGDR (Institut de Génétique et Développement de 

Rennes), UMR6290, University Rennes, F-35000 Rennes, France; anais.paris@univ-rennes1.fr (A.P.);  

nina.tardif50@gmail.com (N.T.) 
2 Department of Molecular Genetics and Genomics, Hospital University of Rennes (CHU Rennes),  

F-35000 Rennes, France 

* Correspondence: mgaliber@univ-rennes1.fr (M.-D.G.); sebastien.corre@univ-rennes1.fr (S.C.) 

† These authors contributed equally to the work. 

Abstract: The aryl hydrocarbon receptor (AhR) is a ligand-activated transcription factor that has 

been shown to be an essential regulator of a broad spectrum of biological activities required for 

maintaining the body’s vital functions. AhR also plays a critical role in tumorigenesis. Its role in 

cancer is complex, encompassing both pro- and anti-tumorigenic activities. Its level of expression 

and activity are specific to each tumor and patient, increasing the difficulty of understanding the 

activating or inhibiting roles of AhR ligands. We explored the role of AhR in tumor cell lines and 

patients using genomic data sets and discuss the extent to which AhR can be considered as a thera-

peutic target. 
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1. Introduction 

The aryl hydrocarbon receptor (AhR) is a ligand-activated transcription factor that 

has multiple critical cellular functions [1]. It belongs to the basic helix-loop-helix/Per-

Arnt-Sim (bHLH/PAS) family and is widely distributed in tissues and among species 

[2,3]. Evolution of the receptor in the vertebrate branch resulted in its ability to bind to a 

wide range of structurally diverse ligands. Indeed, AhR binds to endogenous (FICZ, 

kynurenine, etc.) and exogenous (TCDD, BaP, etc.) low-molecular-weight planar ligands 

that can exhibit tissue-specific agonist or antagonist activities [4,5]. In the absence of a 

ligand, AhR makes up part of a cytosolic multiprotein complex, consisting of c-Src kinase, 

Hsp90, and the chaperones p23 and XAP2 [6,7]. Binding of a ligand to AhR induces con-

formational changes, leading to dissociation of the protein complex and nuclear translo-

cation of AhR. In the nucleus, AhR dimerizes with its partner protein AhR nuclear trans-

locator (ARNT) and binds to xenobiotic-responsive elements (XREs) in the regulatory re-

gion of target genes, inducing their transcription [8,9]. 

Since the early 90s, AhR has been defined as an essential environmental sensor that 

enables the activation or inhibition of cellular pathways in response to a broad spectrum 

of ligands in a cell-type- and context-specific manner [1,10]. More recently, its role in can-

cer development has been demonstrated, in which it can either act as a positive or nega-

tive regulator of carcinogenesis. 

Here, we summarize the role of AhR in cancer mechanisms, based on previous stud-

ies and the analysis of a set of genetic and genomic databases. Then, we discuss the con-

ditions required to consider AhR as a therapeutic target. 

  

Citation: Anaïs Paris; Tardif, N.;  

Galibert, M.-D.; Corre, S. AhR and 

Cancer: From Gene Profiling to 

 Targeted Therapy. Int. J. Mol. Sci. 

2021, 22, 752. https://doi.org/ 

10.3390/ijms22020752 

Received: 6 November 2020 

Accepted: 8 January 2021 

Published: 13 January 2021 

Publisher’s Note: MDPI stays neu-

tral with regard to jurisdictional 

claims in published maps and insti-

tutional affiliations. 

 

Copyright: © 2021 by the authors. 

Licensee MDPI, Basel, Switzerland. 

This article is an open access article 

distributed under the terms and con-

ditions of the Creative Commons At-

tribution (CC BY) license (http://cre-

ativecommons.org/licenses/by/4.0/). 



Int. J. Mol. Sci. 2021, 22, 752 2 of 22 
 

 

2. Results 

2.1. AhR Mutations, Level of Expression, and Activation in Cancer 

We explored the genetic landscape of AhR alterations in cancer by interrogating 

available genomic data (TCGA, Sanger, Broad, etc.) searchable on the cBioPortal for cancer 

genomics online platform (http://www.cbioportal.org) [11]. We recovered only a very 

small proportion of amplifications, mutations, or deletions of the AhR gene (Figure 1A, 

top). Only one somatic point mutation was identified with a high frequency in bladder 

cancer. This mutation (Q383H), located downstream of the PAS-B domain (ligand-binding 

domain), has not yet been functionally characterized (Figure 1A, bottom). Despite the ab-

sence of recurrent genetic abnormalities in cancer, the level of AhR mRNA is elevated in 

almost 70% of various tumor types relative to healthy tissue (Figure 1B). Indeed, AhR 

mRNA is overexpressed in breast cancer [12,13], lung cancer [14], thyroid cancer [15], and 

oral squamous cell carcinoma (OSCC) [16]. A high level of AhR protein has also been re-

ported in pancreatic cancer [17], endometrial cancer [18], and meningioma [19]. Median 

expression of AhR appears elevated from stage I, independently of the tumor type, sug-

gesting that this increased expression is an early event in many cancer (Figure 1C). Ac-

cordingly, AhR expression was shown to be associated with a poor prognosis in glioma 

[20]. On the contrary, AhR expression was significantly lower in primary peripheral blood 

chronic myeloid leukemia (CML) cells than in healthy controls supporting the notion of 

cell specific functions of AhR [21]. 

 

Figure 1. Status of the aryl hydrocarbon receptor (AhR) transcription factor status in cancer. (A) The frequency of alteration 

(top) and mutational status (bottom) of the AhR transcription factor was analyzed in all genetic and genomic data from 

patients or cancer cell lines from the cBioPortal for cancer genomics (http://www.cbioportal.org). AhR genetic alteration 

include mutation, amplification and deep deletion. (B) Analysis of AhR expression in all cancers from the TCGA compared 
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to that in normal tissue using GEPIA 2 (Gene Expression Profiling Interactive Analysis, http://gepia2.cancer-pku.cn). (C) 

Analysis of AhR expression according to the staging of tumors described in 1B. 

In addition to the overexpression of AhR mRNA and protein, the activity of the re-

ceptor has been found to be significantly elevated in various types of cancer. For example, 

both elevated AhR expression and activity have been observed in papillary thyroid carci-

noma (PTC) [22], primary breast cancer [23], and cutaneous squamous-cell carcinoma [24]. 

Moreover, nuclear localization of AhR has been associated with a worse outcome for pa-

tients with high-grade anaplastic meningioma [19] or ovarian cancer [25]. In this context, 

Kolluri et al. widely described the role of various AhR ligands in the phenotypic control 

of cancer cells and tumor development [26]. Overall, it is difficult to establish a clear rela-

tionship between AhR ligands and their role in controlling proliferation, migration, and 

tumor cell invasion. Indeed, it appears that the consequences on tumor progression are 

completely different depending on the tumor type, the function of the ligand (AhR agonist 

or antagonist), and the cellular and protein context. Bian et al. showed that ITE (2-(1’H-

indole-3’-carbonyl)-thiazole-4-carboxylic acid methyl ester), an endogenous AhR ligand, 

suppresses endometrial cancer cell proliferation and migration [18]. Jin et al. showed that 

both omeprazole and 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) inhibit the invasion of 

breast-cancer cells but only omeprazole inhibits the invasion of Panc1 pancreatic cancer 

cells [27]. Conversely to it, several studies have shown that AhR activation by endogenous 

or exogenous ligands leads to increased tumor-cell migration and aggressiveness in breast 

cancer [28,29] and lung-cancer cell lines exposed to kynurenine [30] and benzo(a)pyrene 

(BaP) [31,32]. Although the impact of AhR expression on carcinogenesis is difficult to char-

acterize, its activation by diverse ligands and the role of various cofactors are important 

for determining how AhR influences tumor development and phenotype. The role of AhR 

ligands in controlling its activity is difficult to interpret, as activation by a single ligand 

(TCDD) elicits species-specific changes in gene expression. Indeed, despite relatively high 

conservation of AhR between species (up to 73% between humans, mice, and rats), its 

function is significantly different in mice, with a higher affinity for its ligand (TCDD) 

[33,34]. Overall, the role of AhR ligands in carcinogenesis must be approached in a tissue- 

and species-specific manner. 

AhR is involved in the transcriptional control of many genes upon recognition of its 

cognate XRE-binding motifs [9,35]. This motif is highly represented throughout the ge-

nome and conserved between species [36]. Yang at al. performed genome-wide mapping 

and analysis of AhR-binding sites in human breast cancer cells before and after induction 

by TCDD using ChIP-seq analysis and identified up to 4000 AhR-bound regions [37]. In 

addition to AhR direct target genes, coregulated AhR genes are expected to participate in 

the AhR response. In this context, we analyzed the genes for which the expression corre-

lated significantly, either positively or negatively, with AhR mRNA levels across tumor 

cell lines (lung, brain-CNS, breast, skin melanoma) of the GDSC database (Genomics of 

Drug Sensitivity in Cancer) using the CellMiner Cross Database web application 

(https://discover.nci.nih.gov/cellminercdb) [38] (Figure 2A). The expression of a large 

number of genes significantly correlated (p < 0.001) with AhR mRNA levels across tumor 

types, in particular those in the lung and brain (Figure 2A). As anticipated, they differed 

according to cancer type. Importantly, the AhR correlation signatures identified in cell 

lines (GDSC database) were also observed in patient tumor samples (TCGA) (Figure 2B). 
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Figure 2. Identification of AhR correlated gene signatures in various cancers. (A) Volcano plots showing genes for which 

the expression significantly correlates with AhR mRNA levels (A) in various cancer cell lines (lung, brain-CNS (Central 

Nervous System), breast, skin) from the GDSC database (Genomics of Drug Sensitivity in Cancer) (https://dis-

cover.nci.nih.gov/cellminercdb). (B) Correlation of expression (Spearman) between AhR mRNA levels and genes previ-

ously identified to correlate the most positively and negatively (n = 48) in lung-cancer cell lines (A) in both datasets from 

the TCGA for patients in lung squamous-cell carcinoma (LUSC) tumors (n = 486) versus normal tissue (n = 50) (http://ge-

pia2.cancer-pku.cn). 

2.2. The Paradoxical Role of AhR: Oncogene or Tumor Suppressor? 

As already mentioned (Figure 1A), there is no recurrent AhR alteration in cancer. 

However, its involvement in carcinogenesis has been clearly established, with many stud-

ies describing its pro- or anti-tumor functions in several types of cancer [10,26,39]. This 

suggest that the level of AhR expression and the modulation of its activity by specific 

ligands may drive oncogenesis or suppress tumor development. To date, it is still not clear 

whether AhR ligands located in the tumor microenvironment can modulate AhR activity 

to the point that it influences tumor development. As the pro- and anti-tumoral roles of 

AhR were extensively reviewed a few years ago [10,26,39], we will focus only on the most 

recent data to address AhR activity in the context of such complexity. 
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2.2.1. AhR as an Oncogene 

AhR functions as a pro-tumoral factor by directly modulating the invasive properties 

of cancer cells. Transcriptional inhibition of AhR was shown to induce expression of the 

tumor suppressor gene E-cadherin (CDH1), reducing the mesenchymal properties of 

breast-cancer cell lines. In accordance, AhR expression was shown to correlate with an 

invasive transcriptomic signature, and AhR inhibition reduced the metastatic potential of 

breast-cancer cells in zebrafish [40].  

Opitz et al. established that kynurenine (Kyn), a tryptophan catabolite, can bind and 

activate AhR [41]. Kynurenine was shown to be an endogenous oncometabolite that in-

duces the expression of growth-controlling genes in colon- [42] and lung-cancer cells [43]. 

In thyroid-tumor samples, the AhR target genes CYP1A1 and CYP1B1 were upregulated 

relative to associated healthy tissue [15] and again Kyn stimulation of thyroid-cancer cell 

lines promoted the acquisition of an EMT program (decreased E-cadherin, and increased 

SLUG, N-cadherin, and fibronectin levels). This resulted in increased cell motility and cell 

invasion. Three enzymes are known to catalyze the breakdown of tryptophan into Kyn, 

namely tryptophan-2,3-dioxygenase (TDO), indoleamine-2,3-dioxygenase-1 (IDO1) and 

indoleamine-2,3-dioxygenase-2 (IDO2). IDO1 is more broadly expressed than IDO2 and 

has a significantly higher enzymatic activity rate, while TDO has a different distribution 

than IDO. In glioma, IDO1/TDO was shown to account for Kyn release and subsequent 

AhR-activation mediated cell motility via the expression of aquaporin 4 (AQP4) [44].  

In addition to the Kyn-dependent pathway, AhR activation by FICZ (6-formylindolo 

[3,2-b]carbazole), a skin tryptophan photoproduct, was shown to promote TNFα-depend-

ent inflammation and induce melanoma cell differentiation and the development of me-

tastasis [45]. AhR activation by BaP has also been shown to influence the EMT through 

the regulation of a long non-coding RNA in non-small cell lung cancer (NSCLC) [46]. Sim-

ilarly, AhR can reactivate the LINE-1 retro-transposon, silenced by DNA methylation, in 

breast cancer via the regulation of TGF-β signaling, promoting tumorigenesis and disease 

progression [47].  

In addition to the above-mentioned role of the IDO/TDO-Kyn-AhR pathway in can-

cer development, many studies have demonstrated that kynurenine activation of AhR in-

duces immunosuppressive effects, with the generation of immune-tolerant dendritic cells 

(DCs) and regulatory T cells. AhR is also required to induce IDO expression in DC. Col-

lectively, this fosters the acquisition of a tumor microenvironment that is defective in rec-

ognizing and eradicating cancer cells [48].  

Overall, this non-exhaustive collection of studies shows that AhR activation pro-

motes tumor progression in various types of cancer and that the immunosuppressive 

properties of the kynurenine-activated AhR constitutes a highly promising axis for cancer 

treatment [39,49]. 

2.2.2. AhR as a Tumor Suppressor 

Despite its role as an oncogene, AhR functions as a tumor suppressor in many cancers 

associated with the brain and central nervous system, liver, digestive system, skin (mela-

noma), and reproductive tract. Such a suppressive role was uncovered using engineered 

mouse models in which AhR expression was abolished (AhR −/− mice). In this model, liver 

tumor formation and growth were significantly higher than in control mice, with AhR−/− 

hepatocytes showing significantly higher numbers of 4N cells, increased expression of 

proliferative markers, and the repression of tumor suppressor genes. AhR silencing in this 

model was thus associated with cancer progression [50]. 

Similar results have been obtained in the context of colon cancer. Through the use of 

an intestinal-specific AhR−/− mouse model, Garcia-Villatoro et al. demonstrated that ex-

pression of AhR in intestinal epithelial cells was required to reduce the formation of 

premalignant colon cancer lesions. Furthermore, a high-fat diet combined with loss of 
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AhR in intestinal epithelial cells influenced the development of colorectal cancer [51]. Shi-

izaki et al. showed that AhR activation induces β-catenin ubiquitination and subsequent 

proteosomal degradation. Thus, AhR−/− mice spontaneously developed cecal tumors as the 

result of aberrant β-catenin accumulation [52,53]. Similarly, treatment with TCDD (0.1–

100 nM) diminishes colony formation and proliferation of human colorectal cancer cells 

[54].  

Activation of AhR by kynurenine has also been reported to inhibit the growth of tu-

mor cells, promote cellular differentiation, and decrease the formation of hepatic and pul-

monary metastases in mice through activation of the tumor suppressor gene KISS1 [55]. 

AhR has also been proposed to have a tumor suppressor function in melanoma, as 

its knockdown promotes primary melanoma tumorigenesis and lung metastasis in mice. 

In this context, AhR may antagonize the pro-tumoral effects of Aldh1a1; thus, an AhR-
low/Aldh1a1high phenotype could be indicative of a poor outcome in melanoma [56,57]. 

Saric et al. identified AhR as a potent tumor suppressor in a SHH medulloblastoma 

mouse model by controlling the TGFβ/SMAD3 signaling axis to inhibit proliferation and 

promote the differentiation of cancer-propagating cells (CPCs) (reservoir of cells capable 

of tumor regeneration and relapse post-treatment) [58].  

In glioblastoma, inhibition of AhR has been associated with activation of the 

CXCL12-CXCR4-MMP9 signaling pathway, involved in cell growth, invasion-migration, 

and cell proliferation [59]. In childhood neuroblastoma, AhR plays a protective role, as its 

expression correlates with a better outcome. Over-expression of AhR in pituitary ade-

noma (PA) cells revealed potential tumor suppressor activity independent of exogenous 

ligand activation by BaP [60].  

Finally, AhR has been shown to prevent tumor development through the regulation 

of several tumor suppressor miRNAs (microRNAs) in breast cancer [61], prostate cancer 

[62], and malignant tumors of the endometrium [63].  

Overall, these studies underscore the role of AhR as a tumor suppressor. It should be 

noted, however, that such a tumor suppressor function has been mostly described in mice, 

underscoring the specificity of AhR function between species. 

2.3. Therapeutic Opportunities of Targeting AhR in Neoplastic Diseases 

As discussed above, the role of AhR in cancer development is complex (oncogene or 

tumor suppressor). Nonetheless, it constitutes a promising drug target. Targeting AhR 

must be patient- and tumor-specific and dependent on AhR expression and activation. 

Three major points need to be addressed to efficiently modulate AhR activity for the treat-

ment of neoplastic diseases. They are: 

(a) To identify AhR ligands for their agonist or antagonist functions. Such ligands can 

be found amongst dietary molecules (flavonoids) or FDA-approved drugs.  

(b) To prevent the production (endogenous) or intake (exogenous) of oncogenic AhR 

activators. 

(c) To prevent the interaction between oncogenic-ligands and AhR using antagonists. 

Alternative AhR-targeting strategies can also be considered, such as AhR as a com-

plementary target to increase the efficiency of cancer therapy or a means to counteract 

resistance mechanisms. 

2.3.1. AhR as a Direct Drug Target 

A number of strategies have been investigated in the context of targeting AhR as a 

first-line treatment for cancer. Various antagonists have been tested to lower the level of 

AhR expression in the tumor when it has an oncogenic function. Conversely, other studies 

have aimed to promote activation of AhR through the use of agonists when the transcrip-

tion factor acts as a tumor suppressor. 
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2.3.2. Limiting Tumor Progression through AhR Activation  

AhR activity can be augmented using potent AhR agonists, but related toxicity may 

be an important drawback. Indeed, TCDD, the highly toxic AhR agonist, cannot be used 

in the clinic to specifically target AhR, despite its positive effect against breast cancer, by 

disrupting the CXCR4/CXCL12 pathway [64], or ovarian cancer cells [65]. Most studies 

have thus investigated endogenous or exogenous molecules for their ability to inhibit tu-

mor progression. 

Among the most promising molecules, ITE, an endogenous AhR agonist, reduces the 

aggressiveness of triple-negative breast cancer (TNBC) by downregulating JAG1-

NOTCH1 signaling [66]. ITE suppresses the proliferation and migration of endometrial 

cancer (EC) cells in vitro and the growth of EC xenografts in mice [18]. It also suppresses 

the proliferation and migration of ovarian cancer cells [67]. FICZ has also been shown to 

have anti-proliferative and anti-migratory properties on LNCaP cells, a cell line derived 

from androgen-sensitive human prostate adenocarcinoma cells [68]. Finally, FICZ signif-

icantly reduces the clonogenic potential of CD34-positive cells in chronic myeloid leuke-

mia (CML) [21]. 

The exogenous AhR activator, 5F 203 (2-(4-amino-3-methylphenyl)-5-fluorobenzo-

thiazole), has shown a positive effect in several cancers. 5F 203 induces the expression of 

the putative tumor suppressor gene cytoglobin (CYGB) in TNBC [69]. It reduces in-vitro 

and in-vivo cell proliferation of gastric cancer [70], human renal carcinoma cells [71], and 

ovarian cancer cells [72]. The anti-inflammatory drug leflunomide, approved for the treat-

ment of rheumatoid arthritis in 1998, has been shown to be an AhR agonist [73]. This mol-

ecule shows promise in cancer treatment, notably for melanoma [74,75], bladder cancer 

[76], and oral squamous-cell carcinoma [77]. Indirubins E804 (indirubin-3’-(2,3 dihydrox-

ypropyl)-oximether) and 7BIO (7-Bromoindirubin-3′-oxime), synthetic derivatives of nat-

ural indirubin, activate AhR and inhibit the synthesis of important pro-inflammatory cy-

tokines, such as IL-6 and the oncogene STAT3. They could, thus, constitute promising new 

treatments for glioblastoma [78]. 

2.3.3. Limiting Tumor Progression through AhR Inhibition 

When AhR has oncogenic activity or is overexpressed, the most obvious strategy is 

to use an antagonist. Pharmacological inhibition of AhR has been achieved using the com-

pound 3′,4′-dimethoxyflavone (3′,4′-DMF) on breast-cancer cells, blocking formation of 

the nuclear AhR complex [79]. Comparatively, the specific antagonist CH-223191 reduces 

the clonogenic survival and invasiveness of glioma cells through control of the TGFβ path-

way [80]. Since the discovery of the benefits of AhR inhibition, many studies have aimed 

to develop new AhR antagonists using, for example, original in vivo (zebrafish) models 

[81] and in silico screening [82]. Among the identified compounds, CB7993113 [82] and 

GNF351 [83] show promising anticancer activity. However, they still require further eval-

uation before entering clinical trials.  

Natural substances, such as dietary flavonoids, polyphenols found mostly in fruit, 

vegetables, and other plant sources [84,85], have been largely studied for their beneficial 

role in inhibiting tumor development through the control of AhR activity [86–88]. Flavo-

noids induce apoptosis and cell-cycle arrest, the inhibition of metabolizing enzymes (no-

tably cytochromes P450), the formation of reactive oxygen species (ROS), and the promo-

tion of angiogenesis [89]. Several phase II clinical trials using flavonoids for cancer treat-

ment have already been conducted for colorectal [90], breast [91], and prostate [92] cancer 

and melanoma [93]. However, their clinical use is limited due to inherent constrains, in-

cluding their isolation/purification and pharmacokinetic challenges (e.g., bioavailability, 

drug–drug interactions, and metabolic instability) [89,94].  

Urolithins (UroA), gut microbiota-derived metabolites of the natural polyphenol el-

lagic acid, have been shown to antagonize AhR [95] and induce senescence in human co-

lon cancer cells [96] and prostate cancer [97]. Finally, various drugs used for purposes 
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other than treating cancer display AhR-antagonist activity. These FDA-approved mole-

cules could therefore be repurposed for cancer treatment. For example, clofazimine, an 

anti-leprosy drug, has shown clinical benefit for patients with multiple myeloma [98]. 

The disruption of AhR activity can be obtained by targeting the 

HSP90/p23/XAP2/AhR cytosolic complex. HSP90 inhibitors (XL888 or ganetespib) induce 

the degradation of their client proteins, including AhR. Escalating doses of HSP90 inhibi-

tors in combination with a BRAF inhibitor (vemurafenib) was shown to increase the over-

all survival of BRAF V600E-mutated melanoma patients [99,100]. As HSP90 inhibitors 

show a very broad spectrum of action [101], degradation of AhR can be optimized by 

targeting the co-chaperone protein p23. Down-regulation of the p23 protein triggers ubiq-

uitination of AhR [102] and specific inhibition of p23 (ailanthone) shows important anti-

cancer effects in vitro [103].  

Finally, the possible use of IDO inhibitors in cancer treatment has received much at-

tention [39]. Although such treatment does not directly target AhR, they likely reduce 

kynurenine production and thus lower resistance to immune-checkpoint inhibitors [104].  

To date, only two phase 1 clinical trials have been initiated to test direct modulation 

of AhR in cancer. The first, a non-randomized clinical trial conducted by Bayer® 

(Leverkusen, Germany), aims to assess the tolerability and toxicity of an AhR inhibitor, 

BAY2416964, on 114 patients with advanced solid tumors and no therapeutic options 

(lung cancer, head and neck cancer, and colorectal cancer) (NCT04069026). Ikena Oncol-

ogy® (formerly Kyn Therapeutics®) (Boston, MA 02210, United States) also started a phase 

1 non-randomized, open label, clinical trial in December 2019 to determine the tolerability 

and toxicity of KYN-175, an AhR inhibitor, on 53 patients with advanced solid tumors 

(NCT04200963). The first results of these two clinical trials are expected at the end of 2022. 

These trials underscore the importance of considering AhR as a next-generation cancer 

treatment. It is also worth considering targeting AhR as a complementary therapy, in com-

bination with currently used treatments (i.e., targeted therapies and immunotherapies). 

2.3.4. AhR-Correlated Gene Signatures to Refine AhR-Targeted Therapy 

Because the role of AhR in cancer is complex, we propose to tailor the AhR therapeu-

tic strategy by considering the level of AhR expression (high/low) ((Figure 1B) and its cor-

related gene-signatures that are specific to tumor types (Figure 2A) and patients (Figure 

3A). For example, an AhR high- signature is associated with an unfavorable prognosis, 

whereas an AhR low-associated signature is associated with a favorable prognosis in lung 

squamous-cell carcinoma (LUSC) (Figure 3A,B). As anticipated, a lung-specific AhR-cor-

related signature was not discriminative in terms of survival for patients with other tu-

mors, such as skin cutaneous melanoma (SKCM) (Figure 3C), or transposable to all tumors 

(Figure 3D). Thus, one could choose to either antagonize or activate AhR according to an 

AhR-specific associated gene signature and patient outcome.  
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Figure 3. AhR correlated gene signature in LUSC. (A) Expression heatmap showing the expression of several AhR-corre-

lated genes in patients with squamous-cell lung cancer (n = 486). Genes and clusters with similar expression profiles across 

the cohort are placed close to each other in the grid. (B–D) Disease-free survival curves for LUSC cancer patients (B), skin 

cutaneous melanoma (SKCM) patients (C), and all cancer patients from the TCGA (D), depending on the AhR signature 

corresponding to genes previously identified as the most positively and negatively (n = 48) correlated in lung-cancer cell 

lines. 

2.3.5. AhR as a Prognostic Marker to Choose the Most Efficient Targeted Therapy 

Another possible strategy is to consider the level of AhR expression and that of its 

activity (expression of correlated genes) as a surrogate marker for new putative cancer 

therapies. 

We explored this strategy by establishing the correlation of AhR mRNA levels and 

the therapeutic efficacy of 300 molecules (IC50) in various cancer cell lines (lung, brain-

CNS, breast, skin) from the GDSC database (Genomics of Drug Sensitivity in Cancer, 

https://discover.nci.nih.gov/cellminercdb) (Figure 4A). We observed a significant correla-

tion (p < 0.001) between drug efficiency (IC50) and AhR mRNA level. The correlation was 

specific for each tumor, with the highest correlation in lung-cancer cell lines (Figure 4A). 

Such a correlation analysis makes it possible to identify, among already available mole-

cules, those that are adapted to the tumor type according to AhR level. For example, ABT-

263 (Navitoclax), which targets the apoptosis inhibitor Bcl-2 [105], was more effective in 

lung-cancer cell lines that weakly express AhR (left panel of Figure 4A). The MEK inhibitor 

trametinib was more effective in lung-cancer cells that strongly express AhR (right panel 

of Figure 4A). Importantly, there was no correlation with expression of the AhR regulator 

(AhRR) (Figure 4B) [37]. 
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Figure 4. AhR signatures to identify therapeutic strategies in various cancer cell lines. (A) Volcano plot showing the cor-

relation of drug efficiency (IC50) in various cancer cell lines (lung, brain-CNS, breast, skin) from the GDSC database (Ge-

nomics of Drug Sensitivity in Cancer, https://discover.nci.nih.gov/cellminercdb) with normalized level of AhR mRNA 

A Correlation of drug efficiency (n=297) with AhR expression level (GDSC cancer cell lines)

Correlation of drug efficiency (n=297) with AhRR expression level (GDSC cancer cell lines)
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(RNAseq data). Drugs that are the most efficient when the AhR level is low are shown on the left, whereas drugs that are 

the most efficient when the AhR level is high are shown on the right. (B) Volcano plot showing the correlation of drug 

efficiency (IC50) in various cancer cell lines (lung, brain-CNS, breast, skin) from the GDSC database (Genomics of Drug 

Sensitivity in Cancer, https://discover.nci.nih.gov/cellminercdb) with the level of AhR regulator (AhRR) mRNA. (C,D) 

Expression Heatmap showing expression of the genes that correlate the most (positively or negatively) with that of AhR 

in lung-cancer cell lines (C) and skin melanoma cell lines (D) in terms of selected therapies for which the efficiency corre-

lates with the level of AhR expression. Genes and clusters with similar expression profiles across the cohort are placed 

close to each other in the grid. 

In addition to the level of AhR expression, AhR-correlated signatures can also be con-

sidered to evaluate the potential effectiveness of a treatment. Indeed, we found that these 

gene signatures correlate with the efficacy of molecules previously highlighted in Figure 

4A in lung-cancer cell lines (LUSC) (Figure 4C). Comparable results were obtained with 

melanoma cell lines (Figure 4D). We performed additional in vitro studies to validate the 

effectiveness of the inhibitors showing strong correlation with AhR level (Figure 4). Thus, 

we tested ABT-263, SB505124, Afatinib, and CHIR−99021_1241 on the melanoma line 

SKMel28 in the presence, or not, of the AhR transcription factor (CRISPR-Cas9 silencing) 

(Figure 5A). Briefly, SKMel28 and SKMel28 AhR KO cells were treated for 48 h at a dose 

leading to an approximately 50% reduction in cell viability (IC50). ABT-263 (5 μM) and 

SB505124 (20 μM) were more effective in the absence of AhR (SKMel28 AhR KO) (Figure 

5B). Conversely, Afatinib (20 μM) and CHIR−99021 (20 μM) were more effective in the 

presence of AhR (SKMel28) (Figure 5B). These results are consistent with those obtained 

in Figure 4 showing the correlation between the sensitivity of different tumor cell lines to 

different treatments as a function of the level of expression of AhR and AhR-correlated 

genes. They thus reinforce the interest of analyzing both the level of AhR expression and 

the correlated transcriptional signature to define specific anti-tumor strategies. 

 

Figure 5. Drug efficiency in SKMel28 melanoma cell lines in the presence or absence of AhR. (A) AhR protein levels relative 

to that of HSC70 were analyzed by western blotting in SKMel28 cells in the presence or not AhR (CRISPR/Cas9). (B) 

SKMel28 and SKMel28 AhR KO cells were treated for 48 h at a dose leading to an approximately 50% reduction in cell 

viability (IC50). Histograms show the percentage of cell viability (n = 3) after treatment with ABT-263 (5 μM), SB505124 

(20 μM), Afatinib (20 μM), and CHIR−99021_1241 (20 μM). Each histogram represents the mean ± s.d.; with unpaired t-

tests with Sidak-Bonferroni method (n = 4–6). 
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2.3.6. AhR as a Sensitizer of Cancer Therapies 

The role of AhR as a sensitizer of existing targeted cancer therapies has thus far been 

little studied. In this context, in addition to FDA-approved targeted therapies, it is also 

possible to consider either promoting or inhibiting the AhR signaling pathway using ag-

onists or antagonists, respectively. We have already reported such a strategy in the treat-

ment of metastatic melanoma with BRAF V600E/K inhibitors (BRAFi). We showed that 

the acquisition of BRAFi resistance is accompanied by a strong induction of an AhR sig-

nature in cell lines and patients. An AhR antagonist, such as resveratrol, increased BRAFi 

sensitivity and delayed relapses in PDX melanoma [106]. Similarly, Yamashita et al. 

demonstrated that AhR counteracts the efficacy of doxorubicin (DOX) via enhanced 

AKR1C3 expression in TNBC through extensive metabolization of the drug. The cytotoxic 

effect of DOX was more pronounced in AhR−/− MDA-MB 231 TNBC cells [107]. 

Genetic and metabolic alterations in basal-like and BRCA1-associated breast cancer 

can lead to chronic high levels of ROS, increasing the level of AhR protein and its tran-

scriptional activity. Under these conditions, the AhR−AREG (Amphiregulin) signaling 

pathway positively supports tumorigenesis by controlling ROS and shaping the pro-tu-

morigenic functions of the tumor microenvironment. Given the effect of AhR inhibition 

on AREG levels and EGFR phosphorylation, synergistic effect of AhR inhibition together 

with EGFR inhibitor (Erlotinib) has been explored and showed a promising combinatorial 

antitumor effect [108]. 

In 2012, Barretina et al. created the “Cancer Cell Line Encyclopedia”, grouping the 

expression data of 947 human cancer cell lines, along with their respective sensitivity to 

24 antineoplastic therapies [109]. They found that AhR expression was associated with the 

efficacy of MEK inhibitors in NRAS-mutant melanoma cell lines. Silencing of AhR sup-

pressed the growth of NRAS-mutant melanoma cells expressing high levels of AhR. This 

finding underscores their growth dependency on AhR function. The study also high-

lighted the potential role of several MEK inhibitors as AhR antagonists. Overall, these 

results suggest that MAPKinase activation may co-occur with AhR-dependency and that 

elevated AhR levels may serve as a biomarker of sensitivity to MEK inhibitors in the con-

text of NRAS-mutant melanoma. 

The role of AhR in modulating the response to treatment has been more widely stud-

ied in the context of cancer immunotherapy and the IDO/TDO/Kyn pathway, linking AhR 

to the immune response [110,111]. IFN-γ induces tumor-repopulating cells (TRCs) to enter 

dormancy and escape immune surveillance through an IDO/TDO/Kyn-dependent path-

way [112] Blocking IDO/AhR abrogates IFN-γ-induced dormancy and decreases tumor 

growth through inhibition of the STAT3/p53 pathway [113,114]. Treatment with tyrosine 

kinase inhibitors (TKis) (Dasatinib) can also counteract the effect of IDO to induce tolero-

genic DCs in the tumor microenvironment. TKis could be used to modulate DC immuno-

genic activity and may potentially be applied to DC-based cancer immunotherapy as a 

complement to AhR or IDO inhibitors [115]. 

Although clinical trials targeting AhR for cancer are still very rare, the number of 

trials targeting the IDO/TDO/Kyn pathway has reached 100. These trials (4 in phase 1, 8 

in phase 2, 9 in phase 3) are using IDO inhibitors (Epacadostat, Indoximolod, GDC-0919; 

etc.) in combination with immunotherapy (anti-PD-1: nivolumab or pembrolizumab, anti-

CTLA4: ipilimumab, etc.) or targeted chemotherapies on different types of cancer (lung, 

breast, pancreas, etc.). It is reasonable to envisage complementary therapeutic trials di-

rectly targeting AhR and the IDO/TDO/Kyn pathway. 

2.3.7. AhR as a Drug Target to Counteract Resistance to Targeted Therapy 

The development of resistance mechanisms to targeted therapies considerably limits 

the outcome for patients in the treatment of cancer. We recently implicated the AhR tran-

scription factor in the acquisition of such resistance mechanisms following its increased 

activation. We showed that sustained activation of AhR induces the expression of genes 
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associated with resistance to BRAF inhibitors in the treatment of metastatic melanoma 

[106]. 

Similarly, AhR mediates the activation of PI3K/Akt and MEK/ERK signaling via Src 

kinase and induces resistance of EGFR-mutant NSCLC cells to an EGFR-TKi (Gefitinib) 

[116]. In this context, we analyzed the expression data of various lung-cancer cell lines 

that are sensitive or resistant (PC9 and Hcc827, respectively) to EGFR TKi (Figure 6A—

data from Song et al.) [117], (Figure 6B—data from Ware et al.) [118]. We established ex-

pression signatures of genes that positively or negatively correlate with AhR expression 

(Figure 2). Such correlated AhR-signatures that classify sensitive and resistant cells could 

be used as markers of TKi resistance (Figure 6A,B).  

In addition, high doses of AhR ligand aminoflavone (AF) acts as an AhR antagonist, 

inhibiting Src-Akt signaling and suppressing α6-integrin expression to attenuate tamoxi-

fen-resistance in MCF-7 breast cancer cells [119]. 

Histone deacetylase inhibitors (HDACis) (Aza-PBHA) are now widely used in anti-

cancer treatment. However, they are largely ineffective against late-stage cancer due to 

acquired drug resistance and their relatively low specificity. Aza-PBHA increases PKCα 

phosphorylation and histone acetylation levels in human gastric-cancer cells by facilitat-

ing the interaction of HDAC with AhR. Thus, the use of PKCα inhibitors to control AhR-

related epigenetic regulation is a promising potential method to prevent acquired re-

sistance to HDACi-based cancer treatments [120]. 

It is also possible to control AhR protein levels in the context of resistance. He et al. 

have shown that ailanthone, which targets the co-chaperone protein p23, overcomes 

MDV3100 resistance in castration-resistant prostate cancer [121]. 

Overall, these studies show that it is important not only to analyze the level of AhR 

and its activity but also its correlated gene signature and pathway in the context of re-

sistance to potentiate targeted therapies. 

 

Figure 6. AhR signatures in tyrosine kinase inhibitor (TKi)-resistant (gefitinib) lung-cancer cell lines. (A,B) Expression 

heatmap showing the expression of genes that correlate the most highly (positively or negatively) with AhR mRNA levels 

(Figure 2A) in lung-cancer cell lines sensitive or resistant to a TKi (Gefitinib) from the data sets of Song et al. [117] (A) and 

Ware et al. [118] (B). Genes and clusters with similar expression profiles across the cohort are placed close to each other in 

the grid. 

In conclusion, major advances in the identification of genetic alterations (somatic mu-

tations, fusion transcripts, amplifications, deletions, etc.) have made it possible to shift 

cancer treatment from generalized chemotherapy (DNA alkylating agents, anti-mitotics, 

etc.) to targeted therapies (kinase inhibitors, immune checkpoint inhibitors) [122] (Figure 
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7). This has significantly improved patient survival through the use of monotherapy and 

combinatorial therapy. 

Here, we have proposed several therapeutic strategies for the treatment of cancer in 

the context of precision medicine that can be applied by considering the level and activity 

of the AhR transcription factor (Figure 7). In the best situation, the targeted therapy is 

efficient in the long term and the patient shows complete tumor regression. However, 

most patients show short-term responses, followed by the appearance of resistance mech-

anisms, limiting the therapeutic benefit. Triggering AhR may constitute a promising op-

tion. AhR can first be considered as a direct drug target using AhR agonists or antagonists 

based on its level of expression and activity (AhR signature). In precision medicine set-

tings, AhR could also be considered as a prognostic marker for identifying new putative 

therapeutic molecules to be used alone or in combination with AhR agonists or antago-

nists during the course of treatment. Finally, in the context of resistance mechanisms as-

sociated with AhR (deregulation of the AhR signature), it is possible to consider the use 

of new inhibitors (alone or in combination with AhR agonists/antagonists) to both sensi-

tize therapy and prevent or slow the development of resistance. Overall, triggering of AhR 

for cancer treatment shows great potential. 

 

Figure 7. Precision medicine and the personalized therapy of cancer. 

3. Methods 

3.1. Reagents 

The inhibitors used in the study were as follows: Navitoclax (ABT-263) (Selleckchem, 

Houston, TX 77054 USA, S1001), Afatinib (BIBW2992) (Selleckchem, S1011), SB505124 

(Selleckchem, S8523), and CHIR-99021 (Selleckchem, CT99021). 

3.2. Cell Culture and Reagents 

Human melanoma cell lines (SK28 and 501 Mel) were grown in humidified air (37 

°C, 5% CO2) in RPMI-1640 medium (Gibco BRL, Invitrogen, Paisley, UK) supplemented 
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with 10% fetal bovine serum (Eurobio, Les ULIS, France) and 1% penicillin-streptomycin 

antibiotics (Gibco, Invitrogen, Carlsbad, CA, USA). SK28 cells were obtained from the la-

boratory of J.C Marine at the VIB (Vlaams Instituut voor Biotechnologie) Center for Can-

cer Biology, VIB, Leuven, Belgium. All cell lines were routinely tested for mycoplasma 

contamination. 

3.3. CRISPR/Cas9 Experiment 

The AhR knockout was performed using CRISPR/Cas9 methodology. The guide se-

quence targeting AhR (Sigma-Genosys, St. Louis, MO, USA) was cloned into the GeneArt 

CRISPR Nuclease vector according to the manufacturer’s instructions (Life Technologies, 

Saint-Aubin, France). Next, vectors were transfected into SK28 cells and the cells seeded 

into 96-well plates two days later at 0.5 cells/well for single-cell clonal expansion. Clones 

of interest were validated by DNA-sequencing, western-blot analysis, and RT-qPCR [106]. 

3.4. Evaluation of Cell Density 

Cell density was assessed using the methylene blue colorimetric assay. Briefly, cells 

were fixed for at least 30 min in 95% ethanol. Following ethanol removal, the fixed cells 

were dried and stained for 30 min with 1% methylene blue dye in borate buffer. After four 

washes with tap water, 100 μL of 0.1 N HCl was added to each well. Plates were next 

analyzed with a spectrophotometer at 620 nm. 

3.5. Western Blot 

Protein samples were denatured at 95 °C, resolved by SDS-PAGE, and transferred 

onto Hybond™-C Extra nitrocellulose membranes (Amersham Biosciences, Bucks, UK). 

Membranes were probed with the appropriate antibodies and the signals detected using 

a Fujifilm LAS-3000 Imager (Fuji Photo Film, Tokyo, Japan). The primary antibodies were 

anti-AhR (A3) and Hsc70 (B6) (Santa Cruz Biotechnology, Santa Cruz, CA, USA). Horse-

radish-Peroxidase-conjugated secondary antibodies were purchased from Jackson Immu-

noResearch (Suffolk, UK) and used at a dilution of 1:10,000. 

3.6. Data Mining 

Meta-analysis from TCGA (The Cancer Genome Atlas) [123] and the GTEx (Geno-

type-Tissue Expression) [124] was performed and visualized using the publicly accessible 

web server GEPIA2 (http://gepia2.cancer-pku.cn). GEPIA2 is an updated version of GE-

PIA for analyzing the RNA sequencing expression data of 9736 tumors and 8587 normal 

samples from the TCGA and the GTEx projects, using a standard processing pipeline. GE-

PIA2 provides customizable functions, such as tumor/normal differential expression anal-

ysis, profiling according to cancer type or pathological stage, patient survival analysis, 

similar gene detection, correlation analysis, and dimensionality reduction analysis. This 

tool was developed by Zefang Tang, Tianxiang Chen, Chenwei Li, and Boxi Kang of 

Zhang Lab, Peking University [125]. Gene expression between normal tissue and cancer 

is visualized by a bar plot or by pathological stage plotted in Stage plot. Overall or Dis-

ease-Free Survival have been visualized in all cancer datasets, depending on the level of 

AhR expression, by calculating the hazards ratio based on the Cox PH Model. 

The search for mutations (mutations, amplifications, deletions, etc.) for the transcrip-

tion factor AhR was carried out using bioinformatics of the open source tool cBioPortal 

for cancer genomics (http://www.cbioportal.org) from the collection of databases availa-

ble for various types of cancer (180 studies of patients and cell lines) (http://www.cbiopor-

tal.org/datasets). For specific information about the tools used to call mutations and the 

filters that may have been applied, refer to the published manuscript [126,127]. 

Analysis of the GDSC (Sanger/Massachusetts General Hospital Genomics of Drug 

Sensitivity in Cancer) [128] RNAseq dataset was performed and recovered from the 

CellMinerCDB webtool (https://discover.nci.nih.gov/cellminercdb) [38]. CellMinerCDB is 
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an interactive web application that simplifies access and exploration of cancer cell line 

pharmacogenomic data across different sources. This webtool allows the comparison of 

molecular and/or drug response patterns across sets of cell lines to search for possible 

associations. Pearson’s correlations with reported p-values (not adjusted for multiple com-

parisons) between AhR expression (Figure 4A) and the expression of all other genes or 

AhRR expression (Figure 4B) expression with drug activity (297 compounds) were recov-

ered for different cancer cell lines (lung n = 209, brain n = 90, breast n = 54, skin n = 67). 

The raw data count matrix from the RNA seq data was obtained from the GEO data-

base for the previous experiments on the lung-cancer cell lines (sensitive or resistant to an 

EGFR inhibitor: gefitinib) GSE79688 

[https://www.ncbi.nlm.nih.gov/gds/?term=GSE79688] [118] and GSE129221 

[https://www.ncbi.nlm.nih.gov/gds/?term=GSE129221] [117]. 

The expression heatmap of differentially-expressed genes between samples was ob-

tained for a log2-fold change using the ComplexHeatmap 2.0.0 [129] package in R/Biocon-

ductor. Cluster-specific gene rankings were obtained by contrasting samples with the rest 

of the samples. The volcano plots for the correlation with expression or drug sensitivity 

were established using GraphPad PRISM 8.0. 
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AhR Aryl hydrocarbon Receptor 

Aldh1a1 Aldehyde dehydrogenase 1 family, member A1 

ARNT AhR Nuclear Translocator 

BaP Benzo (a) pyrene 

bHLH/LZ Basic Helix-Loop-Helix/leucine zipper 

BRAF serine/threonine-protein kinase B-Raf 

ChIP Chromatin ImmunoPrecipitation 

CD34 Cluster of Differentiation 34 

CRISPR-Cas9 
Clustered Regularly Interspaced Short Palindromic Repeats  

CRISPR associated protein 9 

CYP1A1 Cytochrome P450, family 1, subfamily A member 1 

CYP1B1 Cytochrome P450, family 1, subfamily B member 1 

EGFR Epidermal Growth Factor Receptor 

EMT Epithelial-Mesenchymal Transition 

FDA Food and Drug Administration 

FICZ 6-formylindolo[3 ,2-b]carbazole 

GDSC Genomics of Drug Sensitivity in Cancer 

Hsp90 Heat shock protein 90 

KO Knockout 

IDO indoleamine-2,3-dioxygenase 

IL6 Interleukine 6 
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ITE (2-(1’H-indole-3’-carbonyl)-thiazole-4-carboxylic acid methyl ester) 

JAG1-

NOTCH1 
Jagged1 notch receptor 1 

MAPK Mitogen Activated Protein Kinase 

MEK Mitogen-activated protein kinase kinase 

p23 p23 HSP90 co-chaperone 

PAS Per-ARNT-Sim family 

PDX Patient Derived Xenografts 

SHH Sonic hedgehog 

SMAD3 Mothers against decapentaplegic homolog 3 

c-Src Proto-oncogene tyrosine-protein kinase Src 

STAT3 Signal transducer and activator of transcription 3 

TCDD 2,3,7,8-tétrachlorodibenzo-p-dioxine 

TCGA The Cancer Genome Atlas 

TDO tryptophan-2,3-dioxygenase 

TGF-β Transforming Growth Factor  

XAP2 hepatitis B virus X-associated protein 

XRE Xenobiotic Response Elements 

References 

1. Rothhammer, V.; Quintana, F.J. The aryl hydrocarbon receptor: An environmental sensor integrating immune responses in 

health and disease. Nat. Rev. Immunol. 2019, 19, 184–197. 

2. Hahn, M.E. Aryl hydrocarbon receptors: Aryl hydrocarbon receptors: diversity and evolution. Chem. Biol. Interact. 2002, 141, 

131–160. 

3. McMillan, B.J.; Bradfield, C.A. The Aryl Hydrocarbon Receptor sans Xenobiotics: Endogenous Function in Genetic Model Sys-

tems. Mol. Pharmacol. 2007, 72, 487–498. 

4. Denison, M.S.; Soshilov, A.A.; He, G.; DeGroot, D.E.; Zhao, B. Exactly the same but different: Promiscuity and diversity in the 

molecular mechanisms of action of the aryl hydrocarbon (dioxin) receptor. Toxicol. Sci. 2011, 124, 1–22. 

5. Soshilov, A.A.; Denison, M.S. Ligand Promiscuity of Aryl Hydrocarbon Receptor Agonists and Antagonists Revealed by Site-

Directed Mutagenesis. Mol. Cell. Biol. 2014, 34, 1707–1719. 

6. Cox, M.B.; Miller, C.A. Cooperation of heat shock protein 90 and p23 in aryl hydrocarbon receptor signaling. Cell Stress Chaper-

ones 2004, 9, 4–20. 

7. Kudo, I.; Hosaka, M.; Haga, A.; Tsuji, N.; Nagata, Y.; Okada, H.; Fukuda, K.; Kakizaki, Y.; Okamoto, T.; Grave, E.; et al. The 

regulation mechanisms of AhR by molecular chaperone complex. J. Biochem. 2017, 163, 223–232. 

8. Tsuji, N.; Fukuda, K.; Nagata, Y.; Okada, H.; Haga, A.; Hatakeyama, S.; Yoshida, S.; Okamoto, T.; Hosaka, M.; Sekine, K.; et al. 

The activation mechanism of the aryl hydrocarbon receptor (AhR) by molecular chaperone HSP90. FEBS Open Bio 2014, 4, 796–

803. 

9. Swanson, H.I.; Tullis, K.; Denison, M.S. Binding of transformed Ah receptor complex to a dioxin responsive transcriptional 

enhancer: Evidence for two distinct heteromeric DNA-binding forms. Biochemistry 1993, 32, 12841–12849. 

10. Murray, I.A.; Patterson, A.D.; Perdew, G.H. Aryl hydrocarbon receptor ligands in cancer: Friend and foe. Nat. Rev. Cancer 2014, 

14, 801–814. 

11. Gao, J.; Aksoy, B.A.; Dogrusoz, U.; Dresdner, G.; Gross, B.; Sumer, S.O.; Sun, Y.; Jacobsen, A.; Sinha, R.; Larsson, E.; et al. Inte-

grative Analysis of Complex Cancer Genomics and Clinical Profiles Using the cBioPortal. Sci. Signal. 2013, 6, 

doi:10.1126/scisignal.2004088. 

12. Li, Z.-D.; Wang, K.; Yang, X.-W.; Zhuang, Z.-G.; Wang, J.-J.; Tong, X.-W. Expression of aryl hydrocarbon receptor in relation to 

p53 status and clinicopathological parameters in breast cancer. Int. J. Clin. Exp. Pathol. 2014, 7, 7931–7937. 

13. Vacher, S.; Castagnet, P.; Chemlali, W.; Lallemand, F.; Meseure, D.; Pocard, M.; Bieche, I.; Perrot-Applanat, M. High. High AHR 

expression in breast tumors correlates with expression of genes from several signaling pathways namely inflammation and 

endogenous tryptophan metabolism. PLoS ONE 2018, 13, e0190619. 

14. Su, J.-M.; Lin, P.; Chang, H. Prognostic Value of Nuclear Translocation of Aryl Hydrocarbon Receptor for Non-small Cell Lung 

Cancer. Anticancer Res. 2013, 33, 3953–3961. 

15. Moretti, S.; Nucci, N.; Menicali, E.; Morelli, S.; Bini, V.; Colella, R.; Mandarano, M.; Sidoni, A.; Puxeddu, E. The Aryl Hydrocar-

bon Receptor Is Expressed in Thyroid Carcinoma and Appears to Mediate Epithelial-Mesenchymal-Transition. Cancers 2012, 

12, 145. 



Int. J. Mol. Sci. 2021, 22, 752 18 of 22 
 

 

16. Stanford, E.A.; Ramirez-Cardenas, A.; Wang, Z.; Novikov, O.; Alamoud, K.; Koutrakis, P.; Mizgerd, J.P.; Genco, C.A.; 

Kukuruzinska, M.A.; Monti, S.; et al. Role for the Aryl Hydrocarbon Receptor and Diverse Ligands In Oral Squamous Cell 

Carcinoma Migration and Tumorigenesis. Mol. Cancer Res. 2016, 14, 696–706. 

17. Masoudi, S.; Hassanzadeh Nemati, A.; Fazli, H.R.; Beygi, S.; Moradzadeh, M.; Pourshams, A.; Mohamadkhani, A. An Increased 

Level of Aryl Hydrocarbon Receptor in Patients with Pancreatic Cancer. Middle East. J. Dig. Dis. 2019, 11, 38–44. 

18. Bian, Y.; Li, Y.; Shrestha, G.; Wen, X.; Cai, B.; Wang, K.; Wan, X. ITE, an endogenous aryl hydrocarbon receptor ligand, sup-

presses endometrial cancer cell proliferation and migration. Toxicology 2019, 421, 1–8. 

19. Talari, N.K.; Panigrahi, M.K.; Madigubba, S.; Phanithi, P.B. Overexpression of aryl hydrocarbon receptor (AHR) signalling 

pathway in human meningioma. J. Neurooncol. 2018, 137, 241–248. 

20. Takenaka, M.C.; Gabriely, G.; Rothhammer, V.; Mascanfroni, I.D.; Wheeler, M.A.; Chao, C.-C.; Gutiérrez-Vázquez, C.; Kenison, 

J.; Tjon, E.C.; Barroso, A.; et al. Control of tumor-associated macrophages and T cells in glioblastoma via AHR and CD39. Nat. 

Neurosci. 2019, 22, 729–740. 

21. Gentil, M.; Hugues, P.; Desterke, C.; Telliam, G.; Sloma, I.; Souza, L.E.B.; Baykal, S.; Artus, J.; Griscelli, F.; Guerci, A.; et al. Aryl 

hydrocarbon receptor (AHR) is a novel druggable pathway controlling malignant progenitor proliferation in chronic myeloid 

leukemia (CML). PLoS ONE 2018, 13, e0200923. 

22. Occhi, G.; Barollo, S.; Regazzo, D.; Bertazza, L.; Galuppini, F.; Guzzardo, V.; Jaffrain-Rea, M.L.; Vianello, F.; Ciato, D.; Ceccato, 

F.; et al. A constitutive active MAPK/ERK pathway due to BRAFV600E positively regulates AHR pathway in PTC. Oncotarget 

2015, 6, 32104–32114. 

23. Jeschke, U.; Zhang, X.; Kuhn, C.; Jalaguier, S.; Colinge, J.; Pfender, K.; Mayr, D.; Ditsch, N.; Harbeck, N.; Mahner, S.; et al. The 

prognostic impact of the aryl hydrocarbon receptor (Ahr) in primary breast cancer depends on the lymph node status. Int. J. 

Mol. Sci. 2019, 20, 1016. 

24. Pan, Z.-Y.; Chen, J.; Wu, Q.; Hu, T.-T.; Lu, L.; Ju, Q. Activation and overexpression of the aryl hydrocarbon receptor contribute 

to cutaneous squamous cell carcinomas: An immunohistochemical study. Diagn. Pathol. 2018, 13, 59. 

25. Deuster, E.; Mayr, D.; Hester, A.; Kolben, T.; Zeder-Göß, C.; Burges, A.; Mahner, S.; Jeschke, U.; Trillsch, F.; Czogalla, B. Corre-

lation of the Aryl Hydrocarbon Receptor with FSHR in Ovarian Cancer Patients. Int. J. Mol. Sci. 2019, 20, 2862. 

26. Kolluri, S.K.; Jin, U.-H.; Safe, S. Role of the aryl hydrocarbon receptor in carcinogenesis and potential as an anti-cancer drug 

target. Arch. Toxicol. 2017, 91, 2497–2513. 

27. Jin, U.-H.; Kim, S.-B.; Safe, S. Omeprazole Inhibits Pancreatic Cancer Cell Invasion through a Nongenomic Aryl Hydrocarbon 

Receptor Pathway. Chem. Res. Toxicol. 2015, 28, 907–918. 

28. Novikov, O.; Wang, Z.; Stanford, E.A.; Parks, A.J.; Ramirez-Cardenas, A.; Landesman, E.; Laklouk, I.; Sarita-Reyes, C.; 

Gusenleitner, D.; Li, A..; et al. An Aryl Hydrocarbon Receptor-Mediated Amplification Loop That Enforces Cell Migration in 

ER-/PR-/Her2- Human Breast Cancer Cells. Mol. Pharmacol. 2016, 90, 674–688. 

29. Miret, N.; Pontillo, C.; Ventura, C.; Carozzo, A.; Chiappini, F.; Kleiman de Pisarev, D.; Fernández, N.; Cocca, C.; Randi, A. 

Hexachlorobenzene modulates the crosstalk between the aryl hydrocarbon receptor and transforming growth factor-β1 signal-

ing, enhancing human breast cancer cell migration and invasion. Toxicology 2016, 366, 20–31. 

30. D’Amato, N.C.; Rogers, T.J.; Gordon, M.A.; Greene, L.I.; Cochrane, D.R.; Spoelstra, N.S.; Nemkov, T.G.; D’Alessandro, A.; 

Hansen, K.C.; Richer, J.K. A TDO2-AhR Signaling Axis Facilitates Anoikis Resistance and Metastasis in Triple-Negative Breast 

Cancer. Cancer Res. 2015, 75, 4651–4664. 

31. Gao, H.; Ye, G.; Lin, Y.; Chi, Y.; Dong, S. Benzo[a]pyrene at human blood equivalent level induces human lung epithelial cell 

invasion and migration via aryl hydrocarbon receptor signaling. J. Appl. Toxicol. 2020, 40, 1087–1098. 

32. Attafi, I.M.; Bakheet, S.A.; Korashy, H.M. The role of NF-κB and AhR transcription factors in lead-induced lung toxicity in 

human lung cancer A549 cells. Toxicol. Mech. Methods 2020, 30, 197–207. 

33. Kovalova, N.; Nault, R.; Crawford, R.; Zacharewski, T.R.; Kaminski, N.E. Comparative analysis of TCDD-induced AhR-medi-

ated gene expression in human, mouse and rat primary B cells. Toxicol. Appl. Pharmacol. 2017, 316, 95–106. 

34. Faber, S.C.; Soshilov, A.A.; Tagliabue, S.G.; Bonati, L.; Denison, M.S. Comparative In Vitro and In Silico Analysis of the Selec-

tivity of Indirubin as a Human Ah Receptor Agonist. Int. J. Mol. Sci. 2018, 19, 2692. 

35. Bacsi, S.G.; Hankinson, O. Functional Characterization of DNA-binding Domains of the Subunits of the Heterodimeric Aryl 

Hydrocarbon Receptor Complex Imputing Novel and Canonical Basic Helix-Loop-Helix Protein-DNA Interactions. J. Biol. 

Chem. 1996, 271, 8843–8850. 

36. Sun, Y.V.; Boverhof, D.R.; Burgoon, L.D.; Fielden, M.R.; Zacharewski, T.R. Comparative analysis of dioxin response elements 

in human, mouse and rat genomic sequences. Nucleic Acids Res. 2004, 32, 4512–4523. 

37. Yang, S.Y.; Ahmed, S.; Satheesh, S.V.; Matthews, J. Genome-wide mapping and analysis of aryl hydrocarbon receptor (AHR)- 

and aryl hydrocarbon receptor repressor (AHRR)-binding sites in human breast cancer cells. Arch. Toxicol. 2018, 92, 225–240. 

38. Reinhold, W.C.; Sunshine, M.; Liu, H.; Varma, S.; Kohn, K.W.; Morris, J.; Doroshow, J.; Pommier, Y. CellMiner: A web-based 

suite of genomic and pharmacologic tools to explore transcript and drug patterns in the NCI-60 cell line set. Cancer Res. 2012, 

72, 3499–3511. 

39. Cheong, J.E.; Sun, L. Targeting the IDO1/TDO2–KYN–AhR Pathway for Cancer Immunotherapy—Challenges and Opportuni-

ties. Trends Pharmacol. Sci. 2018, 39, 307–325. 

40. Narasimhan, S.; Stanford, E.; Novikov, O.; Parks, A.; Schlezinger, J.; Wang, Z.; Laroche, F.; Feng, H.; Mulas, F.; Monti, S.; et al. 

Towards Resolving the Pro- and Anti-Tumor Effects of the Aryl Hydrocarbon Receptor. Int. J. Mol. Sci. 2018, 19, 1388. 



Int. J. Mol. Sci. 2021, 22, 752 19 of 22 
 

 

41. Opitz, C.A.; Litzenburger, U.M.; Sahm, F.; Ott, M.; Tritschler, I.; Trump, S.; Schumacher, T.; Jestaedt, L.; Schrenk, D.; Weller, M.; 

et al. An endogenous tumour-promoting ligand of the human aryl hydrocarbon receptor. Nature 2011, 478, 197–203. 

42. Venkateswaran, N.; Conacci-Sorrell, M.; Kynurenine: An oncometabolite in colon cancer. Cell Stress 2020, 4, 24–26. 

43. Duan, Z.; Li, Y.; Li, L. Promoting epithelial-to-mesenchymal transition by d-kynurenine via activating aryl hydrocarbon recep-

tor. Mol. Cell. Biochem. 2018, 448, 165–173. 

44. Du, L.; Xing, Z.; Tao, B.; Li, T.; Yang, D.; Li, W.; Zheng, Y.; Kuang, C.; Yang, Q. Both IDO1 and TDO contribute to the malignancy 

of gliomas via the Kyn–AhR–AQP4 signaling pathway. Signal Transduct. Target. Ther. 2020, 5, 10. 

45. Mengoni, M.; Braun, A.D.; Gaffal, E.; Tüting, T. The aryl hydrocarbon receptor promotes inflammation-induced dedifferentia-

tion and systemic metastatic spread of melanoma cells. Int. J. Cancer 2020, 147,2902–2913. 

46. Wu, Y.; Niu, Y.; Leng, J.; Xu, J.; Chen, H.; Li, H.; Wang, L.; Hu, J.; Xia, D.; Wu, Y. Benzo (a) pyrene regulated A549 cell migration, 

invasion and epithelial-mesenchymal transition by up-regulating long non-coding RNA linc00673. Toxicol. Lett. 2020, 320, 37–

45. 

47. Miret, N.; Zappia, C.D.; Altamirano, G.; Pontillo, C.; Zárate, L.; Gómez, A.; Lasagna, M.; Cocca, C.; Kass, L.; Monczor, F.; et al. 

AhR ligands reactivate LINE-1 retrotransposon in triple-negative breast cancer cells MDA-MB-231 and non-tumorigenic mam-

mary epithelial cells NMuMG. Biochem. Pharmacol. 2020, 175, 113904. 

48. Nguyen, N.T.; Kimura, A.; Nakahama, T.; Chinen, I.; Masuda, K.; Nohara, K.; Fujii-Kuriyama, Y.; Kishimoto, T. Aryl hydrocar-

bon receptor negatively regulates dendritic cell immunogenicity via a kynurenine-dependent mechanism. Proc. Natl. Acad. Sci. 

USA 2010, 107, 19961–19966. 

49. Labadie, B.W.; Bao, R.; Luke, J.J. Reimagining IDO Pathway Inhibition in Cancer Immunotherapy via Downstream Focus on 

the Tryptophan–Kynurenine–Aryl Hydrocarbon Axis. Clin. Cancer Res. 2019, 25, 1462–1471. 

50. Fan, Y.; Boivin, G.P.; Knudsen, E.S.; Nebert, D.W.; Xia, Y.; Puga, A. The Aryl Hydrocarbon Receptor Functions as a Tumor 

Suppressor of Liver Carcinogenesis. Cancer Res. 2010, 70, 212–220. 

51. Garcia-Villatoro, E.L.; DeLuca, J.A.A.; Callaway, E.S.; Allred, K.F.; Davidson, L.A.; Hensel, M.E.; Menon, R.; Ivanov, I.; Safe, 

S.H.; Jayaraman, A.; et al. Effects of high-fat diet and intestinal aryl hydrocarbon receptor deletion on colon carcinogenesis. Am. 

J. Physiol. Liver Physiol. 2020, 318, G451–G463. 

52. Shiizaki, K.; Kido, K.; Mizuta, Y. Insight into the relationship between aryl-hydrocarbon receptor and β-catenin in human colon 

cancer cells. PLoS ONE 2019, 14, e0224613. 

53. Ikuta, T.; Kobayashi, Y.; Kitazawa, M.; Shiizaki, K.; Itano, N.; Noda, T.; Pettersson, S.; Poellinger, L.; Fujii-Kuriyama, Y.; 

Taniguchi, S.; et al. ASC-associated inflammation promotes cecal tumorigenesis in aryl hydrocarbon receptor-deficient mice. 

Carcinogenesis 2013, 34, 1620–1627. 

54. Yamaguchi, M.; Hankinson, O. 2,3,7,8-tetrachlorodibenzo-p-dioxin suppresses the growth of human colorectal cancer cells in 

vitro: Implication of the aryl hydrocarbon receptor signaling. Int. J. Oncol. 2019, 54, 1422–1432. 

55. Wu, P.-Y.; Yu, I.-S.; Lin, Y.-C.; Chang, Y.-T.; Chen, C.-C.; Lin, K.-H.; Tseng, T.-H.; Kargren, M.; Tai, Y.-L.; Shen, T.-L.; et al. 

Activation of Aryl Hydrocarbon Receptor by Kynurenine Impairs Progression and Metastasis of Neuroblastoma. Cancer Res. 

2019, 79, 5550–5562. 

56. Contador-Troca, M.; Alvarez-Barrientos, A.; Barrasa, E.; Rico-Leo, E.M.; Catalina-Fernández, I.; Menacho-Márquez, M.; Bustelo, 

X.R.; García-Borrón, J.C.; Gómez-Durán, A.; Sáenz-Santamaría, J.; et al. The dioxin receptor has tumor suppressor activity in 

melanoma growth and metastasis. Carcinogenesis 2013, 34, 2683–2693. 

57. Contador-Troca, M.; Alvarez-Barrientos, A.; Merino, J.M.; Morales-Hernández, A.; Rodríguez, M.I.; Rey-Barroso, J.; Barrasa, E.; 

Cerezo-Guisado, M.I.; Catalina-Fernández, I.; Sáenz-Santamaría, J.; et al. Dioxin receptor regulates aldehyde dehydrogenase to 

block melanoma tumorigenesis and metastasis. Mol. Cancer 2015, 14, 148. 

58. Sarić, N.; Selby, M.; Ramaswamy, V.; Kool, M.; Stockinger, B.; Hogstrand, C.; Williamson, D.; Marino, S.; Taylor, M.D.; Clifford, 

S.C.; et al. The AHR pathway represses TGFβ-SMAD3 signalling and has a potent tumour suppressive role in SHH medullo-

blastoma. Sci. Rep. 2020, 10, 148. 

59. Jin, U.-H.; Karki, K.; Cheng, Y.; Michelhaugh, S.K.; Mittal, S.; Safe, S. The aryl hydrocarbon receptor is a tumor suppressor—

like gene in glioblastoma. J. Biol. Chem. 2019, 294, 11342–11353. 

60. Formosa, R.; Borg, J.; Vassallo, J. Aryl hydrocarbon receptor (AHR) is a potential tumour suppressor in pituitary adenomas. 

Endocr. Relat. Cancer 2017, 24, 445–457. 

61. Mobini, K.; Tamaddon, G.; Fardid, R.; Keshavarzi, M.; Mohammadi-Bardbori, A. Aryl hydrocarbon-estrogen alpha receptor-

dependent expression of miR-206, miR-27b, and miR-133a suppress cell proliferation and migration in MCF-7 cells. J. Biochem. 

Mol. Toxicol. 2019, 33, e22304. 

62. Yu, J.; Feng, Y.; Wang, Y.; An, R. Aryl hydrocarbon receptor enhances the expression of miR-150-5p to suppress in prostate 

cancer progression by regulating MAP3K12. Arch. Biochem. Biophys. 2018, 654, 47–54. 

63. Ushakov, D.S.; Dorozhkova, A.S.; Babayants, E.V.; Ovchinnikov, V.Y.; Kushlinskii, D.N.; Adamyan, L.V.; Gulyaeva, L.F.; 

Kushlinskii, N.E. Expression of microRNA Potentially Regulated by AhR and CAR in Malignant Tumors of the Endometrium. 

Bull. Exp. Biol. Med. 2018, 165, 688–691. 

64. Hsu, E.L.; Yoon, D.; Choi, H.H.; Wang, F.; Taylor, R.T.; Chen, N.; Zhang, R.; Hankinson, O. A Proposed Mechanism for the 

Protective Effect of Dioxin against Breast Cancer. Toxicol. Sci. 2007, 98, 436–444. 

65. Li, Y.; Wang, K.; Jiang, Y.-Z.; Chang, X.-W.; Dai, C.-F.; Zheng, J. 2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD) inhibits human 

ovarian cancer cell proliferation. Cell. Oncol. 2014, 37, 429–437. 



Int. J. Mol. Sci. 2021, 22, 752 20 of 22 
 

 

66. Piwarski, S.A.; Thompson, C.; Chaudhry, A.R.; Denvir, J.; Primerano, D.A.; Fan, J.; Salisbury, T.B. The putative endogenous 

AHR ligand ITE reduces JAG1 and associated NOTCH1 signaling in triple negative breast cancer cells. Biochem. Pharmacol. 2020, 

174, 113845. 

67. Wang, K.; Li, Y.; Jiang, Y.-Z.; Dai, C.-F.; Patankar, M.S.; Song, J.-S.; Zheng, J. An endogenous aryl hydrocarbon receptor ligand 

inhibits proliferation and migration of human ovarian cancer cells. Cancer Lett. 2013, 340, 63–71. 

68. Arabnezhad, M.-R.; Montazeri-Najafabady, N.; Chatrabnous, N.; Bahreman, A.G.; Mohammadi-Bardbori, A. Anti-androgenic 

effect of 6-formylindolo [3, 2-b] carbazole (FICZ) in LNCaP cells is mediated by the aryl hydrocarbon-androgen receptors cross-

talk. Steroids 2020, 153, 108508. 

69. Rowland, L.K.; Campbell, P.S.; Mavingire, N.; Wooten, J.V.; McLean, L.; Zylstra, D.; Thorne, G.; Daly, D.; Boyle, K.; Whang, S.; 

et al. Putative tumor suppressor cytoglobin promotes aryl hydrocarbon receptor ligand–mediated triple negative breast cancer 

cell death. J. Cell. Biochem. 2019, 120, 6004–6014. 

70. Wang, Y.; Liu, Y.; Tang, T.; Luo, Y.; Stevens, M.F.G.; Cheng, X.; Yang, Y.; Shi, D.; Zhang, J.; Bradshaw, T.D. The antitumour 

activity of 2-(4-amino-3-methylphenyl)-5-fluorobenzothiazole in human gastric cancer models is mediated by AhR signalling. 

J. Cell. Mol. Med. 2020, 24, 1750–1759. 

71. Luzzani, G.A.; Callero, M.A.; Kuruppu, A.I.; Trapani, V.; Flumian, C.; Todaro, L.; Bradshaw, T.D.; Loaiza Perez, A.I. In Vitro 

Antitumor Effects of AHR Ligands Aminoflavone (AFP 464) and Benzothiazole (5F 203) in Human Renal Carcinoma Cells. J. 

Cell. Biochem. 2017, 118, 4526–4535. 

72. Callero, M.A.; Luzzani, G.A.; De Dios, D.O.; Bradshaw, T.D.; Perez, A.I.L. Biomarkers of sensitivity to potent and selective 

antitumor 2-(4-amino-3-methylphenyl)-5-fluorobenzothiazole (5F203) in ovarian cancer. J. Cell. Biochem. 2013, 114, 2392–2404. 

73. O’Donnell, E.F.; Saili, K.S.; Koch, D.C.; Kopparapu, P.R.; Farrer, D.; Bisson, W.H.; Mathew, L.K.; Sengupta, S.; Kerkvliet, N.I.; 

Tanguay, R.L.; et al. The Anti-Inflammatory Drug Leflunomide Is an Agonist of the Aryl Hydrocarbon Receptor. PLoS ONE 

2010, 5, e13128. 

74. Hanson, K.; Robinson, S.R.; Al-Yousuf, K.; Hendry, A.E.; Sexton, D.W.; Sherwood, V.; Wheeler, G.N. The anti-rheumatic drug, 

leflunomide, synergizes with MEK inhibition to suppress melanoma growth. Oncotarget 2018, 9, 3815–3829. 

75. O’Donnell, E.F.; Kopparapu, P.R.; Koch, D.C.; Jang, H.S.; Phillips, J.L.; Tanguay, R.L.; Kerkvliet, N.I.; Kolluri, S.K.; O’Donnell, 

E.F.; Kopparapu, P.R.; et al. The Aryl Hydrocarbon Receptor Mediates Leflunomide-Induced Growth Inhibition of Melanoma 

Cells. PLoS ONE 2012, 7, e40926. 

76. Chu, M.; Zhang, C. Inhibition of angiogenesis by leflunomide via targeting the soluble ephrin-A1/EphA2 system in bladder 

cancer. Sci. Rep. 2018, 8, 1539. 

77. Ren, A.; Fu, G.; Qiu, Y.; Cui, H. Leflunomide inhibits proliferation and tumorigenesis of oral squamous cell carcinoma. Mol. 

Med. Rep. 2017, 16, 9125–9130. 

78. Scobie, M.R.; Houke, H.R.; Rice, C.D. Modulation of glioma-inflammation crosstalk profiles in human glioblastoma cells by 

indirubin-3′-(2,3 dihydroxypropyl)-oximether (E804) and 7-bromoindirubin-3′-oxime (7BIO). Chem. Biol. Interact. 2019, 312, 

108816. 

79. Lee, J.-E.; Safe, S. 3′,4′-Dimethoxyflavone as an Aryl Hydrocarbon Receptor Antagonist in Human Breast Cancer Cells. Toxicol. 

Sci. 2000, 58, 235–242. 

80. Gramatzki, D.; Pantazis, G.; Schittenhelm, J.; Tabatabai, G.; Köhle, C.; Wick, W.; Schwarz, M.; Weller, M.; Tritschler, I. Aryl 

hydrocarbon receptor inhibition downregulates the TGF-beta/Smad pathway in human glioblastoma cells. Oncogene 2009, 28, 

2593–2605. 

81. Jeong, J.; Kim, K.-H.; Kim, D.-Y.; Chandrasekaran, G.; Kim, M.; Pagire, S.H.; Dighe, M.; Choi, E.Y.; Bak, S.-M.; Kim, E.-Y.; et al. 

Identification of new aryl hydrocarbon receptor (AhR) antagonists using a zebrafish model. Bioorg. Med. Chem. 2019, 27, 115014. 

82. Parks, A.J.; Pollastri, M.P.; Hahn, M.E.; Stanford, E.A.; Novikov, O.; Franks, D.G.; Haigh, S.E.; Narasimhan, S.; Ashton, T.D.; 

Hopper, T.G.; et al. In silico identification of an aryl hydrocarbon receptor antagonist with biological activity in vitro and in 

vivo. Mol. Pharmacol. 2014, 86, 593–608. 

83. DiNatale, B.C.; Smith, K.; John, K.; Krishnegowda, G.; Amin, S.G.; Perdew, G.H. Ah receptor antagonism represses head and 

neck tumor cell aggressive phenotype. Mol. Cancer Res. 2012, 10, 1369–1379. 

84. Chahar, M.K.; Sharma, N.; Dobhal, M.P.; Joshi, Y.C. Flavonoids: A versatile source of anticancer drugs. Pharmacogn. Rev. 2011, 

5, 1–12. 

85. Panche, A.N.; Diwan, A.D.; Chandra, S.R. Flavonoids: An overview. J. Nutr. Sci. 2016, 5, e47. 

86. Yang, T.; Feng, Y.-L.; Chen, L.; Vaziri, N.D.; Zhao, Y.-Y. Dietary natural flavonoids treating cancer by targeting aryl hydrocarbon 

receptor. Crit. Rev. Toxicol. 2019, 49, 445–460. 

87. Abotaleb, M.; Samuel, S.M.; Varghese, E.; Varghese, S.; Kubatka, P.; Liskova, A.; Büsselberg, D. Flavonoids in Cancer and Apop-

tosis. Cancers. 2018, 11, 28. 

88. Amawi, H.; Jr, C.R.A.; Tiwari, A.K. Cancer chemoprevention through dietary flavonoids: what’s limiting? Chin. J. Cancer 2017, 

36, 1–13. 

89. Kopustinskiene, D.M.; Jakstas, V.; Savickas, A.; Bernatoniene, J. Flavonoids as Anticancer Agents. Nutrients 2020, 12, 457. 

90. Hoensch, H.; Groh, B.; Edler, L.; Kirch, W. Prospective cohort comparison of flavonoid treatment in patients with resected 

colorectal cancer to prevent recurrence. World J. Gastroenterol. 2008, 14, 2187–2193. 



Int. J. Mol. Sci. 2021, 22, 752 21 of 22 
 

 

91. Samavat, H.; Ursin, G.; Emory, T.H.; Lee, E.; Wang, R.; Torkelson, C.J.; Dostal, A.M.; Swenson, K.; Le, C.T.; Yang, C.S.; et al. A 

Randomized Controlled Trial of Green Tea Extract Supplementation and Mammographic Density in Postmenopausal Women 

at Increased Risk of Breast Cancer. Cancer Prev. Res. 2017, 10, 710–718. 

92. Lesinski, G.B.; Reville, P.K.; Mace, T.A.; Young, G.S.; Ahn-Jarvis, J.; Thomas-Ahner, J.; Vodovotz, Y.; Ameen, Z.; Grainger, E.; 

Riedl, K.; et al. Consumption of soy isoflavone enriched bread in men with prostate cancer is associated with reduced proin-

flammatory cytokines and immunosuppressive cells. Cancer Prev. Res. 2015, 8, 1036–1044. 

93. Leclair, H.M.; Tardif, N.; Paris, A.; Berra, C.; Bachelot, L.; Galibert, M.D.; Corre, S. Role of flavonoids in the prevention of AhR-

dependent resistance during treatment with BRAF inhibitors. Int. J. Mol. Sci. 2020, 21, 5025. 

94. Gao, S..; Hu, M. Bioavailability Challenges Associated with Development of Anti-Cancer Phenolics. Mini-Rev Med. Chem. 2010, 

10, 550–567, doi:10.2174/138955710791384081. 

95. Muku, G.E.; Murray, I.A.; Espín, J.C.; Perdew, G.H. Urolithin A Is a Dietary Microbiota-Derived Human Aryl Hydrocarbon 

Receptor Antagonist. Metabolites 2018, 8, 86. 

96. Giménez-Bastida, J.A.; Ávila-Gálvez, M.Á.; Espín, J.C.; González-Sarrías, A. The gut microbiota metabolite urolithin A, but not 

other relevant urolithins, induces p53-dependent cellular senescence in human colon cancer cells. Food Chem. Toxicol. 2020, 139, 

111260. 

97. Mohammed Saleem, Y.; Albassam, H.; Selim, M. Urolithin A induces prostate cancer cell death in p53-dependent and in p53-

independent manner. Eur. J. Nutr. 2020, 59, 1–12. 

98. Bianchi-Smiraglia, A.; Bagati, A.; Fink, E.E.; Affronti, H.C.; Lipchick, B.C.; Moparthy, S.; Long, M.D.; Rosario, S.R.; Lightman, 

S.M.; Moparthy, K.; et al. Inhibition of the aryl hydrocarbon receptor/polyamine biosynthesis axis suppresses multiple mye-

loma. J. Clin. Investig. 2018, 128, 4682–4696. 

99. Eroglu, Z.; Chen, Y.A.; Gibney, G.T.; Weber, J.S.; Kudchadkar, R.R.; Khushalani, N.I.; Markowitz, J.; Brohl, A.S.; Tetteh, L.F.; 

Ramadan, H.; et al. Combined BRAF and HSP90 Inhibition in Patients with Unresectable BRAFV600E-Mutant Melanoma. Clin. 

Cancer Res. 2018, 24, 5516–5524. 

100. Acquaviva, J.; Smith, D.L.; Jimenez, J.-P.; Zhang, C.; Sequeira, M.; He, S.; Sang, J.; Bates, R.C.; Proia, D.A. Overcoming Acquired 

BRAF Inhibitor Resistance in Melanoma via Targeted Inhibition of Hsp90 with Ganetespib. Mol. Cancer Ther. 2014, 13, 353–363. 

101. Condelli, V.; Crispo, F.; Pietrafesa, M.; Lettini, G.; Matassa, S.D.; Esposito, F.; Landriscina, M.; Maddalena, F. HSP90 Molecular 

Chaperones, Metabolic Rewiring, and Epigenetics: Impact on Tumor Progression and Perspective for Anticancer Therapy. Cells 

2019, 8, 532. 

102. Pappas, B.; Yang, Y.; Wang, Y.; Kim, K.; Chung, H.J.; Cheung, M.; Ngo, K.; Shinn, A.; Chan, W.K. p23 protects the human aryl 

hydrocarbon receptor from degradation via a heat shock protein 90-independent mechanism. Biochem. Pharmacol. 2018, 152, 34–

44. 

103. Bailly, C. Anticancer properties and mechanism of action of the quassinoid ailanthone. Phyther. Res. 2020, 34, 2203–2213. 

104. Campesato, L.F.; Budhu, S.; Tchaicha, J.; Weng, C.-H.; Gigoux, M.; Cohen, I.J.; Redmond, D.; Mangarin, L.; Pourpe, S.; Liu, C.; 

et al. Blockade of the AHR restricts a Treg-macrophage suppressive axis induced by L-Kynurenine. Nat. Commun. 2020, 11, 4011. 

105. Han, Z.; Liang, J.; Li, Y.; He, J. Drugs and Clinical Approaches Targeting the Antiapoptotic Protein: A Review. Biomed. Res. Int. 

2019, 2019, 1212369. 

106. Corre, S.; Tardif, N.; Mouchet, N.; Leclair, H.M.; Boussemart, L.; Gautron, A.; Bachelot, L.; Perrot, A.; Rambow, F.; Soshilov, A.; 

et al. Sustained activation of the Aryl hydrocarbon Receptor (AhR) transcription factor promotes the resistance to BRAF inhib-

itors in melanoma. Nat. Commun. 2018, 9, 4775. 

107. Yamashita, N.; Kanno, Y.; Saito, N.; Terai, K.; Sanada, N.; Kizu, R.; Hiruta, N.; Park, Y.; Bujo, H.; Nemoto, K. Aryl hydrocarbon 

receptor counteracts pharmacological efficacy of doxorubicin via enhanced AKR1C3 expression in triple negative breast cancer 

cells. Biochem. Biophys. Res. Commun. 2019, 516, 693–698. 

108. Kubli, S.P.; Bassi, C.; Roux, C.; Wakeham, A.; Göbl, C.; Zhou, W.; Jafari, S.M.; Snow, B.; Jones, L.; Palomero, L.; et al. AhR controls 

redox homeostasis and shapes the tumor microenvironment in BRCA1-associated breast cancer. Proc. Natl. Acad. Sci. USA 2019, 

116, 3604–3613. 

109. Barretina, J.; Caponigro, G.; Stransky, N.; Venkatesan, K.; Margolin, A.A.; Kim, S.; Wilson, C.J.; Lehár, J.; Kryukov, G.V.; Sonkin, 

D.; et al. The Cancer Cell Line Encyclopedia enables predictive modelling of anticancer drug sensitivity. Nature 2012, 483, 603–

607. 

110. Ye, Z.; Yue, L.; Shi, J.; Shao, M.; Wu, T. Role of IDO and TDO in Cancers and Related Diseases and the Therapeutic Implications. 

J. Cancer 2019, 10, 2771–2782. 

111. Matheus, L.H.G.; Dalmazzo, S.V.; Brito, R.B.O.; Pereira, L.A.; de Almeida, R.J.; Camacho, C.P.; Dellê, H. 1-Methyl-D-tryptophan 

activates aryl hydrocarbon receptor, a pathway associated with bladder cancer progression. BMC Cancer 2020, 20, 869. 

112. Platten, M.; Doeberitz, N.v.; Oezen, I.; Wick, W.; Ochs, K. Cancer Immunotherapy by Targeting IDO1/TDO and Their Down-

stream Effectors. Front. Immunol. 2015, 5, 673. 

113. Liu, Y.; Lv, J.; Liu, J.; Liang, X.; Jin, X.; Xie, J.; Zhang, L.; Chen, D.; Fiskesund, R.; Tang, K. et al. STAT3/p53 pathway activation 

disrupts IFN-β–induced dormancy in tumor-repopulating cells. J. Clin. Investig. 2018, 128, 1057–1073. 

114. Liu, Y.; Liang, X.; Yin, X.; Lv, J.; Tang, K.; Ma, J.; Ji, T.; Zhang, H.; Dong, W.; Jin, X.; et al. Blockade of IDO-kynurenine-AhR 

metabolic circuitry abrogates IFN-γ-induced immunologic dormancy of tumor-repopulating cells. Nat. Commun. 2017, 8, 1–15. 

115. Chu, C.-L.; Lee, Y.-P.; Pang, C.-Y.; Lin, H.-R.; Chen, C.-S.; You, R.-I. Tyrosine kinase inhibitors modulate dendritic cell activity 

via confining c-Kit signaling and tryptophan metabolism. Int. Immunopharmacol. 2020, 82, 06357. 



Int. J. Mol. Sci. 2021, 22, 752 22 of 22 
 

 

116. Ye, M.; Zhang, Y.; Gao, H.; Xu, Y.; Jing, P.; Wu, J.; Zhang, X.; Xiong, J.; Dong, C.; Yao, L.; et al. Activation of the Aryl Hydrocarbon 

Receptor Leads to Resistance to EGFR TKIs in Non-Small-Cell Lung Cancer by Activating Src-Mediated Bypass Signaling. Clin. 

Cancer Res. 2018, 24, 1227–1239. 

117. Song, Y.-A.; Ma, T.; Zhang, X.-Y.; Cheng, X.-S.; Olajuyin, A.-M.; Sun, Z.-F.; Zhang, X.-J. Apatinib preferentially inhibits PC9 

gefitinib-resistant cancer cells by inducing cell cycle arrest and inhibiting VEGFR signaling pathway. Cancer Cell Int. 2019, 19, 

117. 

118. Ware, K.E.; Hinz, T.K.; Kleczko, E.; Singleton, K.R.; Marek, L.A.; Helfrich, B.A.; Cummings, C.T.; Graham, D.K.; Astling, D.; 

Tan, A.-C.; et al. A mechanism of resistance to gefitinib mediated by cellular reprogramming and the acquisition of an FGF2-

FGFR1 autocrine growth loop. Oncogenesis 2013, 2, e39. 

119. Campbell, P.S.; Mavingire, N.; Khan, S.; Rowland, L.K.; Wooten, J.V.; Opoku-Agyeman, A.; Guevara, A.; Soto, U.; Cavalli, F.; 

Loaiza-Pérez, A.I.; et al. AhR ligand aminoflavone suppresses α6-integrin-Src-Akt signaling to attenuate tamoxifen resistance 

in breast cancer cells. J. Cell. Physiol. 2018, 234, 108–121. 

120. Tsai, C.-H.; Li, C.-H.; Liao, P.-L.; Chang, Y.-W.; Cheng, Y.-W.; Kang, J.-J. Aza-PBHA, a potent histone deacetylase inhibitor, 

inhibits human gastric-cancer cell migration via PKCα-mediated AHR-HDAC interactions. Biochim. Biophys. Acta Mol. Cell Res. 

2020, 1867, 118564. 

121. He, Y.; Peng, S.; Wang, J.; Chen, H.; Cong, X.; Chen, A.; Hu, M.; Qin, M.; Wu, H.; Gao, S.; et al. Ailanthone targets p23 to 

overcome MDV3100 resistance in castration-resistant prostate cancer. Nat. Commun. 2016, 7, 13122. 

122. Falzone, L.; Salomone, S.; Libra, M. Evolution of Cancer Pharmacological Treatments at the Turn of the Third Millennium. Front. 

Pharmacol. 2018, 9, 1300. 

123. Network, C.G.A.R.; Weinstein, J.N.; Collisson, E.A.; Mills, G.B.; Shaw, K.R.M.; Ozenberger, B.A.; Ellrott, K.; Shmulevich, I.; 

Sander, C.; Stuart, J.M. The Cancer Genome Atlas Pan-Cancer analysis project. Nat. Genet. 2013, 45, 1113–1120. 

124. Consortium, G. Human genomics. The Genotype-Tissue Expression (GTEx) pilot analysis: Multitissue gene regulation in hu-

mans. Science 2015, 348, 648–660. 

125. Tang, Z.; Kang, B.; Li, C.; Chen, T.; Zhang, Z. GEPIA2: An enhanced web server for large-scale expression profiling and inter-

active analysis. Nucleic Acids Res. 2019, 47, W556–W560. 

126. Cerami, E.; Gao, J.; Dogrusoz, U.; Gross, B.E.; Sumer, S.O.; Aksoy, B.A.; Jacobsen, A.; Byrne, C.J.; Heuer, M.L.; Larsson, E.; et al. 

The cBio cancer genomics portal: An open platform for exploring multidimensional cancer genomics data. Cancer Discov. 2012, 

2, 401–404. 

127. Punta, M.; Coggill, P.C.; Eberhardt, R.Y.; Mistry, J.; Tate, J.; Boursnell, C.; Pang, N.; Forslund, K.; Ceric, G.; Clements, J.; et al. 

The Pfam protein families database. Nucleic Acids Res. 2012, 40, D290–D301. 

128. Yang, W.; Soares, J.; Greninger, P.; Edelman, E.J.; Lightfoot, H.; Forbes, S.; Bindal, N.; Beare, D.; Smith, J.A.; Thompson, I.R.; et 

al. Genomics of Drug Sensitivity in Cancer (GDSC): A resource for therapeutic biomarker discovery in cancer cells. Nucleic Acids 

Res. 2012, 41, D955–D961. 

129. Gu, Z.; Eils, R.; Schlesner, M. Complex heatmaps reveal patterns and correlations in multidimensional genomic data. Bioinfor-

matics 2016, 32, 2847–2849. 


