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Role of aryl hydrocarbon receptor in central nervous system
tumors: Biological and therapeutic implications (Review)
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Abstract. Aryl hydrocarbon receptor (AHR) is a ligand-
activated transcription factor, whose canonical pathway
mainly regulates the genes involved in xenobiotic metabolism.
However, it can also regulate several responses in a non-
canonical manner, such as proliferation, differentiation,
cell death and cell adhesion. AhR plays an important role
in central nervous system tumors, as it can regulate several
cellular responses via different pathways. The polymorphisms
of the AHR gene have been associated with the development of
gliomas. In addition, the metabolism of tumor cells promotes
tumor growth, particularly in tryptophan synthesis, where
some metabolites, such as kynurenine, can activate the AhR
pathway, triggering cell proliferation in astrocytomas, medul-
loblastomas and glioblastomas. Furthermore, as part of the
changes in neuroblastomas, AHR is able to downregulate
the expression of proto-oncogene c-Myc, induce differentia-
tion in tumor cells, and cause cell cycle arrest and apoptosis.
Collectively, these data suggested that the modulation of the
AhR pathway may downregulate tumor growth, providing
a novel strategy for applications for the treatment of certain
tumors through the control of the AhR pathway.
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1. Background of AhR research

The study of AhR can be discussed from two standpoints; the
first one reflects the reality of current times, that is, human
exposure to synthetic organic compounds and the conse-
quences that has on human health. During the 1970s, the
studies of several toxicologists, biochemists and molecular
biologists focused on the toxic effects of 2,3,7,8-tetrachlorod-
ibenzo-p-dioxin (TCDD), a polychlorinated dibenzo-p-dioxin
that was identified as an unintentional by-product of the
herbicide 2.,4,5-trichlorophenoxyacetic acid synthesis (1).
Individuals who worked in the manufacturing of this
herbicide suffered diseases such as porphyria cutanea tarda
and chloracne (2). It was proven by a later study that TCDD
exposure was the cause of porphyria in such workers, which
acted by increasing the activity of the initial enzyme in heme
biosynthesis, d-aminolevulinic acid synthetase (3).

The second standpoint is the rather accidental finding
of certain studies from the early 1950s showing that tumor
development was inhibited in rats exposed to the carcinogen
3-methylcholanthrene (3-MC) when it was administrated simul-
taneously with other carcinogens (4). It was later proven that this
inhibition of carcinogenesis can be induced not only by 3-MC,
but also by a great variety of polycyclic aromatic hydrocarbons
(PAH), as these compounds impede the action of an enzyme
that modifies carcinogens, nowadays known as cytochrome
P450 family 1 subfamily A member 1 (CYP1A1), a member of
the cytochrome P450 family (5). Later, in 1969, that modifying
activity was named Ah hydroxylase (AHH) and certain studies
revealed that in some, but not all, syngeneic strains of mice, this
enzyme activity was induced by PAHs (6,7), which suggested
the existence of a gene that controls AHH activity, termed the
Ahlocus (8,9). The Ah locus was then found to be involved in the
regulation of carcinogenicity, mutagenicity and toxic responses
to PAHs (10). This created an opportunity to examine other
types of toxic compounds, such as TCDD and 3-MC; the results
showed that TCDD was 30,000 times more potent in inducing
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AHH activity than 3-MC (11). Therefore, TCDD became the
ideal molecule for testing the activity of the Ah locus (12).

The study of steroid receptors was also increasing at the time;
with this in mind, the idea of a ‘receptor’ that controls the Ah locus
emerged, which may also explain the greater affinity for certain
compounds, such as TCDD, over others, such as 3-MCA (13). The
first radioactively labeled TCDD [(3H)TCDD)] was synthetized,
and finally the existence of a receptor was confirmed in 1979
and the term AHR was used for the first time (14). Unexpectedly,
only a fraction of (3H)TCDD bound to the receptor in the cyto-
plasm as expected, but another portion bound to the receptor in
the nucleus, as described for the steroid receptors. Shortly after
AHR discovery, it was determined that the weight of the receptor
varied depending on its origin; when it was isolated from the
cytoplasm it was heavier than when found in the nucleus (15,16).
This fact aroused interest regarding other proteins associated
with the receptor, and their role in its function. A few years later,
a protein was discovered that formed a dimer with AHR in the
nucleus, which was named the AHR nuclear receptor translo-
cator (ARNT) (17). Finally, it was confirmed that the formation
of the TCDD-AHR-ARNT complex was indispensable for the
induction of AHH activity (18). In 1986, a nucleotide sequence,
5'"TNGCGTG-3', to which the TCDD-AHR-ARNT complex
bound to induce the AHH activity, was identified and named
dioxin response element (19). Subsequently, in Japan, studies
were conducted using other xenobiotic compounds. These
studies found that the xenobiotic-AHR-ARNT complex bound
to the same sequence reported before, which was then renamed
xenobiotic response elements (XRE); today it is also known as
Ah response elements, a term used less often due to its simi-
larity to the antioxidant response elements (AREs) (20,21). From
that moment forward, the expression of CYP1ALl in response
to natural compounds, drugs and other xenobiotics in general,
has been used as an indirect evaluation of the participation of
AHR, and therefore xenobiotic metabolism. However, it was
subsequently recognized that these XRE sequences were found
in a large number of gene promoters, and not only in CYPIAI.
Nowadays, it is known that the function of AHR extends far
beyond xenobiotic metabolism; it actually functions as a master
regulator to control several biological processes, including cell
proliferation, adhesion, differentiation and death, potentially
among others not yet known (22).

2. A glance at AHR molecular features

In 1994, the human AHR promoter was cloned, and its main
characteristics were described. First, this promoter was not found
to contain a TATA box; instead, several binding motifs were
identified, including multiple GC boxes, which act as binding
sites for the transcription factor specificity protein 1 (Spl). The
AHR promoter also possesses binding motifs for the transcrip-
tion factor cAMP response elements and E-box, the last E-box
is recognized by c-Myc (23). Furthermore, it has been described
that distal-less 3, a homeobox transcription factor of importance
during development in vertebrates, also binds to a portion of the
AHR promoter and enhances the transcription factor activity at
the XRE sites (24). In addition, AHR possesses binding sites
for signal transducer and activator of transcription 6 (STAT6),
which belongs to the family of the transcription factors associ-
ated with the activity of cytokines such as interleukin (IL)-4 and

IL-13, and growth factors such as transforming growth factor-3
(TGF-B) (25). The AHR promoter also possesses motifs to bind
T-cell factor/lymphoid enhancer-binding factor (TCF/LEF),
factors that are involved in the Wnt pathway by interacting
with (-catenin (26). Finally, the AHR promoter was also found
to have 11 cis nuclear receptor binding sites, which include
progesterone, androgen, glucocorticoid, proliferation-activated
peroxisome, farsenoid X and the vitamin D receptors. The
existence of a complete list of the AHR promoter characteristics
enabled the understanding of the dual activity of AHR, with the
constitutive one being associated with embryogenesis and fetal
development when the receptor activity is particularly critical,
and the second with specific tissue expression (27).

All these characteristics are conserved among the human
and murine AHR sequences, with the main difference between
them being the mRNA length, which is longer in humans
(~6.6 kb) than in mice (5.0-5.4 kb). The open reading frame has
11 exons, organized to form a mature mRNA, with 28 domains
in humans and 26 in mice (28). Focusing on the AHR domains,
this receptor is a member of the basic Helix-Loop-Helix
(bHLH) superfamily of transcriptional regulators. The
members of this family are involved in critical developmental
processes, including sex determination and the development of
the nervous system and muscles. Like other members of this
superfamily of proteins, it contains a binding region to DNA at
the amino-terminal end and an additional Per-Arnt-Sim (PAS)
domain at the carboxy-terminal (29,30). The region of the basic
residues is important for the interaction of AHR with the cis
sequence of the XRE, while the bHLH motif is important for
the heterodimerization between AHR and ARNT (31,32).

3. AHR-associated proteins

AHR research was initially based only on its exposure to or
interaction with TCDD, but the molecular structure of the AHR
protein was unknown. In the cytosolic fraction, AHR exhib-
ited a higher sedimentation value, which upon the addition of
TCDD, was found to be decreased and located instead in the
nuclear fraction (33). This finding revealed the existence of two
different forms of the receptor, depending on cellular localiza-
tion. It was shown electrophoretically in subsequent studies
that this weight difference was due to the fact that the cyto-
plasm receptor was found in a protein complex that included
2 isoforms of mouse heat shock protein of 90 kDa (Hsp90)
and an X-associated protein 2, also known as AHR-interacting
protein (AIP) or AHR-associated protein 9 (ARA9) (34-36).
The proteins in this complex are important for the function of
the AHR. The interaction between Hsp90 and AHR occurs in
the PAS-B motif; this allows ligand binding to the receptor.
In addition, AIP allows for protein-protein interaction (37).
Once in the nucleus, the AHR protein undergoes degrada-
tion by the 26S proteasome (38,39) (Fig. 1), an important site
for the degradation of other transcription factors, including
TGF-f (40) and myoblast determination protein 1 (41).

4. Canonical AhR pathway
To further understand the activation of the AhR canonical

pathway (Fig. 1), a strong focus must be placed on the detoxi-
fication mechanism. This pathway begins in the cytoplasm
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Figure 1. Canonical activation of the AhR pathway. In the cytoplasm, AHR resides in a molecular complex, to give it stability (A); this complex is formed
with two Hsp90 proteins, AIP and p23. Following ligand binding, AHR dissociates from the complex and translocates to the nucleus (B). Inside the nucleus,
AHR dimerizes with ARNT (green arrows) to form a heterodimer that binds to the XRE sites on the gene promoters involved in xenobiotic metabolism (C).
Following the activation of response genes, AHR becomes the target of the ubiquitin 3-ligase (D) and undergoes degradation by the 26S proteasome in the
nucleus (E). The activation of the non-canonical pathway (orange arrows) is performed through the binding of AHR to other proteins, such as pRB, RelA or
RelB. In this case, AHR and RelB together bind to other genes with an XRE cis site in their promoter, and activate several genes that participate in growth,
differentiation, metabolism, the cell cycle, cell adhesion, apoptosis, immune response and inflammation (F). AHR, aryl hydrocarbon receptor; Hsp90, heat
shock protein 90; AIP, AHR-interacting protein; ARNT, AHR nuclear receptor translocator; XRE, xenobiotic response elements; pRB, retinoblastoma.

with the binding of a ligand to AHR, which leads not only to a
conformational change in AHR that exposes a nuclear localiza-
tion signal (NLS), but also to the dissociation of Hsp90 from the
complex, which enables the nuclear translocation promoted by
the action of importins (42). Once in the nucleus, AHR dimer-
izes with its partner protein, ARNT, which is also a member
of the bHLH family. The dimerization of AHR and ARNT is
performed through the HLH domains of both proteins (43,44),
and a conformational change in the PAS A region helps stabilize
this union (45). In addition, the phosphorylation of two regions
in the carboxy-terminal of AHR via the protein kinase C is an
important step for DNA binding (46). Once the AHR/ARNT
heterodimer is formed, it binds to promoter regions of target
genes that contain the XRE consensus sequence 5-TNGCGT
G-3'; AHR binds to the T/NGC5'-half-site, while ARNT binds
to the GTG3'-half-site. This sequence is present in several
genes, such as cytochromes; CYP1A1 contains 8 sites, CYP1A2
contains 1 and CYPI1BI contains 3 (47,48). There is also an
exceptional case, the poly/ADP-ribose polymerase, which
contains 16 XRE cis sequences (49). Due to the vast number
of studies on gene expression though AHR activation, several
genes with XREs sequences have now been reported (50).
Some of these genes are involved in xenobiotic metabolism,
including phase I genes such as CYPIAI, CYPIA2, CYPIBI,
CYP2AS5 and CYP4BI, and phase II genes such as aldehyde
dehydrogenase 3 family member Al, glutathione-S-transferase
(GST), NAD(P)H-quinone oxidoreductase-1 (NQOI), UDP

glucuronosyltransferase 1A1 (UGTIAI) and UGTI1A6. Other
genes involved in cell cycle regulation include suppressors such
as cyclin dependent kinase inhibitor 1A (CDKNI; also known
as p21), CDKN4 (also known as p27), retinoblastoma tumor
suppressor protein (pRB) and Kruppel-like factor 6 (KLF6),
and activators such as proto-oncogenes c-Jun and c-Myc. Other
genes involved in other signaling pathways include insulin-like
growth factor (/IGF) binding protein-1, apoptosis regulator
Bcl-2-associated X, cathepsin D, zinc finger protein slug,
nuclear factor kB subunit 1 and vascular endothelial growth
factor A (VEGF) (51-55).

The first two groups (xenobiotic metabolism genes), are
the most studied in relation to AhR pathway activation. The
action of the cytochromes generates modifications in the
xenobiotic compounds that facilitate their degradation, thus
reducing the ligand concentrations in the cells. Most of the
evidence currently available has demonstrated that AHR can
function as an exogenous ligand sensor, since it belongs to a
group of proteins that are known to be environmental sensors,
but several of its ligands are compounds that appeared only
recently in the human ecosystem (the technosphere). It can
therefore be assumed that the canonical AhR pathway might
be a response to the presence of ‘new’ toxic compounds in the
environment (56). In this context, it is important to recognize
the two major functions of AHR: Xenobiotic metabolism
(detoxification) and its physiological role (development). The
high interest in studying this receptor is not only fueled by its
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‘normal’ function, but also its interaction with several other
proteins.

5. Direct interactions between AHR and other proteins

PRB. One of the proteins that directly interact with AHR is
pRB. This interaction occurs in the absence of ARNT (57). Two
binding sites for pRB could be identified at the AHR sequence.
The AHR-pRB complex functions as a co-repressor that inhibits
the progression of the cell cycle by displacing the histone acetyl
transferase p300 from E2F-dependent promoters, consequently
inhibiting the expression of S-phase-specific genes (58,59). In
addition, AhR activation induces the expression of the cell cycle
suppressors p21 and p27; the association of these inhibitors with
cyclin D1 or E inhibits phosphorylation of pRB, and as a result,
the cycle is blocked at the G, phase (60,61).

NF-kf3. NF-xf is another example of a protein that interacts
directly with AHR in the absence of ARNT. Either NF-«[3 subunit
(RelA or RelB) can be involved. Exposure to TCDD induces the
expression of IL-8 through a direct interaction between AHR
and RelB, as this complex binds to a sequence very similar to
XRE (5-GGGTGCAT-3") on the IL-8 promoter (62). However,
TCDD is also responsible for the interaction between AHR and
RelA (63); this complex induces the expression of IL-1f3, tumor
necrosis factor-a, IL-6 (64) and proto-oncogene c-Myc (65).

Nuclear factor-erythroid 2-related factor 2 (NRF2). The
interaction between AHR and NRF2 has been widely studied
in recent times; however, for several years, these two pathways
were thought to be entirely separate. This was due to NRF2 being
a transcription factor that regulates genes containing AREs in
their promoters. Several phase II genes of xenobiotic metabo-
lism, including NOQOI, UGTIAI, UGTIA6 and GST, have ARE
sequences. Therefore, at first glance, exposure to TCDD appears
to activate detoxification via the AhR canonical pathway, with
no involvement of NRF2. The existence of a bidirectional
cross-talk at the genetic level between AHR and NRF2 has
now been well established. The NRF2 promoter has =1 XRE
sequence and the AHR promoter has several AREs (66,67).
Since NRF?2 is a master regulator of antioxidant responses, the
metabolites generated by the xenobiotic metabolism yield the
NRF2 activation to improve the detoxification efficiency.

Estradiol receptors (ERs). Evidence has revealed the anti-
estrogenic action of TCDD-type ligands. The first indication of
this action is the modification activity of CYP1A1l and CYP1BI1
on 17B-estradiol, and the production of a hormonal ligand with
no estrogenic activity (68). Another indication is the binding
of the AHR/ARNT heterodimer to the cis-inhibiting regions
of the target response genes to the ER (69). Finally, the other
molecular event that can explain the anti-estrogenic activity
of AhR activation is the function of AHR as an E3 ubiquitin
ligase towards the ERs that induces their degradation in the
nucleus through the proteasome pathway (70).

6. Non-canonical AhR pathway

With great developments in microarray analysis during the last
few decades, new horizons have been opened up in the field of

AhR research. Upon analyzing the cis regions of promoters
and using chromatin immunoprecipitation, it was discovered
that certain genes that were regulated by AHR have different
sequences from those of the classical XREs; these sequences
are known as non-consensus XRE (NC-XRE) (71,72). One
example of these genes is the plasminogen-1 activator inhibitor
(PAI-1) (73). Certain studies have shown that treatment with
TCDD suppresses hepatic regeneration, as PAI-1 inhibits the
urokinase-type plasminogen activator that is needed to acti-
vate the hepatic growth factor (74). A common characteristic
among these non-consensus promotors is that they contain a
repeated tetranucleotide motif (5'-GGGA-3"); in these cases,
the interaction with ARNT is not necessary (75). With regards
to PAI-1, it is now known that the suppression of hepatic
regeneration is an arrest of cell proliferation caused by the
inhibition of CDK2 activity (76). This blockade depends on
the expression of kinase-dependent cyclin inhibitors such as
p21 and p27, which negatively regulate cell cycle progression
by controlling CDK activity. This regulation can take place
due to the fact that the p21 promoter contains NC-XRE cis
regions (61,77). Recent evidence has suggested that KLF6 can
form a heterodimer with AHR (78), which is able to bind to
NC-XRE cis regions, where several of these family factors
can interact. In fact, KLF4 and KLF6 can also regulate the
expression of CYP1Al in this manner. Structurally, this
interaction takes place in the carboxy-terminal of AHR (where
the bHLH and PAS-A domains are found), which must bind to
the amino terminal of KLF6 (79). This factor also regulates
numerous cellular processes, including proliferation, differ-
entiation and apoptosis (80). Alterations in the expression of
KLF6 are associated with various types of cancer, including
astrocytomas and gliomas (81). In addition, KLF6 can increase
the expression of p21, affecting cell cycle progression (82), as
well as the expression of E-cadherin genes, TGF-f1 and IGF1
receptor (83).

7. Potential therapeutic applications of the crosstalk
between AhR pathways and central nervous system (CNS)
tumors

Much of the knowledge regarding tumor growth is based on
stem cell biology and developmental programs, since several
signals are shared among these pathways. The new directed
molecular therapies are designed to inhibit different tumor
signaling pathways (84). For example, relevant growth factor
pathways are known to be involved in malignant glioma,
including platelet-derived growth factor, epidermal growth
factor, VEGF, hepatocyte growth factor (HGF) and IGF (85).
The physiological effects of AhR activation have been
suggested to play an important role in the modulation of the
immune system and carcinogenesis. AHR can therefore regu-
late inflammatory response and cell-cycle progression (86,87).
AHR is expressed at high levels and is chronically active in
leukemia and lymphoma (88-90), as well as in solid tumors such
as glioblastoma, ovarian cancer (91,92), lung cancer (93,94),
liver cancer (95), and head and neck carcinomas (96). The role
of AhR in cancer is very complex and depends on tumor type.
Evidence has shown that the activated AhR pathway is associ-
ated with tumor growth promotion, but there is also evidence
of its tumor-suppressive activity. Some of the potential
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Figure 2. In astrocytoma and glioblastoma, the activation of the AhR pathway increases the expression of several genes, such as VEGF and TGF-f1 (green
arrows) that are involved in angiogenesis and proliferation processes. In addition, the overexpression of Spl activates the transcription of AHR, increasing its
protein levels. Moreover, there are AHR ligands, such as tryptophan metabolites, produced by the kynurenine pathway in central nervous system tumors such
as astrocytoma (green arrows), which also bind and activate the AhR pathway. The strategies used to control the growth of neoplastic cells in astrocytoma
and glioblastoma (red arrows) mainly involve the use of AHR antagonist. Another target for therapy is the use of complex-associated protein inhibitors to
induce the instability of the receptor. An example of this is NVP-AUY922, which inhibits Hsp90 and induces AHR degradation. Another example is the use
of inhibitors such as mithramycin A and AS1517499, which control the autoinduction of AHR protein expression and stop reactive responses. AHR, aryl
hydrocarbon receptor; VEGF, vascular endothelial growth factor A; TGF-f1, transforming growth factor-B; Hsp90, heat shock protein 90; Spl, specificity
protein 1; TCF1/LEF1, T-cell factor/lymphoid enhancer-binding factor; AIP, AHR-interacting protein; IL, interleukin.

therapeutic applications of AHR activity in the most studied
types of CNS tumors (astrocytomas, medulloblastomas and
neuroblastomas) are explored in the next sections.

Astrocytomas. Also known as gliomas, astrocytomas are a
large group of different types of pediatric and adult tumors
that develop from glial cells; specifically, astrocytomas origi-
nate from astrocytes, which are essential for the structure and
support of neurons. Traditionally, these tumor types were clas-
sified by the World Health Organization (WHO) based only
on histopathological analysis; in fact, based on the presence
or absence of marked mitotic activity, necrosis and micro-
vascular proliferation, tumors were also classified by a WHO
malignancy grading system: Grade II, low grade; grade III
anaplastic; grade IV, glioblastoma. Nowadays, these tumor
types have been reclassified based on their histological and
molecular features (97,98).

AhR research has provided evidence on how this pathway
can be targeted for therapeutic applications. Regarding
astrocytomas in particular, it has been reported that IL-6
induces the transcriptional activation of VEGF, which, in turn,
participates in the induction of angiogenesis in this type of
tumor. As aforementioned, AHR can form a heterodimer with
RelA to trigger the activation of IL-6, which, finally, fosters

de novo angiogenesis-dependent tumor growth (99). In the
context of astrocytic tumors, for instance, it is well known that
glioblastomas are characterized by high expression of STAT6,
a trans-acting factor that can alter the expression of AHR and
other cytokines, such as IL-6 (Fig. 2). It is also known that
AHR regulates its own expression, which may contribute not
only to an increase in the expression of angiogenic factors,
but also to the production of other cytokines, such as TGF-f,
which also promotes tumor growth (100). In fact, it is also
well known that the high expression of STAT6 in glioblastoma
patients is correlated with lower survival rates and has been
identified as a potential prognostic marker (101).

In addition to study of the canonical AhR pathway and
its activation by PAH-type ligands, research is underway to
establish an association between the activation produced by
the exposure to xenobiotic compounds and the development of
CNS tumors. The current hypothesis is that the genetic variants
of the receptor can modify and/or increase the risk of glioma
development following exposure to PAH, and thus establish
the gene-environment interaction that leads to the develop-
ment of glioma (102). The first direct epidemiological study
to provide this type of evidence was that of Gu er al (102),
which consisted of a case-control study of 384 glioma cases
and 384 cancer-free controls in a Chinese population. It was
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proposed that two polymorphisms of the AZR may increase
susceptibility to glioma development, and hence to the forma-
tion PAH-DNA adducts, thus consequently increasing the
risk of carcinogenesis in glial cells. This was evidenced by
the staining of DNA-PAH adducts, which revealed an asso-
ciation between staining intensity and glioma grade (102). A
study showed that cigarette smoking had no effect on glioma
development, since smoking is not the principal factor in
PAH-DNA adduct formation; in fact, exposure to air pollutants
or the smoke generated by the burning of organic material has
greater effects on glioma formation than smoking (103).

As aforementioned, changes in the expression of the
xenobiotic metabolizing genes, such as cytochromes CYPIA]
and CYPIA2, are produced by AhR activation. However,
exposure to an AHR agonist, 3,3'4,4',5-pentachlorobiphenyl
(penta-CB), a coplanar polychlorinated biphenyl, unexpect-
edly does not cause a significant transcriptional activation
of CYPIAI in C6 glioma cell lines (104). In addition, when
comparing 4HIIB hepatoma and C6 glioma cell lines, the over-
expression of genes that participate in tumor promotion and
progression, protein processing, programmed cell death and/or
metastasis was identified in glioma cells (104). Moreover, in
the C6 glioma cell line, significant overexpression of galectin-1
was observed, which is known to permit protein-protein inter-
actions and may influence the progression of the cell cycle and
other cellular functions (104). These data confirmed that certain
AHR ligands, such as penta-CB, causes tissue-selective chro-
matin remodeling via histone deacetylase inhibitors; as a result
AhR induces the expression of specialized genes associated
with carcinogenesis in glioma cells (104). On the other hand,
it is well known that AhR and TGF-f signaling are mutually
regulated in a cell-specific manner (105). Furthermore TGF-f3
is a crucial factor in the malignant phenotype of glioblastomas
and is also a downstream target of AhR signaling (105). In
addition AHR can activate the expression of latent TGF-f
binding protein 1 (LTBP-1), a protein characterized as crucial
in the TGF-f activation in gliomas (Fig. 2), such that a
strengthened signal regulated by AHR is doubly established
in glioblastoma cells (105). Consequently, the LTBP-1/TGF-f3
pathway in glioma cells promotes proliferation, clonogenicity
and invasiveness, and more importantly, the use of an AhR
antagonists, such as CH-223191 or AHR gene silencing blocks
these effects (105). Therefore, AHR antagonists may be useful
for managing and controlling glioma growth.

In addition, astrocytomas have been associated with the
high expression of Wnt signaling transcription factors such as
TCF-1 and LEF-1 (Fig. 2). It has also been demonstrated that
LEF-1is capable of distinguishing grade IT and IIT astrocytomas
from glioblastomas, and it may therefore be considered an
important marker of progression (106). Considering this, along
with the fact that the AHR promoter has TCF/LEF binding
sites, it stands to reason that an increase in the expression of
AHR may also participate in astrocytoma progression (Fig. 2).
In all cases cited herein, the application of AHR antagonists
could have therapeutic effects; such treatments could have
the ability to reduce the synergistic effects of AhR among
other pathways and, perhaps, be able to improve responses to
surgery or chemotherapy. It has been shown, for example, that
the use of Hsp90 inhibitors, such as NVP-AUY922, increases
the cytotoxic effect of ionizing radiation in different cancer

cell lines, including glioblastoma cell lines (107). Notably,
two Hsp90 proteins are part of the AHR complex and play an
important role in the stabilization and structure of the active
receptor. The use of this inhibitor would not allow Hsp90 to
bind to AHR in the correct way, thus leaving the receptor labile
in the cytoplasm, where it is a target for degradation (Fig. 2).

Otherwise, in the context of tans factors such as Spl,
which is known to be increased in glioblastoma cell lines,
these in fact bind to GC-rich cis regions in the AHR promoter,
therefore increasing receptor transcription and protein
level. Mithramycin A is a chemotherapeutic agent used in
the treatment of solid tumors (Fig. 2); it has been shown to
be an inhibitor of Spl and to reduce the secretion of metal-
loproteinases in astrocytoma cell lines, thus reducing the
production of VEGF and, as a result, decreasing glioma cell
migration (108). This mechanism may be a consequence of the
low expression of AHR, which, in turn, reduces the levels of
IL-6, finally leading to a decrease in VEGF expression (99).
Another way to control the inductive effect of AhR is through
the use of STAT6 inhibitors such as AS1517499, which, syner-
gistically with AHR antagonists, reduce the production of the
receptor, thus controlling the effects of angiogenesis and cell
proliferation (Fig. 2) (109). Functional, genomic and molecular
studies have confirmed that the endogenous expression of
AHR protects against glioblastoma cell invasion and growth.
Using CRISPR/Cas9 in the U87 cell line and patient-derived
cells to stably knockout AHR expression or downregulate
expression using RNA interference against AHR, resulted
in an increase in cell invasion in Boyden chamber and 3D
tumor spheroid assays, and also enhanced cell migration in
scratch assays. These results confirmed that AHR exhibits a
tumor-suppressive role in glioblastoma cells and functions as
an inhibitor of glioblastoma cell invasion (110). These findings
are of extreme importance, since they revealed the endogenous
function of AHR when used as a therapeutic target. Notably,
ligands are only used to modify the expression patterns and
not to completely block its activity.

Medulloblastomas. Medulloblastomas are primary
cerebellar tumors and the most common type of malignant
brain tumor in children with a global incidence of 0.49 per
100,000, accounting for ~20% of all pediatric tumors of the
CNS and 64.9% of all embryonal tumors in children and
adolescents (age 0-19 years) in 2008-2016 (111-113). The
medulloblastomas cell origin remains elusive, but is thought
that they originate from abnormally proliferating cerebellar
granule neuron precursors (GNPs) and/or multipotent neural
stem cells (NSCs) (114,115). These types of tumor occur
exclusively in the posterior fossa, and their typical treatment
consists of a combination of chemotherapy and surgical
resection (116,117). Medulloblastoma survivors suffer
sequelae, including cognitive deficits, and problems with
neuroendocrine functions and fertility (118,119). Different
treatment options are therefore required. Recent insights
into the biology of medulloblastoma have revealed molecular
features that improve its categorization into molecular
subgroups: Wnt, sonic hedgehog (Shh), group 3 and group 4
(both classified as non-Wnt/Shh) (120). However, this classi-
fication has not yet been used for risk stratification in clinical
trials.
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Figure 3. Increased expression of c-Myc is the main characteristic of medulloblastomas, and could be a result of the overexpression of AHR, a transcriptional
activator (blue arrows). This, in turn, induces an increase in Hesl gene expression and causes proliferation (green arrows). Another aspect is the activation of
several genes due to the action of AHR/RelB, including those responsible for IL-6 secretion and inflammation. Data have suggested that the best therapeutic
strategy is to antagonize the AhR pathway (orange arrow). AHR, aryl hydrocarbon receptor; IL, interleukin.

GNPs express high levels of AHR in the external germinal
layer of the developing cerebellum, with the abnormal activa-
tion or deletion of AHR leading to the dysregulation of the
GNP cell cycle and maturation. A stable AHR-knockdown in
a DAOY medulloblastoma cell line revealed an impaired G,
to S transition, decreased DNA synthesis and reduced prolif-
eration. These effects are also correlated with the decreased
levels of the proliferative gene Hesl and increased levels of
the cell cycle inhibitor p27. All the alterations were reversed
following the supplementation of human AHR. These results
demonstrated that the abnormal activation or suppression of
AHR could dysregulate the GNP cell cycle and promote the
proliferation of medulloblastoma cells (121). c-Myc is known
to be significantly involved in the generation of the malig-
nant properties of medulloblastoma cells. This carcinogenic
process also has a synergistic action with HGF expression,
which contributes to the process of becoming malignant.
Despite the fact that AHR contains in its promoter sequence
a cis E-box, it is highly plausible that the overexpression of
c-Myc increases the expression of AHR, exerting effects that
may favor cell growth and proliferation (122). In these cases,
the use of AHR antagonists will be useful for controlling cell
proliferation (Fig. 3).

With regards to Shh medulloblastoma in particular, some
cells are cancer-propagating cells (CPCs) that express SOX2;
this signal is essential for tumor stem cell maintenance.
These cells do not lose their proliferation capacity following
anti-mitotic chemotherapy and are eventually responsible for
tumor relapse. The AHR function has recently been linked
to CPCs and tumor stem cell maintenance; in fact, AHR

was shown to regulate the balance between quiescence and
proliferation. This was demonstrated in AHR-deficient
animals, which exhibited decreased quiescence and increased
tumor stem cell proliferation (123). This finding suggested
an important tumor-suppressive role of AHR in mouse Shh
medulloblastoma.

Neuroblastomas. Neuroblastoma is a type of cancer that occurs
in young children and starts early during embryonic or fetal
development, the median age at diagnosis is between 16 and
24 months (124,125). Neuroblastoma is the most frequent type
of solid extracranial tumor in children which represented 3-8%
of childhood malignancies worldwide in 2001-2010 (126,127).
This tumor type is derived from early nerve cells called neuro-
blasts, most of which develop in the adrenal glands; however,
some of them can expand to other areas, such as the thorax,
spinal column, medulla or abdomen (128,129). In vitro studies
have revealed that the overexpression of AHR induces cell
differentiation, and that the expression of the receptor is highly
correlated with the histological grade of differentiation of the
tumors (130,131). AHR was recently reported to be expressed
in the cerebellar GNPs during the early postnatal period,
where it regulates the growth and differentiation of granule
neuroblasts (132). AHR-deficient mice have been shown to
display a diminished neuronal differentiation in the dentate
gyrus, with the knockout of AHR causing oculomotor and
optic nerve deficits in a mouse model (132). This suggested that
the overexpression of AHR promotes neural differentiation in
neuroblastoma cells. Antecedents in breast cancer cells reveal
that c-Myc, an oncogene whose promoter contains 6 XREs, is
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repressed by the constitutive expression of AHR (133). This
interaction may occur due to the action of the E2F1 protein. It is
not yet clear which protein establishes a direct interaction with
AHR on the promoter of the c-Myc gene in neuroblastoma cells
to produce this repression. It is, however, plausible that it forms
a co-repressor complex upon interacting with E2F1, similar to
the effect described in MCF-7 breast cancer cells, where AHR
interacted with the pRB protein (134). A recent study has shown
that AHR plays an important role in neurogenesis and differen-
tiation, as aforementioned, since its receptor contains cis binding
sites for trans factors expressed in the early stages of develop-
ment and differentiation, such as brain-specific homeobox/POU
domain protein 3B (135).

Using an SK-N-SH NB cell line treated with catabolites of
the corticosterone tetrahydrocorticosterone (THB), 5a-THB
or 5p-THB, for 3 days, the neuronal differentiation markers,
growth-associated protein 43 neurofilament heavy chain
and neuron-specific enolase were found to be upregulated.
The mRNA expression of SOX10 and MBP, which are early
markers of myelinating cells, was also found to be upregulated
in the treated cells. These results showed that Sa- and S3-THB
promote the expression of neuronal and myelinating glial differ-
entiation markers in SK-N-SH NB cells, revealing a potential
therapeutic use for Sa- and 5-THB in neuroblastoma (135).
However, the presence of a ligand such as TCDD interrupts
neurogenesis. Therefore, in neuroblastoma tumors, AHR acts as
a tumor-suppressive gene and promotes cell differentiation. A
study has suggested that the parents of children suffering from
neuroblastoma were probably exposed to xenobiotic-type AHR
ligands during the prenatal period, and that this suppression of
neuronal development was the consequence of inhibiting the
normal function of AHR (131). This could be a new method of
establishing the association between environmental contami-
nants and the genesis of tumors such as neuroblastoma (131).

Kynurenine (KYN) pathway. AhR pathway activation by
environmental xenobiotic compounds has already been
discussed in the present review; however, certain endogenous
ligands could also activate this pathway. The tryptophan
catabolite kynurenine (KYN) was the first endogenous ligand
described for AHR. KYN is produced by the KYN pathway
among other neuroactive metabolites, including KYN acid,
3-hydroxykynurenine, anthranilic acid, 3-hydroxyanthranilic
acid, picolinic acid (PIC), N-methyl-D-aspartate agonist and
quinolinic acid (QUIN), from which NAD" is synthetized.
In the CNS, the kynurenine pathway metabolizes ~95% of
tryptophan (136). Nowadays, it is well known that, in CNS
tumors, the AhR-kynurenine pathway is active and associated
with malignant progression and poor survival.
Neuroblastoma cells overexpress 2,3-dioxygenase enzyme
and suppress o-amino-f-carboxymuconate-¢-semialdehyde
decarboxylase (137). In addition, these cells produce more
QUIN, a neurotoxin, and less PIC. PIC is a neuroprotective
metabolite with antiproliferative effects (138) that produces
the characteristic neurotoxicity of CNS tumors (139); this
neurotoxicity is comparable to the necrotic effect observed
in multiforme glioblastomas due to the release of glutamate,
which is excessively neurotoxic and causes neuronal
death (140). In addition, it is clear that the KYN produced by
these tumors in gliomas acts as an immune suppressor, and

promotes the survival and motility of tumor cells by activating
the AhR pathway. Therefore, there is an association between
tumor progression and low survival rates in patients with
high AHR expression (141). The KYN-AhR pathway can be
used as a target in therapeutic applications for CNS tumor
growth control, as KYN is a proven ligand for AHR. The use
of antagonists, including certain aromatic compounds such as
flavones and polyphenols, could block the pathway activation
and stop tumor growth (142,143).

8. Conclusions

Based on the analysis of the molecular biology, biochemistry
and physiology of the AhR and its pathway, the following
conclusions can be reached: i) Certain transcription factor
inhibitors could be used to increase the protein levels of AHR
and, as a result, since AHR regulates several cell processes,
it may be possible to achieve the important control of some
cellular processes by inhibiting the activity of AhR pathway
in malignant tumors of the CNS. ii) Compounds that can
antagonize the canonical AhR pathway could also be used
as treatment, such as the flavones. This field has not yet been
fully explored, and future research should be conducted with
the objective of progressively broadening targets and possi-
bilities for the control of tumors, based on studies of the AhR
pathway. iii) It is important to explore compounds that can
inhibit the components of the cytoplasmic AHR complex,
such as Hsp90 (for which one already exists, NVP-AUY922),
ATP and p23. This reduces the stability of the receptor in
the cytoplasm, which is rendered highly labile and can be
degraded, indirectly inhibiting the activator effect of various
cell processes. iv) Another matter that requires attention is
the fact that not all the processes that AHR regulates are
directed towards activating/increasing responses; some are
directed towards inhibiting responses. One such process is
the interaction between AHR and KLF6, which activates
transcription and increases the protein expression of p21,
thus blocking the cell cycle progression. For that reason, it
is important to conduct analyses to confirm these processes
and determine whether they involve activation or repression.
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