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Abstract—Aryl-hydrocarbon receptor (Aryl Hydrocarbon Receptor, AHR) is a ligand-dependent transcrip-
tion factor; its functions are related to xenobiotic detoxification, response to inflammation, and the mainte-
nance of tissue homeostasis. Results of recent studies suggest that AHR also plays an important role in car-
cinogenesis. Increased expression of AHR is observed in several types of tumors and tumor derived cell lines.
In addition, many AHR ligands are included in compositions of pharmaceutical drugs used in oncotherapy.
These facts provide some ground to consider AHR as a potential target for anticancer therapy, especially for
treatment of severe cancers which have very limited (if any) treatment options. In this review we have consid-
ered the examples of the effects of AHR ligands on tumor derived cell cultures and on model mice lines with

analysis of the AHR-dependent response.
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1. GENERAL INFORMATION
ON ARYL-HYDROCARBON RECEPTOR
AND ITS LIGANDS

Aryl-hydrocarbon receptor (AHR) is a ligand-
dependent cytosolic transcription factor, which
belongs to the family of heterodimeric transcriptional
regulators containing bHLH/PAS motifs (basic-
Helix-Loop-Helix/Period [Per]-Aryl hydrocarbon
receptor nuclear translocator [ARNT]—single
minded [SIM]) [1].

AHR has the N-terminal bHLH motif, which
includes two functionally different and highly conser-
vative domains, located at the distance of 60 amino
acid residues from each other. At the N-terminal part
of this motif there is the main domain responsible for
AHR binding with its consensus sequence on DNA
(5'-T/GCGTG-3"). This consensus is known in the
literature as AHREs (Aryl Hydrocarbon Response
Elements) or XREs (Xenobiotic Response Elements),
or DREs (Dioxin Response Elements). It is usually
located in the promoter zone of the AHR target genes.
At the C-terminus of the bHLH motif there is the
HLH domain responsible for the protein-protein
interaction necessary for heterodimer formation with
ARNT (Aryl Hydrocarbon Receptor Nuclear Translo-
cator). The PAS-A and PAS-B domains participate in
secondary interactions with ARNT, maintaining spec-
ificity of this protein complex. The AHR ligand bind-
ing site is located within the PAS-B domain. This site
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contains several conservative amino acid residues
essential for ligand binding. Finally, the C-terminal
region of the AHR protein contains a glutamine-rich
(Q) domain, which is necessary for the coactivator
binding and participation in the activation of tran-
scription (Fig. 1) [1, 2].

According to the Human Protein Atlas project [3],
human AHR gene mRNA is present in many organs
and tissues, with predominance (>10 RPKM Reads
per kilo base per million) in the bladder, lungs, liver,
stomach, gall bladder , adrenal gland, appendix, intes-
tine, placenta, skin, spleen, thyroid gland and bone
marrow. To a lesser extent (<10 RPKM), AHR tran-
scripts are present in the brain, heart, kidneys, pan-
creas, salivary glands, and testicles. Human tissue-
specific distribution of the AHR protein is different:
the highest AHR content was found in the brain,
lungs, endocrine glands (thyroid, adrenal glands), tes-
ticles, muscles, some organs of the urogenital system
(kidney, bladder, fallopian tubes), skin, some organs
of the gastrointestinal tract. Expression of the AHR
protein was not detected in the pancreas and prostate
glands, ovaries, and low expression levels were
detected in the gallbladder, stomach, lungs, and rec-
tum [3].

Inactive ligand-free AHR is localized in the cyto-
plasm as part of a multipeptide complex containing
two molecules of the HSP90 (Heat Shock Protein 90),
co-chaperone p23, and one molecule of immunophi-
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Fig. 1. The domain structure of the AHR protein and the scheme of its activation by ligands. (a) Domain protein structure. Num-
bers and lines indicate amino acid sequences corresponding to the functional domains of the AHR protein. (b) The scheme of
AHR activation (modified from [2]). Explanations are given in the text.

lin-like protein XAP2 (also known as AIP, AHR Inter-
acting Protein) (Fig. 1). HSP90 interacts with AHR
through the bHLH domains and the domain contain-
ing the PAS-B ligand-binding site. When ligand bind-
ing to AHR causes conformational changes of this
receptor and its N-terminal nuclear localization signal
(NLS) becomes active due to its release from XAP2.
AHR is then transported to the nucleus, released from
the HSP90 chaperone, and dimerized with its partner
ARNT. The AHR/ARNT heterodimer interacts with
several histone acetyltransferases, chromatin-remod-
eling factors and a number of coactivators and/or
corepressors. The resultant multiprotein complex
binds to XRE in the region of enhancers and TATA
box, recruits RNA polymerase II and induces tran-
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scription of target genes. At the final stage of the tran-
scriptional regulation, AHR is rapidly exported to the
cytoplasm by means of the CRM1 protein (Chromo-
some Region Maintenance 1), where its ubiquitin-
dependent degradation occurs in the 26S proteasome

[4] (Fig. 1).

The AHR/ARNT complex can influence tran-
scription through binding to consensus sequences on
DNA, thus limiting access of other transcription fac-
tors to the promoter [5]. In addition, AHR activity in
the cell is negatively regulated by the AHRR repressor
protein (AHR Repressor protein), and the expression
of this protein is controlled by AHR itself. AHRR, as
well as AHR, is a bHLH/PAS transcription factor that
can dimerize with ARNT and compete with it for
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XREs binding. This triggers the negative feedback
mechanism resulted in decreased activity of AHR tar-
get genes decreases [6].

Several other nuclear receptor coactivators also
interact with AHR; these include ERAP140, RIP140,
BRG1, Rb, PML, NEDDS§, SUMOI, and three
members of the pl60 coactivator family: NCOAI,
NCOA2 and NCOA3. Sequential and cyclic associa-
tion of AHR and coactivators results in acetylation of
histones, activation of Polll (RNA polymerase 1I),
and the start of gene transcription. In other
cases, AHR activation leads to inhibition of transcrip-
tionally active genes, including genes encoding immu-
noglobulin heavy chain, estrogen-inducible p27,
cathepsin D, and PS2 [7, §].

Activation of AHR induces transcription of many
genes involved in sequential detoxification processes.
These include genes encoding phase I enzymes (xeno-
biotic metabolism phases), for example, CYPIAI,
CYPIA2, CYPIBI, and CYP2S1. Other AHR target
genes encode phase Il enzymes: UDP-glucuronosyl-
transferase (UGT1A6), NAD(P)H-quinone oxidore-
ductase 1 (NQOI), aldehyde dehydrogenase
(ALDH3AI), and several glutathione-S-transferase.
Finally, the third group of AHR target genes encodes
phase III xenobiotic transporters (xenobiotic utiliza-
tion phase). These include genes encoding P-glyco-
protein (P-gp), proteins associated with multidrug-
resistant (MRP), and organic anion transporter pro-
teins type 2 (OATP2). All these genes are expressed in
many tissues and organs (liver, intestines, kidneys,
brain) and play an important role in the absorption,
distribution, and elimination of drugs from the body.
This enzyme system plays a central role in the metab-
olism, elimination and detoxification (or activation)
of xenobiotics, as well as drugs administered into the
human body [9]. There are also many other genes
whose functions depend on AHR activity. Basically,
these genes are involved in control of homeostasis and
detoxification processes, as well as division [9, 10],
differentiation, polarization, and apoptosis of cells.
Some of these genes are responsible for formation of
organ-tissue structures of the nervous, immune, car-
diovascular, endocrine, generative and excretory sys-
tems in higher multicellular organisms. The most
studied of them are: Myc, Rbf1, NFKB1, JUN, CDC42,
p23, RELA, p53 (and many others) [10, 11].

Recently, the effect of ectopic expression of human
AHR on the activity of its target genes has been studied
using transgenic lines of Drosophila melanogaster [12].
It has been shown that exogenous AHR agonists can
both increase and decrease the transcription level of
target genes. It should be noted that the effect of
ligands on the expression of AHR target genes is tis-
sue-specific and depends on the stage of development.
Some evidence has also been obtained that the activa-
tion of targeted AHR genes, including many onco-
genes and genes involved in the regulation of homeo-
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stasis and “developmental” functions, depends on
their epigenetic status. It is possible that epigenetic
repressive labels in the promoter region of target genes
limit AHR availability to their binding sites [12].

For many years, the major attention has been paid
to identification of chemical compounds exhibiting
potent agonistic (stimulating) or antagonistic (inhibi-
tory) activity towards AHR. Table 1 lists such com-
pounds of both endogenous and exogenous origin.
Despite great diversity of ligands, there are very few
studies on kinetics of their interaction with AHR;
most of them were focused on 2,3,7,8-tetrachloro-
dibenzo-p-dioxin and its derivatives. Table 2 summa-
rizes results of studies on kinetics of ligand/receptor
complex formation and their dissociation constants.

Despite enormous studies on analysis of the action
of AHR ligands performed during several decades,
new substances and pharmacological agents exhibiting
affinity for AHR still appear. However, it is almost
impossible to find common features in all ligands.
Usually, in order to understand whether the effects of
a given ligand depend on the action of AHR, addi-
tional experiments are performed using known AHR
inhibitors or receptor knockdown. Disappearance of
the effect strongly suggests its AHR-dependence.

2. AHR AND ITS LIGANDS
IN TUMORIGENESIS AND CHEMOTHERAPY
OF CANCER

Results of experimental studies provide increasing
evidence for the important role of AHR in carcinogen-
esis and the search for selective AHR modulators is
becoming a new promising area of pharmacological
research aimed at developing drugs for chemotherapy
of certain types of cancer [19].

Standard first-line chemotherapy for most types of
cancer involves the use of cytotoxic drugs that selec-
tively affect rapidly dividing cells of malignant tumors
and do not damage healthy cells of the body. Activa-
tion of several target genes is used in the treatment of
cancer. These include genes encoding membrane
receptors with tyrosine kinase activity and their
ligands, transcription factors and nuclear receptors.
More than 80 pharmacological agents designed to
activate 18 different nuclear receptors have been
approved for use in oncological therapy [20]. How-
ever, compounds capable of activating AHR, which is
also a ligand-dependent nuclear receptor, have not
been approved for pharmacological applications. Only
a few AHR ligands, such as aminoflavone and laquin-
imide, have been used in clinical trials to treat breast
cancer and multiple sclerosis, respectively [21, 22].

Most of the initial studies of AHR and its ligands
were devoted to the effect of TCDD (2,3,7,8-tetra-
chlorodibenzodioxin or the trivial name dioxin) on
tumor formation after prolonged feeding of rodents. In
most cases, TCDD acted as a hepatocarcinogen [23,

No. 1 2019
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Table 1. Compounds exhibiting ligand activity towards the aryl hydrocarbon receptor

Activity Source

Examples

Agonists Xenobiotics

Halogenated aromatic hydrocarbons: TCDD (2,3,7,8-tetrachlorodibenzodioxin),
PCDD (polychlorinated dibenzo-p-dioxins), PCDF (polychlorinated dibenzofurans),
MCDF (methylchlorinated dibenzofurans), biphenyls.

Polycyclic aromatic hydrocarbons (PAH): benzo[a]pyrene, methylcholanthrene, ben-
zoflavones, benzo[a]anthracene, 4,7-o-phenanthroline.

Pharmacological agents: tranilast, leflunomide, omeprazole, eugenol (4-allyl-2-
methoxyphenol), SU5416 (semaxanib).

Others: icaridin (1-pipiredinecarboxylic acid 2-(2-hydroxyethyl)-1-mehylpropyl ester)

Foodstuff

Flavonoids: quercetin, galangin, carnitine, chrysin (5,7-dihydroxyflavone).
Indole: indole-3-carbinol, DIM (3-di-indole methane), indole[3,2-b]carbazole.
Curcumin (1,7-bis (4-hydroxy-3-methoxyphenyl)-1,6-heptadiene-3,5-dione)

Endogenous
products

Tryptophan metabolites: kynurenic acid, kynurenine, FICZ (6-formylindolo[3,2-b]
carbazole), indoxyl sulfate.

Others: indirubin, 7-keto-cholesterol, ITE (2-(1'-H-indole-3'-carbinyl) thiazole-4-car-
bozylic acid methyl ester)

Microflora

3-Methylindole, triptantrin, 1,4-dihydroxy-2-naphtoic acid, malassezin, AME (myco-
toxin, alternariol monomethyl ester)

Xenobiotics
Foodstuff

Antagonists

TMF (6,2,4,-trimethoxyflavone), GNF351 (8-(2-(1H-indole-3-yl)ethyl)-9-isopropyl-
2-(5-methylpyridine-3-yl)-9H-purine-6-amine), CH-223191 (2-methyl-2H-pyrazole-

3-carboxylic acid), resveratrol, CB7993113 (2 -((2-(5-bromofuran-2-yl)-4-oxo-4H-
chromen-3-yl)oxy)acetamide)

Selective AHR mod-| Xenobiotics
ulators

SGA360, 3,4-dimethoxy-alpha-naphthoflavone, MCDF (6-methoxy-1,3,8-trichlorod-
ibenzofuran), flutamide, raloxifene, NK 150460 (5S,7S)-7-methyl-3-(3-(trifluoro-
methyl) phenyl)-5,6,7,8-tetrahydrocynnolin-5-ol)

24]. TCDD-induced tumors have also been observed
in many other organs; however, during the entire feed-
ing time of Sprague-Dawley rats, there was a decrease
in the occurrence of spontaneous tumors of the mam-
mary gland and uterus [25]. AHR activity has been
studied in many human cell lines and tumors [19]. The
development of selective AHR modulators (SAhRM),
including AHR-activating pharmacological agents,
there is a clear need to use AHR as a potential target
for the treatment of cancer and other diseases. Below
we consider the role of AHR in carcinogenesis, stud-
ied in cultures of tumor cells of different origin and in
model lines of mice.

2.1. Malignant Tumors of the Urogenital System

Table 3 shows examples of the effect of several
AHR ligands on various malignant tumors of the uro-
genital system and in provoking prostate cancer in the
TRAMP mouse model line [26]. TCDD and other
dioxin compounds inhibit proliferation of prostate
cancer cells, but their mechanisms of action differ in
different cell types [27, 28]. The role of AHR and its
ligands in prostate cancer cells depend on the andro-
gen receptor (AR). On the one hand, there is evidence
that AHR ligands are anti-androgenic in prostate can-
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cer cells expressing AR, and AHR itself is an inhibitor
of tumor growth [29]. According to other data, AHR
knockdown using small RNA (siAHR) decreased pro-
liferation of androgen-independent prostate adeno-
carcinoma cells [30]. Most AHR ligands induce activ-
ity of matrix metalloproteinases (MMP), which are
able to degrade all types of extracellular matrix pro-
teins [28], while the antagonist CH223191 inhibits cell
division [31]. In TRAMP mice with normal AR
expression tumor growth was inhibited by ligands, but
these data were inconsistent with the contradictory
effects of TCDD [26, 32, 33].

Interesting data were obtained during the study of
the AHR effect on the expression of miRNA on pros-
tate cancer cell lines. AHR activation by TCDD
(10nM) or DIM (25 nM) resulted in increased
expression of miR-150-5p, which had a negative
impact on proliferation and invasion of prostate can-
cer cells [34].

The results of studies of urinary tract tumors sug-
gest that AHR and its ligands increase cancer cell inva-
sion [35], whereas the results obtained on kidney can-
cer cell lines are contradictory and most likely depend
on the line of cultured cells [36, 37] (Table 3).
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Table 2. The dissociation constants (Kj) of the complexes AHR/ligand

AHR ligand Organism Ky Reference

[*'H]TCDD Intestinal human colon adenocarcinoma 5.6 nM [13]
cell line LS180

[*H]Methylcholanthrene Intestinal human colon adenocarcinoma 5.8 nM [13]
cell line LS180

TCDD Human hepatoma cell line SKHep-1 14 nM [14]

TCDD Human hepatoblastoma cell line HepG2 8.8 nM [14]

TCDD Human hepatoma cell line Mz-Hep-1 5.4 nM [14]

2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD) Cytosol fraction of C57BL/6J mouse liver | 0.3 nM [15]

2-Azido-3-['%I]iodo-7,8-dibromodibenzo-p-dioxin | Cytosol fraction of C57BL/6J mouse liver | 0.76 nM [15]

1-Azido-3,7,8-trichlorodibenzo-p-dioxin Cytosol fraction of C57BL/6J mouse liver | 0.44 nM [15]

1-Azido-2-['%1] iodine-3,7,8-trichlorodibenzo-p-dioxin | Cytosol fraction of C57BL/6J mouse liver | 2.1 nM [15]

2-Amino-3,7,8-trichlorodibenzo-p-dioxin Cytosol fraction of C57BL/6J mouse liver | 0.49 nM [15]

1-(5'-Azido-2'-nitrobenzamidomethyl)-2,3,7,8-tetra- | Cytosol fraction of C57BL/6J mouse liver | 13.0 nM [15]

chlorodibenzo-p-dioxin

1-(4-Azidobenzamidomethyl)-2,3,7,8 -tetrachlorod- | Cytosol fraction of C57BL/6J mouse liver | 8.1 nM [15]

ibenzo-p-dioxin

1-(4-Azido-2-hydroxybenzamidomethyl)-2,3,7,8 - tet-| Cytosol fraction of C57BL/6J mouse liver | 113 nM [15]

rachlorodibenzo-p-dioxin

1-(6-(4-Azido-2-nitrophenylamino)hexamidomethyl)- Cytosol fraction of C57BL/6J mouse liver | 11.0 nM [15]

2,3,7,8- tetrachlorodibenzo-p-dioxin

[*H]TCDD Cytosol fraction of Long-Evans and Han- {3.4-3.9nM| [16]
Wistar rat liver

[*H]TCDD Cytosol fraction of Hartley guinea pig liver| 4.6 nM [17]

TCDD CoX-7 cells transfected with a plasmid 0.27 nM [18]
carrying C57BL mouse AHR gene

TCDD CoX-7 cells transfected with a plasmid 1.66 nM [18]
carrying DBA mouse AHR gene

2.2. Malignant Tumors of the Central Nervous System

Glioblastoma is the most aggressive form of the
malignant brain tumors with a poor prognosis. There
are limited variants for its treatment and they are not
very effective. Initial studies have shown increased
expression of AHR in both malignant tumors of the
human CNS and in glioblastoma cell cultures with
activation of the TGFJ} signaling pathway involved in
the pro-oncogenic activity of AHR [38]. Knockdown
of AHR (by siAHR) or the inhibition by the antagonist
CH?223191 (10 uM) reduced viability and migration of
glioblastoma cells [38]. Subsequent studies by this
research group showed that tryptophan-2,3-dioxygen-
ase-mediated metabolism of tryptophan, resulted in
its conversion into kynurenine, was a key procarcino-
genic event, as kynurenine provoked AHR-dependent
survival and mobility of tumor cells [39]. Recent study
revealed existence of relationships between AHR,
integrin and TGFp in glioblastoma [40]. It is clear that
these studies demonstrate the potential clinical role of
AHR antagonists in the treatment of glioblastoma.
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Studies on other types of central nervous system
tumors, including medulloblastoma and pituitary ade-
nomas, also show that AHR is a pro-oncogene [41,
42], while in neuroblastoma cells AHR enhances dif-
ferentiation [43] and TCDD induces apoptosis of
pheochromocytoma (PC12) cultured cells [44]. In the
biopsy material, taken from patients with meningio-
mas different degrees of malignancy, a direct relation-
ship was found between the expression level of the
AHR protein and the degree of tumor malignancy
[45]. These studies show multipolar opinions on the
role of AHR and its ligands in brain carcinogenesis
(Table 3).

2.3. Lung and Esophageal Cancer. Melanoma,
Leukemia and Lymphoma

Lung cancer is the most common type of cancer
among men. Worldwide, more than 1 million new
cases of this disease are diagnosed annualy, with about
60000 of them in Russia. According to World Health
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Table 3. The effects of AHR and its ligands on various types of tumor cells
Cell line/Model organism Ligand/ Treat.ment AHR-dependent response Reference
(concentration)
Malignant tumors of the urogenital system
Prostate adenocarcinoma cell line | TCDD (10 nM) Inhibition of the proliferation of dehy- [27]
LNCaP drosterone-induced cells
Antiandrogen (transactivation) [111]
Benzo[a]pyrene (10 uM) Activation of cell cycle genes, genes [112]
involved in DNA replication and repair
AHR expression Decreased proliferation mediated via [29]
BTrCP
3-Methylcholanthrene (1 uM) | Inhibition of cell growth and invasion [113]
TCDD (1 uM), indole-3-carbinol | AHR activity decreased cancer cell [114]
(1 uM), CH223191 (1 uM) invasion
Prostate adenocarcinoma cell lines — High level of AHR protein expression [114]
PC-3, LNCaP, 22Rvl, DU145
Prostate adenocarcinoma cell lines | TCDD (100 nM), Increased expression of MMP9 [28]
PC3, DU145 Benzo[a]pyrene (100 nM)
Prostate adenocarcinoma cell lines | Icaridin (30 uM) Inhibits cancer cell growth in vitro/in [115]
DU145, PC3, and PC3M vivo; induces apoptosis, decreased
androgen receptor expression
CH223191 (50 uM) Inhibits cancer cell growth in vitro/in vivo [31]
Prostate adenocarcinoma cell lines | TCDD (10 nM), DIM (25 nM) | Inhibition of cell proliferation and inva- [34]
PC3, DU145 sion. Increased expression of miR-150-5p
Prostate adenocarcinoma cell line |siAHR Decreased proliferation [30]
C4-2
Prostate adenocarcinoma cell lines | Benzyl butyl phthalate (10 uM) | Regulation of miR-34a expression. [116]
PC3, LNCaP Induction of cell division. Increased
expression of cyclinD1 and PCNA,
decreased expression of p21
TRAMP mice AHR ™/~ breeding Decreased prostate cancer [32]
MCDF (10—40 mg/kg) Decrease of metastases [26]
TCDD (1 ug/kg) Pro- and anti-carcinogenic response [33]
AHR ™/ mice AHR knockout Reduced expression of Ugtlal in the [117]
bladder
T24 bladder cancer cell line TCDD (0.1; 1; 10 nM) Increased invasion and activity of MMP [35]
siAHR Decreased invasion
Human kidney cancer cell lines Indirubin (10 uM), Increased invasion and activity of MMP [37]
786-0, ACHN, 769-P TCDD (0.1 nM and 1 nM)
siAhR Decreased invasion
Human kidney cancer cell lines Aminoflavones (1 uM) Increased cell death [36]
TK-10, Caki-1, SN12-C
Human kidney cancer cell lines Aminoflavones: AFP 464 Reduced cell migration, cell cycle [118]
TK-10, Caki-1, SN12-C and (10 nM—1 uM) and 5F 203 arrest, and induction of apoptosis
ACHN (100 nM—100 uM)
Malignant tumors of the central nervous system
Glioblastoma cell lines CH223191 (10 uM), Methyl- AHR regulated cancer cell growth and [38]
cholanthrene (1 uM), invasion; growth inhibition by antago-
siAHR/overexpression nists/siAhR
Kynurenine (30—100 uM), AHR as pro-oncogene; kynurenine [39]
TCDD (1 nM), siAhR/overex- activated cancer cell division; immune
pression response suppression
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Cell line/Model organism Ligand/ Treat.ment AHR-dependent response Reference
(concentration)
Glioblastoma cell lines. Astrocyte |siAHR AHR regulated integrin- and TGFp- [40]
cell line. induced malignancy level
Glioblastoma patients AHR polymorphism AHR polymorphism correlated with [119]
risk of gliomas
Primary glioblastoma cell cultures _ Direct correlation between the level of [120]
AHR expression and the degree of
tumor malignancy
Pituitary adenomas AHR/AIP The decrease in the AHR and AIP level [42]
correlated with increased aggressiveness
of the disease
SK-N-SH neuroblastoma cell line | AHR AHR increased cell differentiation [43]
DAOQOY medulloblastoma cell line | siAHR/overexpression AHR knockdown decreased cell prolif- [41]
eration
PC12 pheochromocytoma cell line| TCDD (1 nM, 10 nM, 100 nM, | Induction of apoptosis [44]
250 nM, 500 nM and 1000 nM)
Meningioma biopsy material from Direct correlation between the AHR [45]
patients with varying degrees of _ expression level and the degree of tumor
tumor malignancy malignancy. AHR-dependent level of c-
Fox protein
Lung cancer
A549 human lung adenocarcinoma | AHR expression, treatment with | Induction of cancer cell growth [47]
cell line B-NF
TCDD (1 nM), benzo[a]pyrene | Novel target genes of the AHR pathway | [121]
(1 uM), benzofuran ((10 uM), |were identified: GREM 1, HIPK2, ID1,
ITE (10 uM), FICZ 10 nM S0OX9, CDHI1, BMP6, DKK1, ID3
Several cell lines PAH (0.1—10 uM) Induction of FGF9 [46]
H 1299 human lung adenocarci- Benzola]pyrene (10 uM) Ostepontin induction [48]
noma cell line
CL15 human lung adenocarci- Smoke particles AHR protected against oxidative stress [122]
noma cell line
Several cell lines Cigarette smoke extracts Adrenomedullin induction [49]
H1355 human lung adenocarci- Benzo|a]pyrene (10 uM), Decreased cell growth and the level of [123]
noma cell line and other cell lines |siAHR formation of reactive oxygen species
(siAhR)
95 D human lung adenocarcinoma | Kynurenine (10—100 uM) AHR activation increases metastases [124]
cell line
Patients with lung adenocarcinomal _ High level of the AHR protein cor- [125]
related with unfavorable prognosis
Leukemia/Lymphoma
U937 human lymphoma cell line | TCDD (10 nM) COX2 induction, increases resistance to [52]
apoptosis
C57BL/10J mice TCDD (20 ug/kg) Lymphoma development in the superfi- [52]
cial lymph nodes. AHR and COX-2
increased resistance to apoptosis during
Lymphoma development in vivo
HL60 human promyelocytic leu- | Without treatment AHR overexpression decreased Oct4 [126]
kemia cells expression
Primary cultures of T-cell leuke- _ Increased AHR expression and its activity | [127]
mia in the absence of exogenous ligands
BIOCHEMISTRY (MOSCOW), SUPPLEMENT SERIES B: BIOMEDICAL CHEMISTRY Vol. 13 No. 1 2019
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Cell line/Model organism Ligand/ Treat.ment AHR-dependent response Reference
(concentration)
Several cell cultures _ Low AHR expression in acute lympho- | [128]
blastic leukemia
THP-1 human monocytic leuke- | Indole-3-carbinol (1 uM—1 mM) | Inhibition of cell proliferation, apopto- [53]
mia cell line sis, cell cycle arrest
NK cell cultures from patients with | FICZ (30 nM), CH223191 (3 uM)| AHR activation caused induction of [54]

acute myeloid leukemia

miR-29b expression in NK cells, thus
impairing maturation of NK cells. Inhi-
bition of AHR increased apoptosis of
blast cells and decreased their resistance
to the cytotoxicity of NK cells

Esophageal cancer

Several cell lines Flavonoid kaempferol (10 uM). | Induction of multidrug resistance gene [129]
Salicylamide (0.5 mM) ABCG?2
Tissue samples/several cell lines B-Naphthoflavone, siAHR Suppression of cancer cell invasion [51]
Melanoma
Several cell lines and AHR~/~ mice |SiAHR, AHR-CA AHR knockdown increased oncogenicity [55]
A375 human melanoma cell line | Leflunomide (100 uM) Inhibition of cell proliferation [56]
A205A human melanoma cell line | TCDD (1 nM) Increased invasion and the level of MMP [58]
IPC-398/SK-MEL2 cell lines siAhR AHR knockdown increased tumor growth [57]
Colon and stomach cancer
Caco-2 human colorectal adeno- | 3'-Methylcholanthrene (1 uM) | Induction of IL-If and MM P9 genes [130]
carcinoma cell line 14 flavonoids (10—100 uM) AHR-dependent induction of CYPIAI [131]
and UGTIAI genes
Human colorectal adenocarci- TCDD (1-30 nM), indole-3- | Increased cell proliferation and activa- [60]
noma cell lines H508, SNU-C4 carbinol (1—100 nM) tion of EGFR, ERK1/2 and Src kinase
LS174T human colorectal adeno- |3-Methylcholanthrene (1 uM | ABCGZ2 induction [59]
carcinoma cell line and 5 uM)
LoVo human colorectal adenocar- | FICZ (100 nM) Cell growth inhibition [62]
cinoma cell line
Human colorectal adenocarcinoma | Chrysin (10 uM, 50 uM Apoptosis and cell growth inhibition [61]
cell lines HCT116, DLD-1, SW837 |and 100 uM)
AGS human stomach adenocarci- | TCDD (1—-100 nM) Increase MM P9 expression and cancer [67]
noma cell line cell invasion
Human stomach adenocarcinoma |siAHR Decreased cell growth and expression of [66]
cell lines SGC-7901, MKN45 MMP9, induction of apoptosis
SGC-7901 human stomach ade- | DIM (1-50 uM) Inhibition of cell proliferation, induc- [68]
nocarcinoma cell line tion of apoptosis, cell cycle retardation
SGC-7901 human stomach ade- | DIM (0.5—20 mg/kg daily) Significant (DIM dose-dependent) [69]
nocarcinoma cell xenotransplanta- decrease in tumor size. Induction of
tion to Balb/c mice apoptosis, cell cycle retardation
MNK45 human stomach adeno- |siAhR cells Decrease of tumor weight [65]
carcinoma cell (+xenotransplanta-| Eugenol (80 uM) Inhibition of epithelial-mesenchymal [65]
tion to mice) transition and decreased AHR expression
AHR ™/~ mice — Colon and cecum tumors [64]
_ Increased tumor formation in colitis- [63]
associated colon cancer
— Increased cecum tumors [4]
APC~/* and AHR™™ mice - Reduced time interval to tumor formation [64]
APC™MM* mice Indole-3-carbinol (0.1%), DIM | Inhibition of tumor formation [64]

(0.01%)
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Table 3. (Contd.)
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Cell line/Model organism Ligand/ Treat.ment AHR-dependent response Reference
(concentration)
AHR'/* Indole-3-carbinol (10 mg/kg) | Decreased tumor formation in colitis- [63]
associated colon cancer
CA-AHR mice _ Increased tumor formation, decreased [70,
osteopontin 71]
Mice with colitis-associated colon | TCDD (1 pg) Increased expression of miR-132, inhi- | [132]
cancer bition of tumorigenesis, suppression of
anti-inflammatory cytokines
Liver cancer
Humans TCDD (100 ng/kg/ daily) Lack of increased liver tumors [133]
Xenotransplantation of human ITE (80 mg/kg) Decreased tumor formation [83]
HCCLM3 cells to the liver of
Balb/c mice
HepG2 human hepatoblastoma Hexachlorobenzene (0.05 uM, | Cancer cell proliferation, regulation of [134]
cell line 0.5 uM, and 5 uM) cell cycle progression. Induction of
ERK 1/2 phosphorylation
Flutamide (20—50 uM) Suppression of cell growth, AHR- [79]
dependent induction of TGFB1
TCDD (0.1-100 nM) Suppression of cell proliferation, [135]
increased expression of p53, Rb, p21
TCDD (10 nM), Dependence of expression of neutral [136]

CH223191 (10 uM)

amino acid transporter BOAT1 on AHR
activity

Semaxanib SU5416 (20 uM or | Inhibition of proliferation, increased [137]
40 uM) expression of p21cipl/wafl cell cycle
inhibitors
Several cell lines Raloxifene (20 uM and 40 uM) | Inhibition of AHR-dependent cell divi- [80]
sion, induction of apoptosis
Hepa-1 mouse hepatoma cell line | AME mycotoxins (20 uM and | Inhibition of proliferation, induction of | [138]
40 uM) apoptosis
AHR~/~ and wild type mice Induction of liver tumors using | AHR-dependent tumor suppression [77]
diethylnitrosamine (20 mg/kg)
Human hepatoma cell line TCDD (0—1000 pM) AHR-dependent induction of c-Jun [139]
and p38-mitogen activated protein
kinase
Huh?7 human hepatocellular carci- | Curcumin (50 mg/kg) Decreased AHR-dependent tumor [105]
noma cell line growth
Rat stem cells (rHpSCs) TCDD (1 nM), DIM (1 and Stimulation of cell colony growth [140]
10 uM), FICZ (10 nM)
AHRP/P! mice TCDD (10 ug/kg) Diethylnitrosamine induced tumor pro-| [141]
motion (0.1 uL/g)
Human hepatoma 27 cell line Benzo[a]pyrene (5 ug/mL), 3- | AHR-independent stimulation of pro- [142]
methylcholanthrene (5 ug/mL), | liferation. Activation of ERK 1/2-
DMBA (5 ug/mL) dependent MAP kinase pathway
Human and mouse hepatoma cell | TCDD (1 nM) Induction of N-myristoyl transferase 2 [143]
lines (NMT?2)
Breast cancer
Humans Long-term consequences of the | Lack of increased incidences in breast [144]
catastrophe in Seveso (Italy) in |tumors and gynecological organ neo-
1976 with the release of a high | plasms
level of TCDD
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Table 3. (Contd.)
Cell line/Model organism Ligand/ Treat.ment AHR-dependent response Reference
(concentration)

MDA-MB-231 breast adenocarci- | Raloxifene (10 uM), analogue of | Induction of apoptosis [80],
noma cell line raloxifene Y134 (10 uM) [93]
Breast adenocarcinoma cell lines | NK150460 (0.01-2.5 uM) Induction of apoptosis [145]
MCF-7 and SK-BR-3
TNBC breast adenocarcinoma cell | ShRNA AHR suppression facilitated cell anoi- [146]
line kis, decreased cell proliferation, migra-

tion, and invasion
Mammary gland tumor tissues AHR expression was detected in duct [147]
from patients with breast adeno- - carcinoma in situ, invasive duct carci-
carcinoma noma and invasive lobular carcinoma
Breast adenocarcinoma cell lines | Aminoflavones (100 nM, Activation of AHR transcription; how- [148]
MDA-MB-468, Cal51 500 nM, 1 uM, 10 uM) ever cell cycle inhibition did not depend

on AHR
Breast adenocarcinoma cell lines | Omeprazole (200 uM) Inhibition of cell invasion in vitro [78]
MCF-7, MDA-MB-231
Breast adenocarcinoma cell line Insulin-like growth factor 2, Cell proliferation induced by IGF-2 [149]
MCEF-7 IGF-2 (100 ng/mL) was AHR dependent
Breast adenocarcinoma cell lines | TCDD (10 nM), MCDF (5 uM) | Induction of antimetastatic miR-335 [51]
MDA-MB-231, BT474
Breast adenocarcinoma cell lines | TCDD (10 nM and 20 nM), Inhibition of AHR-dependent cell [150]
MDA-MB-453, HCC-38, MDA- | MCDD (5 uM and 10 uM) growth
MB-157, BT-474, MDAMB-435
Breast adenocarcinoma cell line Benzo|a]pyrene (10—50 uM), |AHR-dependent control of formation [151]
with AHR knockout (MCF-7 Benzo[a]anthracene (10 uM) of estrogen metabolites of
AHRKO) benzo[a]pyrene, impact on ER-depen-

dent proliferation and cell cycle pro-

gression
Breast adenocarcinoma cell lines [siAHR, CH223191 (10 uM), AHR inhibition decreased expression of [94]
BP1, Hs578T, MDA-MB-231, CB7993113 (10 uM) tumor aggressiveness markers. Reduc-
SUM149 tion of migration, invasion of cancer

cells and metastasis of tumors
SUM 149 human inflammatory Kynurenine (100 uM) xan- Increased tumor metastases [101]
breast adenocarcinoma cell line thurenic acid (50 uM, 100 uM)
Primary cultures of different types The level of AHR expression did not [152]
of breast adenocarcinoma cells depend on the type of breast cancer.

High levels of AHR correlated with

expression of genes involved inflamma-

N tion and tryptophan metabolism. The

mRNA level of the AHRR repressor was

associated with a relapse-free survival of

patients
Breast adenocarcinoma cell lines: | TCDD (10 nM), DMBA AHR controlled proliferation, develop-| [153]
SKBR-3, MCF-7, T47D, MDA- | (5 uM) ment, self-renewal, and chemoresis-
MB-231, HS578 tance of breast cancer stem cells by

inhibiting PTEN phosphatase and acti-

vating B-catenin and Akt pathways
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Table 3. (Contd.)

Cell line/Model organism Ligand/ Treat.ment AHR-dependent response Reference
(concentration)
Breast adenocarcinoma cell lines: | Flavonoid flavipin Inhibition of cancer cell migration and [92]
MDA-MB-231 and T47D (50—300 uM) invasion. Suppression of the prometa-
static factor Sox4 by induction of the
miR-212/132 cluster. Suppression of B-
cell lymphoma 2 (Bcl2) and integrino4
(ITGA4) gene expression
Breast adenocarcinoma cell lines: | TCDD (10 nM) Expression of the aromatase gene, [154]
MCE-7, T47D, MDA-MB-231 encoding the enzyme, which converts
androgens to estrogens. AHR stimu-
lated estrogen-dependent progression
of breast cancer by inducing aromatase
expression
Patients with ductal breast carci- — Positive correlation between AHR and [154]
noma aromatase expression
CB6F1 hybrid mice (first genera- | TCDD (10 ug/kg) for 3 weeks | Inhibition of tumor growth [87]
tion from breeding of Balb/c followed by DMBA (1 mg)
females with C57Bl/6 males) for 6 weeks
Balb/c mice received injection of | TCDD (5 mg/kg) No effect on primary tumor growth. [89]
4T1.2c cancer cells Reduction of tumor metastasis to lungs
and other mammary glands. TCDD did
not affect proliferation and migration of
4T1.2 cells in vitro

TRAMP is a transgenic line of C57BL/6 mice that develops prostatic intraepithelial neoplasia; it is used as a model for the study of pros-

tate adenocarcinoma. AHR

are wild-type mice. AHR ™/~ mice are animals with AHR or zero AHR mutation, obtained by genetic tar-

geting with replacement of exon 1 or 2 of the AHR gene by the Neo (neomycin resistance gene) gene. AHR-CA mice are animals with con-
stitutively active AHR receptor. APC/* or APC™MI/* {5 heterozygous line of mice with a point mutation of the APC gene (Adeno-

matous polyposis coli). These animals have multiple intestinal neoplasia (multiple intestinal neoplasia, Min). AHR

is a line of mice

with the AHRY gene allele exhibiting high binding affinity for dioxin. siAHR is AHR knockdown using small interfering RNA. shRNA

is small hairpin RNA.

Organization (2017), the mortality rate for lung cancer
remains high for many years. Patients with diagnosed
lung carcinoma demonstrate increased levels of AHR
expression. Most studies performed on lung cancer
cell cultures show that various AHR agonists, such as
tobacco smoke extracts, PAHs (polycyclic aromatic
hydrocarbons), B-naphthoflavone, TCDD, induce
cancer cell growth by activating gene expression of
growth factors and genes that activate cell division [46,
47]. It was also noted that in lung carcinoma cells,
AHR expression positively correlated with expression
of adrenomedullins and osteopontin, contributing to
tumor growth and progression [48, 49] (Table 3).

Using lines of mice with null mutation of AHR
(AHR/"), it was shown that in lung fibroblasts AHR
regulated the expression of miRNA (particularly miR-
196a) involved in control of cell proliferation and
apoptosis. Interestingly, this regulation was indepen-
dent of the action of xenobiotics [50].

In many cases, AHR overexpression was found in
esophageal cancer, leukemia, and lymphoma. It was
shown that B-naphthoflavone significantly inhibited
invasion of esophageal cancer cells [51]. The action of
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TCDD on human lymphoma cells and mice with lym-
phoma increased activity of cyclooxygenase (COX2)
and increased resistance to apoptosis [52]. Indole-3-
carbinol inhibited cell proliferation, induced apopto-
sis and cell cycle arrest of THP-1 acute myeloid leuke-
mia cells [53]. The study of primary cultures of NK
cells, (natural killer cells), lymphocytes obtained from
patients with diagnosed acute myeloid leukemia has
shown that AHR activity leads to the induction of
miR-29b, thus impairing the development and divi-
sion of NK cells. The antagonist CH223191 increases
apoptotic parameters of blast cells and reduces their
resistance to the NK cell cytotoxicity. The authors
propose the use of AHR antagonists as therapeutic
agents for the treatment of leukemia [54].

Conflicting data have been reported on melanoma.
AHR knockdown (by using siAHR) increased tumor
formation in vivo, while leflunomide inhibited prolif-
eration of melanoma cells [55, 56]; however, it was
also reported that AHR knockdown reduced cell pro-
liferation [57] and TCDD increased tumor invasion
and MMP metalloproteinase expression [58]
(Table 3). Differences in these data may be attributed
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to different cell cultures and model mouse strains used
in these experiments. Obviously, results of these stud-
ies need additional verification.

2.4. Colon and Stomach Cancers

Functions of AHR ligands in colon cancer cells
depend on the cell type and ligands (Table 3). Several
different ligands, for example, 3-methylcholanthrene
(MC) (in studies on Caco-2 and LS174T cells) and
TCDD (in studies H508, SN7-C4 cells) show a pro-
oncogenic potential, by inducing cell division and
expression of genes related to extracellular matrix
remodeling (MMP9) and transport of xenobiotics
(ABCG?2) [58—60]. However, in studies performed on
other cell lines of colon tumors, AHR ligands inhib-
ited cell division: FICZ (on the LoVo line) and chrysin
(on HCT116, DLD-1 and SW837 lines) [61, 62]. On
the contrary, several in vivo studies have shown that in
mice with null mutation of AHR (AHR/)
and in mice with multiple intestinal neoplasia of the
APC™"/* line (with a point mutation in the APC gene)
carcinogenesis of the colon and cecum increased,
while the effect of I3C ligands and DIM inhibited car-
cinogenesis [4, 63, 64]. Thus, the positive tumor-sup-
pressor activity of AHR in the development of
colon/cecum cancer and the positive role of specific
AHR ligands in inhibiting carcinogenesis were clearly
shown using the in vivo mouse model.

Studies performed on the culture of gastric carci-
noma cells MNKS in vitro and in vivo (xenotransplan-
tation) have shown that AHR promotes division,
migration, and survival of tumor cells [65, 66]. TCDD
induced proliferation and invasion of AGS gastric car-
cinoma cells [67], while DIM reduced division of
SGC-7901 cell [68, 69]. However, it remains unclear
whether this inhibitory effect of DIM depends
on AHR. Expression of constitutively active AHR
(CA-AHR) in mice results in formation of a gastric
tumor, which indicates the proto-oncogenic role of
this receptor [70, 71].

2.5. Liver Cancer

Liver cancer is the second after lung cancer in terms
of the highest rates of mortality from malignant
tumors worldwide, accounting for more than 750000
cases per year. Although liver cancer is much more
common in Southeast Asia, the incidence rate of liver
cancer worldwide including Russia increases. The
prognosis of the survival rate for liver cancer patients is
unfavorable: approximately 15% of patients will live
5 years after the establishment of the diagnosis of liver
cancer [72]. Such a poor prognosis is explained by the
resistance of hepatocellular carcinoma (this type of
tumor occurs in 90% of cases with liver cancer) to che-
motherapy and the lack of possible biologically tar-
geted methods of treatment. The only existing targeted
therapy for liver cancer is the use of the drug sorafenib
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(a kinase inhibitor), which prolongs lives of such
patients roughly up about 3 months [73]. One of the
promising approaches of the anticancer therapy is the
development of a targeted method based on AHR and
its ligands. The results of in vitro and in vivo studies
performed on hepatocellular carcinoma are summa-
rized in Table 3.

In different strains of mice with AHR gene knock-
out, the liver size was much smaller, and there were
defects in the development of the vascular network
[74—76]. The genes required for normal growth and
development often play an important role in oncogen-
esis. They function as oncogenes or tumor suppres-
sors, and sometimes both as tumor suppressor and as
oncogene. This depends on the genetic background or
expression of other regulatory proteins. Mice with null
AHR mutation do not develop spontaneous tumors in
the liver. This suggests that AHR is not a classic tumor
suppressor gene. Normally, a genetically programmed
system of “checks” and “balances,” which is responsi-
ble for elimination of abnormal cells, resists oncogen-
esis. In the absence of any exogenous ligands endoge-
nous AHR functions as a tumor modifier gene for liver
cancer. The ability of AHR to act as a tumor modifier
was examined in mice exposed to chemical carcino-
gens. Fan et al. used the genotoxic carcinogens,
diethyl nitrosamine, to induce liver tumors in wild-
type mice with normal AHR, and AHR knockout mice
[77]. Diethyl nitrosamine is not an AHR ligand and its
use has allowed the study of AHR functions that are
independent of xenobiotics. In AHR knockout mice
(AHR /") diethyl nitrosamine administration resulted
in increased incidences of liver tumors as compared to
wild-type mice AHR™*. In addition, the number of
tumors and their size were higher in AHR™~ mice
than in AHR*/* mice. Parameters of cell proliferation,
cytokine expression, and DNA damage were signifi-
cantly higher in wild-type mice. Based on these results
the authors have concluded that AHR functions as a
tumor suppressor or modifier in liver cancer [77].

Studies on hepatocellular carcinoma cell cultures
have shown that the level of AHR expression is ele-
vated in liver cancer cells, and its ligands inhibit cell
proliferation and/or induce cancer cell death, and
these effects depend on the AHR expression level [56].
Many efforts have been undertaken to find AHR
ligands, which would exhibit the anticancer effect on
hepatocellular carcinoma [19, 56, 78—80]. The speci-
ficity and selectivity of the identified small molecules
for AHR have been confirmed in well characterized
cellular systems. Moreover, these compounds were
tested for AHR-dependent, growth inhibitory, effects
in cancer cells. This resulted in identification of prom-
ising AHR ligands with potential anticancer effects,
and raloxifene was one of such AHR ligands. Raloxi-
fene is a selective estrogen receptor modulator used for
osteoporosis prevention. Raloxifene binds to AHR,
thus contributing to its nuclear translocation followed
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by activation of target genes [80, 81]. The AHR-
dependent programmed death of breast and liver can-
cer cells that do not express the estrogen receptor pro-
moted raloxifene-induced inhibition of cell growth.
Despite the ability of TCDD to strongly activate AHR,
it does not induce apoptosis. In this regard, other
AHR ligands, for example raloxifene, are unique [80].
In contrast to TCDD, raloxifene is not a high-affinity
ligand for AHR, so it is important to understand how
this ligand-selective AHR pathway produces an anti-
cancer effect. Raloxifene is well tolerated by patients,
so for future clinical trials it is important to continue
works on creating new drugs based on this substance
with stronger affinity for AHR.

Analysis of chemicals within the ToxCast project,
aimed at studies of the effects of chemicals that lead to
adverse health effects, particularly, their ability to acti-
vate nuclear receptors, including AHR, showed no
link between AHR activation and progression of the
liver damage [82]. The growth of human hepatoma
cells HCCLM3 was inhibited both in vitro and in vivo
(xenograft) by the ligand AHR, ITE [83]. Flutamide,
an antiandrogen, used for treatment of prostate can-
cer, is also an AHR ligand, and its ability to suppress
growth of human hepatocellular carcinoma cells is
determined by the AHR-dependent induction of
TGFB1 [79]. AHR-mediated activation of TGFpI
signals led to activation of cell-cycle-inhibiting pro-
teins pl5 and p27, and AHR knockdown (by using
siAHR) or TGFpI eliminated the antiproliferative
effects of flutamide. This is an example of an AHR-
dependent pharmacological agent that can be used in
the treatment of not only prostate cancer, but also
hepatocellular carcinoma.

2.6. Breast Cancer

Breast cancer is the most common cancer among
women all over the world, and most of the fatal cases
of this disease are caused by metastases. Breast cancer
includes various subtypes with different molecular
markers. Three main hormone-dependent breast can-
cer subtypes include: (1) hormone-sensitive cancer, in
which the estrogen receptor (ER) and progesterone
receptor (PR) are expressed, (2) HER2-positive can-
cer with overexpression of the HER2 protein (human
epidermal growth factor receptor 2) and (3) triple-
negative breast cancer (TNBC), in which neither the
ER receptor nor the PR receptors are expressed, and
HER?2 may not be expressed at all or it may be normal
[84, 85].

Approximately 20% of breast cancers are diagnosed
as triply negative [86]. Breast cancer of this type has
poor prognosis and is most difficult to treat. AHR is
expressed in all three types [80]. Higher AHR expres-
sion positively correlated with a better prognosis,
including an increase in the total life expectancy of
patients and survival without distant metastasis in var-
ious forms of breast cancer [80].
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The use of targeted AHR based therapy is a unique
opportunity for breast cancer patients with limited
variants for treatment. Table 3 lists examples of recent
studies that consider the role of AHR in breast cancer.
The results of many studies presented in this table con-
firm the use of AHR as an anticancer target for breast
cancer. Pretreatment of CB6F1 mice with TCDD
inhibited tumor formation caused by the chemical car-
cinogen 7,12-dimethylbenzo[alanthracene (DMBA)
in the mammary glands [87]. Diindoylmethane
(DIM), a food ligand of AHR, also inhibited DMBA-
induced mammary tumor formation in Sprague-Daw-
ley rats [88].

In a syngeneic mouse model of breast cancer
metastasis, TCDD has been shown to reduce metasta-
sis of breast tumors to the lungs and other mammary
glands [89]. Interestingly, TCDD treatment did not
affect the primary tumor growth in these mice and did
not affect cell proliferation studied in vitro experi-
ments. The data from these studies show a positive
trend in testing AHR targeting as an anticancer ther-
apy both in vitro and in vivo. Since most breast cancer
deaths are caused by complications of metastases to
distant organs, systematic testing of various classes of
AHR modulators can help to identify those modula-
tors that effectively inhibit metastasis.

Omeprazole, a proton pump inhibitor, activated
AHR and also reduced metastasis in triple negative
breast cancer [78]. AHR activation by some agonists,
including omeprazole, suppressed expression of
CXCR4, the G-protein-coupled receptor, associated
with formation of metastasis of breast tumors [78, 89—
91]. miRNAs regulated by AHR also play a role in
breast cancer metastasis. TCDD and MHDF induced
expression of miR-335 in BT474 and MDA-MD-231
cells; this resulted in inhibition of the prometastatic
SOX4 gene and inhibition of lung metastases in vivo
[51]. A new flavonoid agonist flavipin also induced a
microRNA cluster, miR-212/132, which inhibited
migration and invasion of cancer cells [92].

The selective estrogen receptor modulator raloxi-
fene induces apoptosis in triple negative breast cancer
cells; this indicates that this compound or its analogs
also have the potential of AHR-targeted therapy for
breast cancer [80, 93].

In experiments with xenotransplantation of human
breast adenocarcinoma cells (BP1, Hs578T, MDA-
MB-231, and SUM 149 cell lines) AHR knockdown in
the fish Danio rerio (by siAHR) and application of
AHR antagonists (CH223191, CB7993113) reduced
the invasion and migration of human cancer cells,
reduced tumor metastasis [94]. This was attributed to
a decrease in expression of genes associated with inva-
sion (for example, fibronectin, VCAMI1, thrombos-
pondin, MMP1) and an increase in expression of
CDH1/E-cadherin  previously associated with
reduced tumor aggression. Paradoxically, the use of
agonists (TCDD, DIM) in the same experiments also
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reduced invasion of cancer cells and blocked metasta-
ses in vivo, but accelerated cell migration [94]. These
data show the difficulty of modulating AHR activity in
cancer, suggesting that AHR inhibitors and, in some
cases, AHR agonists, may be useful as cancer therapy.

2.7. Cancer Stem Cells

AHR plays a role in stem cell functioning, and
results of recent studies show that AHR antagonists
promoted expansion of hematopoietic stem cells [95—
99]. Cancer stem cells are often drug resistant and
important for maintaining and expanding certain
types of tumors. There is evidence that AHR can be a
target in some cancer stem cells. For example, AHR-
activating pharmacological agent tranilast signifi-
cantly inhibited growth of breast cancer stem cells and
prevented lung metastasis in mice that were injected
with cells of triple negative breast cancer line
MDAMB-231, resistant to the antitumor drug mitox-
antrone [100].

The other study demonstrated the AHR-depen-
dent response of cancer stem cell derivatives of triple
negative breast cancer Hs578T. It was shown that
ligands induced AHR interaction with Sox2, a regula-
tor of self-reproduction; this clearly demonstrates the
role of AHR and its agonists as “amplifiers” of cancer
stem cells [101]. These results differ from those
obtained using tranlilast, thus suggesting different
AHR functions dependent on the cellular context in
breast cancer stem cells and possibly related to the dif-
ferential expression of ARR, ARNT, HIF-1a, and
other cofactors. Cheng et al. [102] described the
effects of exposure to tryptophan derivatives, includ-
ing ITE and demonstrating suppression of Oct4 tran-
scription in stem cancer cells. The ITE ligand caused
an AHR-dependent decrease in the expression of a
stem cell marker, Oct4. After exposure to ITE, stem
cell-like cancer cells were differentiated and their
tumor potential decreased in subcutaneous and
orthotopic xenograft tumor models. In contrast, AHR
antagonists increased activity of leukemia stem cells
[103]; this was consistent with the effects reported in
the study of hematopoietic stem cells [95]. These and
other studies [104—106] show that AHR and its
responsive genes are important for cancer stem cells,
and AHR ligands (agonists or antagonists) represent a
unique set of agents for the treatment of cancer of stem
cells.

CONCLUSIONS

The detected AHR function to act as a tumor mod-
ifier and the anticancer effects, stimulated by various
classes of AHR ligands with diverse pharmacology, are
strong arguments for studying the AHR signaling
pathway in the context of its use in anticancer therapy.
However, involvement of AHR in known negative
effects of TCDD, realized via AHR activation, ruined
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hopes in this receptor and reduced support from large
financial institutions and biotechnology companies
for scientific work in the field of AHR based cancer
therapy. The reason for the cautious approach to the
use of AHR in anticancer therapy is understandable
provided that there are other treatment options or
other molecular routes are known for targeted therapy.
However, for treatment of severe cancer and cancer
with limited variants of treatment or with lack of
appropriate treatment at all (pancreatic cancer, liver
cancer, a hormone-independent form of breast and
prostate cancer), it is time to use the AHR potential for
development of a new class of anticancer drugs. It is
important to determine the mode of AHR function-
ing, which contributes to its anticancer effect, and
some general issues, including cell cycle gene regula-
tion, interaction with various coregulatory molecules,
and non-genomic pathways that contribute to the
anticancer activity of AHR.

Design and selection of ligands based on the mech-
anism of AHR action will make it possible to identify
new molecules that are valuable in the context of
oncotherapy. Among the receptors and their ligands,
there are many examples illustrating their successful
use for clinical purposes such as the retinoid X recep-
tor (drug bexarotin), the estrogen receptor (drugs
tamoxifen and raloxifene), the androgen receptor
(flutamide, enzalutamide) and the glucocorticoid
receptor (fluticasone) [107—110]. It would be great
to supplement this list with an aryl-hydrocarbon
receptor.
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