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Abstract The aryl hydrocarbon receptor (AHR) is a ligand-
activated transcription factor best known for its ability to me-
diate the effects of environmental toxins such as 2,3,7,8-
tetrachlorodibenzo-p-dioxin (TCDD or dioxin), polycyclic ar-
omatic hydrocarbons (PAHs), benzene, and polychlorinated
biphenyls (PCBs) through the initiation of transcription of a
number of metabolically active enzymes. Therefore, the AHR
has been studied mostly in the context of xenobiotic signaling.
However, several studies have shown that the AHR is consti-
tutively active and plays an important role in general cell
physiology, independently of its activity as a xenobiotic re-
ceptor and in the absence of exogenous ligands. Within the
pituitary, activation of the AHR by environmental toxins has
been implicated in disruption of gonadal development and
fertility. Studies carried out predominantly in mouse models
have revealed the detrimental influence of several environ-
mental toxins on specific cell lineages of the pituitary tissue
mediated by activation of AHR and its downstream effectors.
Activation of AHR during fetal development adversely affect-
ed pituitary development while adult models exposed to AHR
ligands demonstrated varying degrees of pituitary dysfunc-
tion. Such dysfunction may arise as a result of direct effects

on pituitary cells or indirect effects on the hypothalamic-
pituitary-gonadal axis. This review offers in-depth analysis
of all aspects of AHR biology, with a particular focus on its
role and activity within the adenohypophysis and specifically
in pituitary tumorigenesis. A novel mechanism by which the
AHR may play a direct role in pituitary cell proliferation and
tumor formation is postulated. This review therefore attempts
to cover all aspects of the AHR’s role in the pituitary tissue,
from fetal development to adult physiology and the patho-
physiology underlying endocrine disruption and pituitary
tumorigenesis.

The AHR: Structure, Function, and Xenobiotic
Signaling

Aryl hydrocarbon receptor (AHR) is best characterized with
regards to its xenobiotic function as a mediator of environ-
mental toxin processing through the transcriptional regulation
of genes that degrade, metabolize, and excrete toxins includ-
ing dioxins, polycyclic aromatic hydrocarbons (PAHs), ben-
zene, and polychlorinated biphenyls (PCBs) [1]. The AHR is a
cytosolic ligand-activated transcription factor belonging to the
basic helix-loop-helix (bHLH)/Period (Per)-aryl hydrocarbon
receptor nuclear translocator (ARNT)-single minded (SIM)
(PAS) family of transcription factors. The structure of the
AHR gene and protein is similar to other members of the
bHLH/PAS family members, although among this family of
transcription factors, the AHR is the only one that requires
ligand activation [2]. The AHR gene located on chromosome
7p21 in the human karyotype is highly conserved in animals
and expressed in almost all tissues, indicating a ubiquitous
role in general cell physiology [3]. The AHR protein is com-
posed of several structural domains, an N-terminal bHLH do-
main responsible for DNA binding, a glutamine-rich C-
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terminal transcriptional activation domain (TAD), and a me-
dian PAS domain with two degenerate repeats, PAS-A and
PAS-B, that serve as ligand binding domains and mediate
interactions with a number of other proteins including chap-
erones (Fig. 1). The region containing the two PAS domains
and part of the bHLH domain is responsible for the formation
of heterodimers between AHR and other PAS domain contain-
ing proteins such as ARNT which is an essential partner for
the xenobiotic activity of AHR [4].

In the absence of exogenous or endogenous ligands, the
inactive AHR is held in the cytosol in a complex made up of
the heat shock protein 90 (HSP90), p23, and the AHR-
interacting protein (AIP) co-chaperone proteins [5]. In the
presence of an agonist, ligand binding to the AHR causes a
conformational change that exposes the nuclear localization
sequence (NLS) and results in its nuclear translocation. Upon
entering the nucleus, AHR, with the help of its transcription-
ally active partner ARNT, dissociates from its chaperone com-
plex and heterodimerizes with ARNT, forming a transcription-
ally active complex which is required for DNA binding [6, 7].
The AHR/ARNT heterodimer directs transcription of target
genes that have the consensus xenobiotic response elements
(XRE)—5′T/GnGCGTGA/CG/CA-3′—in their promoter re-
gions [8, 9]. Once AHR has completed its function, it is
exported outside the nucleus where it is degraded by the
proteasome-ubiquitin system [10]. Figure 2 below highlights
the principal stages of canonical xenobiotic signaling in re-
sponse to AHR agonists.

Ligand-activated AHR mediates the transcription of xeno-
biotic metabolizing phase I and phase II enzymes, most nota-
bly, the cytochrome P450 (CYP) family of enzymes. Phase I
enzymes most commonly transcribed in response to AHR
activation include CYP1A1, CYP1B1, and CYP1A2 while
well-known phase II responsive genes include glutathione S-
transferase (GST), NADPH, and UDP-glucuronosyltransfer-
ase. These enzymes can metabolize and degrade AHR ago-
nists into harmless substances that can be cleared by the body
[11]. Another very important AHR target gene is the AHR
repressor (AHRR); the function of which is to directly inhibit
AHR transactivation by competing with ARNT for the

activating site on the receptor and hence, upon binding
AHR, renders it inactive. Being a transcriptional target of
AHR, AHRR exerts a direct negative feedback on the xeno-
biotic response of AHR by limiting its activation [12].
Similarly, phase I enzymes such as the CYP proteins act as
negative feedback controls by degrading the xenobiotic toxins
that activate the AHR. In fact, the half-life of inactive AHR
protein is 28 h while the half-life of agonist-activated AHR is
around 3 h, demonstrating the importance of this negative
feedback loop in restricting AHR activation [13].

Besides being tightly regulated, AHR responses are also
ligand- and cell context-specific. Similar agonists can cause
different responses in different cell types, and similarly, dif-
ferent agonists may cause activation of different response
pathways in the same cell type. Studies aimed at the identifi-
cation of endogenous activating ligands of the AHRwhich are
likely to account for its constitutive activity in the absence of
known exogenous environmental ligands have been reported
in the literature [14]. More recently, the expression of a novel
target of AHR, stanniocalcin 2 (STC2), was noted to be in-
creased by the novel endogenous ligand cinnabarinic acid but
not by classical exogenous agonists TCDD and benzo α-
pyrene (BαP) in primary hepatocytes, while in regulatory T
cells, cinnabarinic acid, but not TCDD, stimulates the produc-
tion of interleukin-22 through AHR activation and transcrip-
tional regulation [15, 16]. Novel endogenous agonists of AHR
have been identified from metabolic by-products, such as
kynurenine, which is a relatively weak AHR agonist produced
from the metabolic breakdown of tryptophan and capable of
activating AHR sufficiently to elicit a noticeable response in
many cell contexts [17].

Murine models have established that environmental toxins,
TCDD in particular, require the presence of a functional AHR
protein to impact the biology of living cells. Using AHR
knock out mice, three studies have shown that TCDD toxicity
is abolished in the absence of a functional AHR. However, the
observation of other seemingly unrelated phenotypes in these
mice including reduced reproductive ability, lower body
weight, decreased liver size with fibrotic bodies, impaired
immune response, and hypertrophy or hyperplasia of a

Fig. 1 AHR protein domains and
the relevant amino acid sequences
responsible for interactions with
other proteins. bHLH basic helix-
loop-helix, PAS PerARNT-Sim
homology domain, NLS nuclear
localization sequence, NES
nuclear export sequence
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number of organs with age [18–21] prompted a search for a
role for AHR that went beyond that of a xenobiotic biosensor.

Non-xenobiotic Functions of the AHR

TheAHR is highly conserved in several invertebrates and verte-
brates but it is only in the higher vertebrates that it is able to bind
and detoxify harmful substances indicating that this function is a
late development in the evolutionary biology of this receptor.
However, theAHRisunable to fullymetabolizeall its substrates.
TCDD, which is a potent activator of AHR, is itself very slowly
and incompletely degraded by AHR-mediated enzyme activity
[22]. The arrival of novel high-throughput technologies further
highlighted thecomplexandvariablenatureof theAHRbiology,
providing increasing evidence for a role of theAHRbeyond that
of a xenobiotic receptor.

RNA expression profiles comparing AHRwild-type mice to
AHR-null mice in the absence of exogenous ligands identified
differential expressionof around400genes in the liver, showcas-
ing the constitutive role of AHR in hepatic biology [23].
Similarly, complementary chromatin immunoprecipitation
DNA microarray of AHR binding sites revealed that around
50% of AHR protein was bound to DNA regions lacking an
XRE core sequence after TCDD treatment, thereby increasing
the spectrum of putative AHR target genes beyond that
encompassing classical xenobiotic response genes [24]. There
is now an increasing body of evidence supporting a role/s of
AHR in cellular homeostasis, including cell cycle regulation,

epithelialbarrier function,cellmigration,andalterationof immu-
nological responses.

Involvement in Tissue Development and Differentiation

In mouse models, AHR protein is detectable from day 10 post
fertilization. The observed severe developmental problems in
AHR-null mice support a role in normal development [25].
Additionally, female mice treated with dioxin during pregnancy
have significantly smaller pups and smaller litter sizes, and lose
more pups during the pregnancy. The pups also suffer growth
retardation and delayed or absent sexual development, possibly
through a direct or indirect effect on the hormone physiology
responsible for sexual maturity [26–30]. In humans, children
whose mothers were suspected to have been exposed to dioxin
during pregnancy also have disorders of sexual differentiation
and maturation [31, 32]. The AHR has been shown to be an
important regulator of hematopoietic stem cell (HSC) differenti-
ation, with the AHR acting as a repressor of HSC proliferation
anddifferentiationbymaintaining these cells in aquiescent state.
According to the authors, AHR is required tomaintain a popula-
tion of HSCs to ensure the development of new hematopoietic
cells [33]. TCDD-treated mice undergo thymic atrophy leading
to a decreased number of Tand B cells which fail to mature [34,
35].Owing to its role in regulatingBandTcell populations,mice
lacking functional AHR develop lymphomas due to the lack of
AHR-induced repression of B and T cell proliferation [36]. In
hematopoietic progenitor cells, AHR mediates cell fate, with
chronic AHR activation causing megakaryocyte differentiation

Fig. 2 Classical AHR-directed
xenobiotic signaling in response
to an AHR exogenous or
endogenous agonist. Upon
binding the ligand, AHR
translocates to the nucleus where
it dissociates from its cytoplasmic
complex and heterodimerizes
with ARNT. The AHR/ARNT
complex binds to target
xenobiotic response elements
(XRE) containing the consensus
binding sequence and recruits
transcriptional machinery to
facilitate the transcription of AHR
target genes. This is followed by a
series of negative feedback
mechanisms that restrict AHR
activity and minimize the
cytotoxic impact of the agonist on
target cells
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in mice [37]. AHR was also shown to regulate the metabolic
ability of regulatory type 1T (Tr1) cells through its interaction
with hypoxia-induced factor 1α (HIF1α), promoting differenti-
ationofTr1cells innormal conditions,while inhypoxicenviron-
ments, HIF1α inactivates AHR, inhibiting Tr1 differentiation
[38]. AHR also interacts directly with SOX2, a master regulator
of Bstemness^ that determines cell fate in multiple cell types,
throughwhichAHRisable todeterminethedevelopmentofstem
cells in breast cancer [39]. The influence of AHRparticularly on
cell lineages of immune cells proposes a putative role for the
AHR in regulating immune system responses, an avenue that
has lately garnered significant interest in the field of cancer im-
munotherapy [40, 41].

Involvement in Inflammation and Immunity

AHR has been shown to alter both the innate and adaptive im-
mune response systems in mouse models. AHR-null mice chal-
lenged with liposaccharide (LPS) led to much lower cytokine
expression when compared to wild-type, with putative XREs
found on the promoters of genes for the interleukins IL-1β, IL-
6, Il-8, and IL-21 in different cell settings and with different
mechanismsofaction [42–44].Asa result, severalAHRagonists
have been shown to elicit inflammation, particularly by direct
topical exposure on skin, leading to tumor formation in mouse
models [45,46].Murineskin tissueexposed toAHRagonistshas
increasedexpressionon IL-1β,Tnf, Il-6,Tgfβ, andCyp1b1genes
in additional to chronic inflammation [47]. Similar effects on
cytokine and chemokine levels have been observed in various
other tissues, suchasgliomas andbreast andhematopoietic cells,
and have been shown to be a result of the interaction between
AHRandmembersof thenuclear factorNF-κβ,RelA (p65), and
RelB [48–50].AHRwas also able to potentiate the expression of
the prostaglandin COX2 in response to BαP agonist in cells of
epithelial origin through anXRE located on theCOX2 promoter
[36, 51]. The AHR has also been shown to regulate B and Tcell
function and may be involved in immune tolerance. TCDD sig-
nificantly inhibited the ability of CH12.LXB cells from becom-
ing activated, and expressed immunoglobulins in response to
LPS presence [52]. TCDD also induced expression of the sup-
pressor of cytokine signaling (Soc2) gene in B cells further
immunosuppressing the response to microbial presence [53]. In
fact, the potential immunosuppressive role of AHR agonists has
been proposed as a target for immunotherapy in cancer.
Tryptophan metabolites such as kynurenine act as endogenous
agonists of the AHR and play a significant role in immune toler-
ance of tumor cells resulting in dendritic cells with defective
antigenpresentationandmayalsorepressTcell function[54,55].

Involvement in Cell Cycle and Cancer

Several lines of evidence also indicate a role for the AHR in
regulation of the cell cycle and hence cell growth and

proliferation and an emerging; albeit unclear, role in cancer
biology is gradually being revealed. Studies carried out on
several cell lines have shown that AHR activity, both in the
presence and absence of applied exogenous ligand, is able to
alter cell cycle progression. Rat 5L hepatoma cells treated with
TCDD showed a marked reduction in cell cycle progression,
with knock down of AHR resulting in loss of this behavior
[56–58]. Addition of different AHR agonists was able to sig-
nificantly reduce cell proliferation in a number of studies
[59–61]. Interestingly, removal of AHR in some cell types
also resulted in cell cycle arrest in specific cell lines of liver,
epithelial, and breast origin [58, 62, 63]. Although several
studies reported the cell cycle-regulating ability of AHR re-
quires an AHR-activating agonist, other studies on varying
cell types reported a non-agonist-driven mechanism of AHR
action. Transient over-expression of AHR in murine embry-
onic fibroblast 3T3-L1 cells repressed cell cycle progression
in the absence of any exogenous activating ligand [64].
Similarly, AHR protein lacking a ligand transactivation do-
main was still able to lower cell proliferation rates in MCF-7
cells [61]. Bone osteosarcoma SAOS-2 cells over-expressing
AHR undergo a reduction in S phase transition both in ligand-
stimulated and unstimulated conditions, indicating that ligand
activation of AHR is not required for the cell cycle repression
to occur in these cells [65]. An analysis of AHR expression in
967 established cancer cell lines found relatively high expres-
sion in chondrosarcomas, esophageal, pancreatic and liver cell
types while many leukemic cell types had low expression of
AHR [66]. However, since most of this work was carried out
in immortalized cell lines with genetically modified cell cy-
cles, these results must be interpreted with caution.

However, murine models also replicate some findings ob-
tained from cell cultures. AHR-null mice display
hyperproliferative growth of stomach tissue [18, 25] while
mice with defective AHR display higher indices of prolifera-
tion, polyploidy, and inflammation, thereby showing that the
role of AHR on cell cycle and proliferation is highly cell-
specific [67, 68]. AHR was greatly reduced in mouse liver
tumors resulting from retinoblastoma (Rb) gene ablation
[69], and AHR-null transgenic adenocarcinoma of mouse
prostate (TRAMP) mice develop prostate tumors with much
greater frequency than that of wild-type mice [67, 70].
Similarly, diethyl-nitrosamine-treated AHR-null mice devel-
oped hepatic tumors in much greater frequency than AHR
wild-type mice [68]. Some human tumors also display altered
AHR signaling. Primary leukemia cell cultures from patients
with acute lymphoblastic leukemia had reduced expression of
the AHR gene [71] while cancerous tissue in breast, lung,
gastric, pancreatic, and prostate tissues had higher AHR ex-
pression [72–78]. Therefore, although several lines of evi-
dence exist to validate a role for AHR in the regulation of cell
cycle and cell proliferation, the evidence does not point to a
clear indication of whether AHR acts as an oncogene or tumor
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suppressor, and this is likely due to cell-type and agonist spec-
ificity that alter its behavior in relation to the cell cycle, as is
the case for its xenobiotic function.

Studies regarding the mechanism(s) by which AHR inter-
acts with the cell cycle demonstrated a number of interesting
avenues. Ge and Elfrink [79] and Puga and colleagues [65]
revealed a direc t interact ion between AHR, the
hypophosphorylated retinoblastoma (Rb) protein, and the
transcriptional cofactor p300 in 5L hepatoma and MCF-7
b rea s t c a r c i noma ce l l s . The Rb pro t e i n in i t s
hypophosphorylated or active state inhibits the G1/S transition
by binding to and repressing E2F transcription factors which
are responsible for progression into the S phase and DNA
replication [80]. AHR binds to active Rb and maintains it in
its hypophosphorylated state, thereby prolonging the inhibi-
tion of E2F factors and causing cell cycle arrest [65]. Another
mechanism that has been proposed involves the increased
transcriptional expression of cell cycle regulator genes, in par-
ticular CDKN1B, coding for p27/Kip1, and CDKN1A, coding
for p21/Cip1 proteins which are important inhibitors of cyclin-
dependent kinases (CDKs) and hence inhibitors of the cell
cycle [81–83]. AHR has been shown to induce expression of
the p27 gene in murine cell lines following TCDD addition
while in vivo murine models have been shown to respond to
TCDD by induction of p21 gene expression [83, 84]. Mouse
liver cells undergoing regeneration after partial hepatectomy
revealed that p21 expression was induced by TCDD during
regeneration suppression and that transactivation of p21 gene
expression was occurring directly through AHR binding to the
Cdkn1a promoter containing a 5′-GGGA-3′ tetranucleotide
repeat motif which the authors termed the non-consensus xe-
nobiotic binding site (NC-XRE). Therefore, the AHR may be
able to modulate cell cycle progression through both XRE and
NC-XRE pathways which are likely to act synergistically or
antagonistically depending on cell type and presence of ago-
nist [84]. Additional mechanisms by which AHR might be
involved in tumorigenesis include the transcriptional targeting
of genes involved in cancer formation, such as fibroblast
growth factor 9 (FGF9) and vascular endothelial growth factor
A (VEGFa), both potent mediators of cell growth and angio-
genesis which possess XREs in their promoters and have been
shown to increase in expression in response to AHR agonists
in head and neck squamous cell carcinoma cell lines [85].
Additionally, the ability of AHR to influence inflammatory
cytokines described earlier may play a role in mediating local
cell growth through pro-inflammatory responses. A summary
of these mechanisms is given below (Fig. 3).

The AHR has also been implicated in other aspects related
to carcinogenesis, most notably apoptosis and cell migration;
both of which are hallmarks of cancer progression and metas-
tasis. TCDD inhibited apoptosis in a several lymphoma cell
lines through altered COX-2 and Bcl-2 expression [36]. A
comparison of 1c1c7 cells having functional AHR to others

with reduced AHR expression found a difference in process-
ing of caspases leading to different responses to pro-apoptotic
signals [86]. Some studies have indicated the presence of an
activated AHR during cell contact loss involving Jun N-
terminal kinase (JNK) activation, and several cell lines have
increased cell migration with an activated AHR [76, 87–89].
AHRwas also shown to regulate the expression of several key
genes involved in cell adhesion, such as E-cadherin, proteases,
cytokines, and cytokines that can influence cell adhesion and
migration [76, 90, 91]. However, the influence of AHR on
cell–cell contact and migration might once again be cell con-
text-specific. In triple-negative breast cancer (TNBC), in-
creased tryptophan metabolism resulted in increased
kynurenine, an endogenous AHR ligand. The subsequent ac-
tivation of AHR resulted in resistance to anoikis and increased
metastatic potential in TNBC through increases migration be-
havior, a result which was confirmed using classical AHR
agonists TCDD and BαP [92, 93]. Inversely, in lung cancer
models, increased expression of AHR was able to inhibit mi-
gration through an increase in autophagy [94]. Similarly,
4T1.2 rodent mammary tumor cells treated with TCDD
showed a 50% reduction in metastasis to the lungs and mam-
mary glands [95]. Therefore, once again, the elusive nature of
AHR biology on cell carcinogenesis is greatly dependent on
context although a clear functional impact is repeatedly
reported.

Crosstalk with Other Signaling Pathways in Cancer

Adding to the complexity of AHR’s biological role, it has now
been clearly established that AHR signaling crosstalks with a
number of other pathways which can affect each other in turn
and hence complicate further the degree of variability that is the
function of AHR. Of particular interest are the interactions be-
tween AHR and hormonally regulated nuclear hormone recep-
tors and their role in carcinogenesis. AHR has been shown to
interact functionally with the estrogen receptor α (ERα) and
repress its transcriptional activity by sequestering it to the XRE
onAHR target genes. TCDDwas able to repress ER target gene
expression in the presence of estradiol in MCF-7 cells, an ER-
positive breast cancer cell line. Additionally, AHR enhanced the
proteosomal degradation of ERα [96, 97]. AHR also interacts
with two members of the NF-κβ family, RelA (p65) and RelB
[50, 98]. Interaction with these proteins potentiated the expres-
sion of the oncogene Myc, which contains six XRE sites on its
promoter, in particular breast cancer cell lines [49]while another
studyfoundthatAHRrepressesMycexpressioninanotherbreast
cancer cell line,Hs578T, since removal of the sixXREs from the
Myc promoter resulted in a fivefold increase in MYC-reporter
activity [99]. AHR has also been shown to interact functionally
with the cAMPsignaling pathway, an important secondarymes-
senger cascade pathway regulating a number of functions in al-
most all cell types, particularly in endocrine cells where cAMP
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regulates hormone secretion [100]. cAMP stimulation through
forskolin treatment of Hepa1 cells resulted in localization of
AHR to the nucleus without the requirement of its DNA-
binding partner ARNT. The authors hypothesize that activation
through cAMP causing the AHR to change conformation
allowingnovel protein-protein interactions and tobecomeactive
in a ligand-independent manner. cAMP did not activate XRE-
driven transcription but instead inhibited TCDD-mediated re-
sponse on xenobiotic activity [101]. The significance of the
AHR-cAMP interaction is not yet fully understood, and hence,
the role of this pathway in regulating cell biology is yet to be
elucidated, but given the ubiquitous role of cAMPsignaling par-
ticularly in hormone regulation, such an interaction may yet
prove highly influential.

Once again, most of the evidence for the role of AHR in
such diverse molecular and physiological pathways was car-
ried out in either cell cultures or mouse/rat models. The mouse
and human AHR protein share 85% of sequence homology
with quite significant difference in the C-terminal end contain-
ing the transactivation domain where they share much less
homology (58%). In fact, mouse and human AHRs mediate
quite different transcriptional activity in hepatocytes
[102–104], and TCDD has a tenfold higher affinity for mouse

AHR than the human protein [105]. Therefore, studies carried
out in mice might be under- or over-estimating the effects
when superimposed to the human biology. However, the
wealth of information available regarding the multitude of
functions regulated by the AHR in such diverse systems and
with the intricacies of cell-type and agonist (or lack of) spec-
ificity add another level of complexity to the role that AHR
plays in human cell physiology.

AHR in the Pituitary Gland

Given the body of evidence implicating ligand activation and
non-ligand activation of AHR in endocrine disruption and
tumorigenesis in various cell types, very little information
regarding the role of AHR in the pituitary gland, the master
regulator of endocrine function, is available. AHR appears to
be expressed in all cell lineages of the pituitary gland as dem-
onstrated by immunohistochemical or mRNA analyses of
both mouse and human pituitary tissues [106–108]. Studies
have proven the responsiveness of the pituitary gland to AHR
agonists via the classical xenobiotic signaling pathway. In a
commonly used pituitary cell line, GH3, a rat sommatotroph/

Fig. 3 Summary of some of the possible mechanisms through which
AHR alters the cell cycle and proliferation of cells. 1 AHR has been
shown to interact with the retinoblastoma (Rb) protein both in the pres-
ence and absence of ligand and maintain Rb in its active
hypophosphorylated state which is able to repress E2F transcription fac-
tors, thereby blocking cell cycle progression. 2 AHR is able to
transactivate the expression of mitogenic proteins (FGF4, VEGFA, and
platelet-derived growth factor (PDGF)) which have active XREs and

might increase local cell proliferation. 3 AHR was also shown to be able
to modulate cytokine expression and hence influence local inflammation
which can lead to cell proliferation. 4 AHR was also reported to activate
the transcription of the important cyclin-dependent kinase inhibitors
(CDKNs) p21 and p27 through both XRE and non-consensus (NC-
XRE)-driven mechanisms. CDKNs block phosphorylation of Rb and
inhibit interactions between CDKs and cyclins, thereby halting cell cycle
progression from the G1 to S phase
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lactotroph cell line, the AHR agonist β-naphthoflavone in-
duced expression of Cyp1a1 gene and suppressed AHR ex-
pression [109]. Similarly, in rat primary pituitary cells, TCDD
was able to activate AHR and expression of its target genes
Cyp1a1, Cyp1b1, and Cyp1a2 [108]. In C57Bl/6 mice, TCDD
and β-naphthoflavone, a strong and weak AHR agonist, re-
spectively, both increased expression of AHR target genes
Cyp1a1 and Ahrr in pituitary cells [110].

Disruption of Endocrine Pituitary Function by AHR
Activation

Most work relating to the action/s of AHR to the pituitary has
focused on its endocrine disruptive ability. AHR agonists have
long been shown to affect the hypothalamic-pituitary-gonadal
(HPG) axis in human beings. As described earlier, both preg-
nant human women exposed to dioxin and lab female mice
treated with TCDD during pregnancy display altered repro-
ductive and growth potential in their young, showing that
dioxin can alter the HPG axis even in utero [27, 111, 112].
Similarly, TCDD treatment of mice during early gestation
reduced pituitary expression of both gonadotropins, luteiniz-
ing hormone (LH) and follicle-stimulating hormone (FSH),
leading to impaired sexualmaturity and reproduction, together
with impaired growth hormone (GH) production in fetal and
neonatal rats resulting in smaller pups with reduced IGF-1 [30,
113–116]. Takeda and colleagues [29] used two strains of
mice with different AHR affinities for TCDD and showed that
the effect of TCDD on hormone expression was AHR-depen-
dent. The C57Bl/6L mice having higher sensitivity to dioxin
showed a much higher effect of the toxin on the repression of
gonadotropin expression, while the DBA/2J mice with low
affinity for TCDD showed little to no effect on LH and FSH
expression. The C57BL/6L mice also had a significant reduc-
tion in the gonadotropin-releasing hormone receptor
(GnRHR), and therefore, identifying a mechanism by which
the reduction in gonadotropins was achieved. The same group
also showed that by impairing the HPG axis at a critical period
during development, these impairments could be imprinted
into the mouse models and carried forward into other genera-
tions [29, 114]. The authors also proposed a mechanism by
which the reduction in LH and FSH is achieved via agonist-
activated AHR, through the induction of expression of histone
deacetylase (HDAC) enzymes which possess functional
XREs in their promoter region. They hypothesized that an
increase in HDAC expression would cause epigenetic silenc-
ing of the gonadotropin and GH genes although no specific
evidence is provided for this mechanism [29].

Different studies have shown different sensibilities of hor-
mone expression to TCDD toxicity. Most studies agree that
the gonadotropins, LH and FSH, are the most affected, while
evidence for the effect on GH and prolactin is more inconsis-
tent, and the effect on the thyroid-stimulating hormone (TSH)

and adrenocorticotropic hormone (ACTH) production appears
to be minimal [29, 117–119]. The mouse and rat GH genes
have one and two XRE core motifs, respectively, in their pro-
moters in which authors suggest that they could bind AHR
and reduce expression of GH by competing for enhancer sites,
thereby inhibiting other transcription factors from binding and
transcriptionally activating the GH expression [120, 121]. In
rat pituitary cells, TCDD was able to increase estrogen recep-
tor (Esr1) mRNA expression and hindered estradiol-induced
prolactin (Prl1) gene expression by sequestering the ER to
XRE DAN sequences together with the AHR [108].

Studies using a less potent AHR agonist, β-naphthoflavone,
have yielded similar results. In GH3 cells, activation of AHRby
β-naphthoflavone caused reduction in prolactin expression
while GH was unaffected [109]. However, in the rainbow trout
pituitary,β-naphthoflavonedecreasedexpressionofGhandpro-
opiomelanocortin (Pomc) genes. Pomc is a precursor protein to
the hormone ACTH in the anterior pituitary and α-melanocyte
stimulating hormone (MSH) from the intermediate pituitary
which regulates the production of melanin [122]. Both β-
naphthoflavoneandTCDDtreatment inmousepituitaryprimary
cells and AtT-20 adrenocorticotropinoma mouse cells caused a
threefold increase in Pomc gene expression and protein expres-
sion of its productsACTHandbeta-endorphin. The authors sug-
gest that this is a direct result of AHR transcriptional regulation
since severalXREsequenceswere foundupstreamof themurine
Pomc gene [123]. While in the cynomolgus monkey, TCDD
treatment caused an increase in corticotrophin-releasing hor-
mone from the paraventricular nucleus of the hypothalamus but
no effect on Pomc expression levels [124]. In the rainbow trout,
treatmentwith xenoestrogens,weakactivators ofAHR, caused a
significant increase in GH and prolactin expression in pituitary
tissue. TCDD treatment also yielded the same outcome on pro-
lactin andGHexpression and pre-treatmentwith anAHRantag-
onist, and attenuated the effect on prolactin but not on GH ex-
pressionalthough the effectswherenot consistent since abiphas-
ic behaviorwas observed,with stimulation occurring at lowcon-
centrationsofTCDDand inhibitionathighconcentrations [125].
Therefore, as can be observed the role of AHR in regulation the
endocrine function of the pituitary appears complex, and differ-
ent species, cell contexts, and agonists can all lead to different
effects observed on pituitary hormonogenesis and secretion.

Involvement in Pituitary Development (Proliferation),
Growth, and Tumorigenesis

AHR agonists and activity are not only significantly linked to
hormonal deregulation of the pituitary but significant evidence
is now being put forward for an equally significant function in
regulation pituitary cell growth, proliferation, and apoptosis.
Again, most evidence for such a role is available from either
cell lines of rat or mouse origin, or from animal models, and
points towards such a function.
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In rat primary cells, AHR agonists, benzene and 2-ethyl-
phthalate, altered cell energy and viability at different time
points but not dose-dependently. This study also reported an
increase in Ahr and Aip, and the oncogenes Pttg and Cyclin
D1 gene expression as a result of agonist treatment at 24- and
96-h post treatment which the authors suggest account for the
increase in cell proliferation. However, they do not provide
evidence as to whether these two agonists also induced ex-
pression of classical AHR targets or whether the effect on
gene expression was direct or indirect [126]. In GH3 cells,
β-naphthoflavone reduced the expression levels of the anti-
proliferative cytokine TGFβ1 but cell proliferation was not
affected [109]. Long-term benzene exposure of GH3 cells
increased GH expression and production and was associated
with an increase in AHR and somatostatin type 2 receptor
(Sstr2) as well as a decrease in Aip and Zac1 expression, both
important tumor suppressors [127].

Another study using dioxin and non-dioxin-like
polychlorinated biphenyls (PCBs) on primary mouse pituitary
cells revealeddifferent effectsof theseAHRagonistsonpituitary
cell apoptosis and proliferation. Amixture of PCBs induced ap-
optosis through a caspase 3 activation pathway while two non-
dioxin-like aromatic compounds that do not activate AHR also
increasedapoptosis,althoughtheauthorsdonotconcludewheth-
er this effect is due to direct toxicity or mediated by intracellular
responses to the compounds. Interestingly, one dioxin-like PCB,
PCB153, which acts as an agonist to AHR, caused an anti-
apoptotic effect and increased pituitary cell proliferation.
However, attenuationofAHRwith an antagonist failed tohinder
the anti-apoptotic effect of PCB153, showing that this PCBmay
be acting independently of AHR in its anti-apoptotic effect.
TCDD increased apoptosis of mouse pituitary cells, and AHR
antagonist was able to hinder this response, showing a direct
AHR-mediated effect of TCDD on apoptosis in these cells
[128]. Other endocrine-disrupting chemicals such as
perfluorinated compounds have been shown to affect pituitary
cell growth and interfere with both AHR and thyroid hormone
receptor functions in GH3 cells [129].

AHR in Pituitary Tumors

In general, few studies have looked into the effects of AHR
signaling on pituitary cell growth and proliferation, and equal-
ly even fewer studies have taken an in-depth look at AHR
signaling and its role in human pituitary adenoma (PA) forma-
tion or progression. One early study focused on the incidence
of PA in the town of Seveso, Italy, which was exposed to high
dioxin levels due to a chemical plant accident in 1976. Using a
reference zone with a population of 38,624 persons against an
area of dioxin exposure composed of around 6500 persons,
the study identified 3 cases and 42 cases of PA in the exposed
and reference areas, respectively, leading to the conclusion

that dioxin exposure did not lead to a significantly different
incidence of PA in a 20-year study period [130]. However, in
another study in the Sicilian city of Messina in which indus-
trial pollution raised concerns of environmental pollution, an
epidemiological study found a higher incidence of acromegaly
resulting from GH-secreting tumors in areas of higher expo-
sure as compared to that in areas with low to medium expo-
sure to pollutants [131].

In order to further elucidate the effects of AHR signaling
and environmental contaminants on PA incidence, the same
group carried out genetic screening of AHR polymorphisms
in inhabitants occupying highly polluted regions. The poly-
morphisms analyzed, namely the rs2066853 and rs4986826
variants, were associated with variable induction of AHR tar-
get genes CYP1A1 and CYP1A2 and were found to alter the
stability of the AHR ligand binding domain [132, 133]. The
rs2066853 variant was found to correlate with higher IGF-1
levels, more invasive PAs, and higher risk of developing a
secondary adenoma in patients with acromegaly. Both poly-
morphisms also appear to increase the risk of developing PA
in polluted areas as compared to other areas with lower dioxin
levels [134, 135]. Therefore, epidemiological evidence does
support a role for AHR in PA tumorigenesis.

Most research on PA genetic predisposition has focused on
a partner of the AHR, the AIP; several germ-line genetic mu-
tations of which have been consistently linked to familial in-
cidence of PA or FIPA. Genetic studies on familial cases of PA
have found that about 40% of patients, particularly those with
GH and prolactinomas, carry a germ-line mutation in the AIP
gene which has been shown to function as a tumor suppressor
and loss of heterozygosity (LOH) of this gene is a frequent
occurrence even, thought to a lesser extent, in sporadic cases
of PA. Patients with AIP mutations tend to be younger and
have more aggressive tumors which respond less to medical
treatment with somatostatin or dopamine analogues [136,
137]. AIP is a co-chaperone protein that interacts with many
other proteins besides the AHR, and the precise role of AIP in
predisposition to PA has remained a subject of controversy.
Most mutations within the AIP are thought to disrupt the
protein-protein interactions between AIP and its partners,
and therefore, the search is underway to find the relevant path-
ways through which AIP deregulation might increase suscep-
tibility to PA incidence. Work from our group and others have
proposed that AIP, acting through interactions with several
members of the cAMP signaling pathway, maintains a low
cAMP threshold and loss of function of AIP causes an in-
crease in cAMP levels that predisposes normal pituitary tissue
to increased hormonal release which induces local cell growth
and proliferation [138–140].

The effect of AIP on AHR signaling and activity is not
completely understood. Some studies reported that AIP in-
creases the transcriptional activity of AHR. Other studies
showed that AIP reduction results in a reduction in AHR
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expression and activity while AIP over-expression reduces
AHR nuclear translocation, thereby reducing its
transactivation potential [141–149]. A consistent observation
was that AIP protects AHR protein from ubiquitin-dependent
degradation, hence suggesting that AIP may be required for
proper AHR function [149, 150]. However, these functional
studies of the AIP interaction with AHR were not carried out
in the context of the pituitary. Recent work by Lecoq and
colleagues [151] reported the effect of AIP mutants in patients
with PA on AHR signaling in patient fibroblasts and GH3
cells. AIP protein expression in patient fibroblasts carrying
mutations was significantly reduced, but the expression of
AHR protein was unaffected. Unstimulated and agonist-
stimulated AHRs in these fibroblasts carrying mutant AIP
resulted in a reduction in expression of AHR target genes
AHRR and CYP1B1. Furthermore, knock down of Aip in
GH3 cells caused a reduction in agonist-stimulated AHR ex-
pression of target genes. These results would suggest that
deregulated AIP would result in a reduction in AHR activity
within the pituitary. The presence of AIP mutations also
caused a decrease in GH secretion by GH3 cells when stimu-
lated with kynurenine agonist [151]. The presence of AIP
mutations in PAwas found to correlate with a reduced expres-
sion of ARNT, the trans-activating partner of AHR, thereby
providing a mechanism by which a reduction in AIP function
may lead to reduction in AHR activity [152].

More specific analyses of the involvement of AHR in PA has
centered around its expression and localization in PAs from pa-
tient samples. A study by Jaffrain-Rae and colleagues [106]
found AHR expression to be lower in PAs compared to AIP
expression using immunohistochemical techniques and quanti-
tative PCR. Additionally, AHRwas also found to be reduced in
invasive tumors and in tumorswithAIPmutations, suggesting a
possible protective role in tumorigenesis. Another study by the
same group again reported a decrease in AHR expression in the
more aggressive tumors, with AHR expression correlating neg-
atively with tumor size and suprasellar extension. Additionally,
AIP and cytoplasmic AHR expression correlated significantly
showing the role of AIP for stabilizing AHR in the cytoplasm.
The authors also report that GH-secreting tumors with higher
nuclear AHR staining were smaller than those with low nuclear
AHR, suggesting a tumor-suppressive role for nuclear AHR
[107]. The AHR signaling pathway also figured prominently in
a protein data mining experiment carried out by Zhan and
Desiderio [153] using the ingenuity pathway analysis (IPA) on
a number of proteomic expression screens. In their analyses, the
AHR signaling pathway was found to be consistently altered in
all tumor types and featured in the top ten significantly altered
pathways in all analyses. However, the authors failed to indicate
whether theAHRpathway identified there activatedor repressed
in the PAs studied.

A recent study carried out by our laboratory on local pituitary
adenomas also identified the AHR signaling pathway as a

significantly altered pathway in all tumor types analyzed. We
carried out mRNA expression analysis using microarrays on
PAs resected locally and compared their expression profiles to a
pooled control RNA and confirmed our findings using a total of
31 PAs of various sub-types (19 non-secreting PA, 8 GH-
secreting PA, 2 PRL-secreting PA, 2 ACTH-secreting PA). IPA
carried out on these samples revealed the AHR signaling path-
way to be constantly down-regulated in all tumor types versus
control RNA. Hence, our findings also support a protective role
for AHR in PA tumorigenesis. However, we wanted to verify
such a role and also identify possible mechanisms by which the
AHR might be acting as a putative tumor suppressor in PA.
Functional analyses using the GH3 cell line revealed that over-
expression of AHR, both in the absence and presence of exoge-
nous ligand BαP, was able to reduce GH3 cell proliferation, an
effect which was reversed upon knock down of endogenous
AHR. Further analyses revealed that over-expression of AHR
was enough to reduce the cell cycle progression of GH3 cells.
In order to see how this inhibition of cell cycle progression was
achieved,we decided to look at the pathways already uncovered
connecting the AHR to the cell cycle. Using immunoprecipita-
tion, we verified the interaction between AHR and Rb1 in GH3
cells and using reporter assays, confirmed the inhibition of E2F-
mediated transcriptional activity upon AHR over-expression.
Endogenous AHR silencing using siRNA reversed this effect
while the exogenousAHRagonist had little effect on this behav-
ior. Additionally, AHR over-expression was able to increase the
expression of Cdkn1b gene (p27) in GH3 cells, offering another
pathway throughwhichblockadeof cell cycle progression could
be achieved.We have therefore identified a putativemechanism
by AHRmay be protective in pituitary tumorigenesis, although
other avenues of action cannot be excluded, such as the interac-
tion between AIP and AHR or numerous other interactions that
may be at play (in preparation).

In conclusion, this review attempts to cover all the aspects
of AHR biology in order to highlight the complexity sur-
rounding the role of this nuclear receptor in its many diverse
settings and contexts. Within the pituitary, AHR once again
appears to play a highly complex role/s, from regulating en-
docrine signaling to regulating physiological cell growth and
division as well as mediating the disruptive effect of environ-
mental toxins. A significant role in pituitary tumorigenesis has
also been suggested, and evidence is increasing for a role of
the AHR in tumor biology in all tissue types, with the pituitary
being no exception.
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