Received: 10 May 2016 Accepted: 29 June 2016

DOI: 10.1111/cpr.12282

REVIEW ARTICLE

WILEY [SAs

Proliferation

Role of AhR in positive regulation of cell proliferation and

survival

Jiuheng Yin* | Baifa Sheng* | Yuan Qiu* | KungiuYang | Weidong Xiao | HuaYang

Department of General Surgery, Xingiao
Hospital, Third Military Medical University,
Chongging 400037, China

Abstract

Correspondence

Hua Yang and Weidong Xiao, Department
of General Surgery, Xingiao Hospital, Third
Military Medical University, Chongging
400037, China.

Email: huayang@tmmu.edu.cn; weidong.
Xiao@126.com

survival.

1 | INTRODUCTION

The aryl hydrocarbon receptor (AhR) is a low-molecular-weight cyto-
solic receptor belonging to the basic helix-loop-helix-PER-ARNT-SIM
(bHLH-PAS) family’? Upon treatment with an AhR ligand, the AhR
binds to the AhR nuclear translocator (ARNT), and the ligand-bound
AHR/ARNT complex translocates from the cytoplasm into the nucleus
to modulate the expression of target genes, such as CYP1A1.2 The
AhR is best known for mediating the toxic response via adjusting sev-
eral metabolism-related enzymes, including cytochrome P450, gluta-
thione S-transferase-a, NAD(P)H quinone reductase-1 (NQO1) and
UDP glucuronosyl transferase.*””

As a conservative nuclear transcription factor, the AhR is expressed
in most human cell types and, in particular, is highly expressed in the
lungs, thymus, kidney and liver.2 In recent years, AhR research has
mainly focused on its influence on inflammation and cancer.??12
However, studies have found that the AhR also plays a crucial role in
regulating cell proliferation and survival. The formation and develop-
ment of organs and tissues are important processes for life and are
accompanied by extensive proliferation, differentiation and survival.
In multicellular organisms, these processes occur in different areas and
time periods. Thus, cell proliferation and survival may be differentially
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The aryl hydrocarbon receptor (AhR) is an important nuclear transcription factor
thatis best known for mediating toxic responses by adjusting numbers of metabolism-
related enzymes, including CYP1A1 and CYP1B1. Previous findings have revealed
that, in addition to negatively regulating cell proliferation and survival, AhR may also
positively regulate these pathways. Here, we review these findings and summarize
distinct mechanisms by which AhR promotes cell proliferation and survival, includ-
ing modulation of receptor expression, growth factor signalling and apoptosis, regu-
lating the cell cycle and promoting cytokine expression. This review will aid better

understanding the role of AhR in positive regulation of cell proliferation and

regulated in different tissues, cells and environments. Over the past
several years, the signalling pathways and processes regulating cell
proliferation and survival have been intensively studied. However, few
studies on the role of AhR in the positive regulation of cell prolifera-
tion and survival have been proposed. In this review, we will mainly

examine how AhR promotes cell proliferation and survival.

2 | REGULATION OF AHR ACTIVATION

The classic way to activate the AhR involves treatment with an AhR
ligand, leading to the formation of a functional complex composed of
the AhR and ARNT. Subsequently, the ligand-bound AHR/ARNT com-
plex translocates from the cytoplasm into the nucleus to modulate
the expression of target genes, such as CYP1A1.2 However, recent
studies suggest that AhR activity can also be regulated independent
of a ligand. For example, in several tumour cell lines, high expression
of the AhR enables the AhR to undergo dynamic nucleocytoplasmic
shuttling, resulting in the activation of the AhR in the absence of
ligand.%!® Oesch-Bartlomowicz et al.** found that the second mes-
senger cAMP can activate AhR and allow for the endogenous function
of the AhR. In lymphocytes, RORgt can also form a complex with the
AhR to regulate the expression of IL-22, following the activation of
the AhR.Y> Therefore, AhR activity can also be modulated independ-
ent of ligand.
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3 | AHR AND CELL
PROLIFERATION AND SURVIVAL

The AhR is involved in many cellular processes, including apoptosis,
the cell cycle, immunomodulation and also participates in barrier
function.16-20 Many pollutants or chemical toxins, such as polychlo-
rinated dibenzodioxins, polychlorinated dibenzofurans and coplanar
polychlorinated biphenyls, can lead to cytotoxicity and thus influence
the biological effects of a given cell. Therefore, it seems reasonable to
suggest that treatment with AhR ligands may lead to negative control
of cell proliferation and survival, and many publications that examine
AhR ligands have shown an inhibition of cell proliferation and sur-
vival associated with various mechanisms. However, it is worth not-
ing that increasing evidence suggests that AhR may also promote cell
proliferation and survival.?1™2* We review these findings here, and
summarize five distinct mechanisms by which the AhR promotes cell
proliferation and survival. We expect that this review may help us to
better understand the role of the AhR in cells.

4 | POTENTIAL MECHANISMS

4.1 | Modulation of receptor expression

The cytokine IL-7 signals through the IL-7/IL-7R signalling pathway
and is an important cytokine for innate lymphoid cell (ILC) develop-
ment. IL-7 is produced by intestinal epithelial cells and thymic stromal
cells. 2526 Previous studies have demonstrated that IL-7 and IL-7R are
both vital for the differentiation and survival of RORyt* ILC in IL-7R-
or IL-7-deficient mice.?”?® Qiu et al.?? observed a reduction of both
IL-7 and IL-7R in the large intestines of AhR™™ mice. This is consistent
with the finding of enhanced apoptosis of RORyt" ILCs in the absence
of the AhR. In addition, the authors point out that the AhR defect
may be, in part, due to the compromised expression of IL-7 and IL-
7R. Consistent with their findings, our laboratory also found that FICZ
(an endogenous ligand of AhR) may protect the intestinal barrier in an
ischaemia-reperfusion model by upregulating the expression of IL-7R.
This upregulation increased the number of IEL cells and promoted IEL
survival (unpublished data). Previous studies have shown that environ-
mental factors may also play an important role in the development of
IL-22-producing ILC in the intestines. Moreover, further studies have
shown that the expression of the AhR is elevated in human NKp46*
and LTi-like ILCs.%C Deletion of the AhR can lead to a decrease in the
number of NKp46* cells and a partial decrease in the number of LTi-like
ILCs.2? Importantly, several reports have suggested that the AhR can
directly bind to the promoter of the notch1 and notch2 genes, both of
which are required for the maintenance of intestinal NKp46+ILCs.31'33
Lastly, Lee et al.?2 demonstrated that the AhR, upon stimulation with
TCDD, can activate the notch pathway by significantly inducing the
expression of notchl and notch2 to sustain the number of NKp46*
cells and, in part, LTi-like ILCs. C-kit is another crucial receptor for the
maintenance of RORyt" ILCs and intraepithelial y& T cells via stem cell

factor (SCF) signalling.34 In addition, further studies have suggested

that the activation of the AhR may directly control c-kit gene transcrip-
tion.3>3¢ Although these studies have not shown that AhR directly reg-
ulates c-kit expression to influence cell number or cell survival, studies
with a mutant c-kit receptor have shown that it has a similar defect
in the number of intraepithelial y& T cells as the AhRko model.%” In
intestinal epithelial cells, our previous studies have demonstrated that
KGF/KGFR signalling protects the intestinal barrier from colitis and
ischaemia-reperfusion injury (I/R) by promoting epithelial cell prolif-
eration.®® Importantly, we recently observed that AhR knockout mice
are not sensitized to KGF-induced intestinal epithelial cell proliferation
(Fig. 1a-€). Based on these findings, we further detected a decrease in
KGFR expression in AhR-deficient mice and cells (Fig. 1f).

Although the regulation of lymphocyte proliferation and survival,
particularly gut ILCs, has been intensively studied, until recently, the
regulation of receptors associated with cell growth and survival have
received much less attention. Thus, the AhR, as a conserved nucle-
ar transcription factor, may play an essential role in promoting the
growth of innate lymphoid cells and maintaining innate lymphoid cell

(ILC) development by regulating the expression of receptors.

4.2 | Participation of the AhR in growth
factor signalling

A number of growth factors are both involved and produced in the
process of tissues development and cell renewal. However, growth
factor signalling pathways are very complex and involve many differ-
ent molecules. There is increasing evidence to suggest that AhR may
regulate several growth factor signalling pathways to induce cell
proliferation and survival. Given its high expression as a cell growth
factor in cancer tissue, IGF is likely involved in tumour development.
Therefore, future research on the IGF signalling pathway may be use-
ful for new cancer therapies. In an article examining human breast
cancer, the author observed that AhR-deficient MCF-7 cells were
less sensitized to IGF2 stimulation in vitro than their wild-type coun-
terparts.18 While examining the role of the AhR in IGF signalling-
mediated cell proliferation, Tomblin and Salisbury observed that
treatment with IGF2 significantly upregulated and activated the
AhR. Furthermore, the AhR may directly participate in the IGF2
signalling pathway as a downstream effector molecule. The role of
the AhR in growth factor signalling has also been discussed previ-
ously.39 Vaziri et al. found that expression of the AhR was regulated
by serum and mitogenic growth factors in murine 3T3 fibroblasts.
Although the author did not examine if AhR deletion influenced cell
proliferation stimulated by serum and mitogenic growth factors,
the AhR may play a role during the cellular proliferative response.
Importantly, the authors observed that treatment with an AhR
ligand can disturb IGF- and FGF-induced cell proliferation and tissue
development. This result clearly suggests that endogenous AhR may
participate in growth factor signalling, as an exogenous AhR ligand
was able to interfere with this pathway. Interestingly, TCDD treat-
ment might interfere with epidermal growth factor (EGF) signalling.
However, in the absence of EGF, an AhR ligand may activate EGFR
and extracellular signal-regulated kinases (ERK)1/2, which regulate
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FIGURE 1 AhR knockout mice lack sensitivity to KGF in the small intestines. (a) PCNA expression was detected in the sham group. (b) PCNA
expression was significantly increased in the KGF group compared with the sham group. (c) PCNA expression was significantly decreased in the
KGF+AhRko group compared with the KGF group. (d) PCNA expression was detected in the AhRko group; original magnification: x400. (e) PCNA
expression is expressed as the mean and SD. (f) KGFR expression was examined by Western blotting

cell proliferation and cell survival in rat hepatocytes and immune
cells. 2041 Additionally, in the H508 and SNU-C4 cell lines, TCDD
can induce the phosphorylation of EGFR (Tyr845) through the regu-
lation of c-src kinase, which binds to phosphorylated EGF and fur-
ther stimulates cell proliferation. This stimulation could be abolished
by either CH223191 (an AhR antagonist) or AhR siRNA.*?> Madhukar

etal®

observed that animals exposed to TCDD and EGF showed
similar phenotypic changes, such as earlier eyelid opening and pre-
mature tooth eruption. We examined AhR and KGF expression in
colon cancer tissue by real-time PCR analysis and found that both
genes were overexpressed. These results suggest that there may be
a relationship between KGF and AhR. Our data also suggest that the
AhR may directly participate in KGF signalling, as a downstream fac-

tor, to promote colon cancer cell growth in vitro.*

4.3 | Anti-apoptotic effects

Programmed cell death induced by apoptosis is very important in the
course of tissue and cell development. AhR can influence apoptosis

by controlling the expression of apoptosis genes.45 Many publica-
tions examining AhR ligands have shown an induction of apoptosis
associated with various mechanisms involving AhR. However, there
is increasing evidence that endogenous AhR, as well as several AhR
ligands, can promote cell proliferation or maintain cell numbers by
inhibiting apoptosis. In particular, the anti-apoptotic effect of AhR
is very important in cancer cell growth and development. Here, we
will address lesser known reports that examine the impact of AhR on
apoptosis.

In three different lymphoma cell lines, treatment with TCDD led
to a loss of programmed cell death by increasing the expression of
cyclooxygenase-2 (COX-2) and deregulating Bcl-xl and Mcl-1 expres-
sion.*® In addition, AhR-mediated resistance to apoptosis was found in
breast cancer cells.*” In tumours, the anti-apoptotic effect of the AhR
is well-known, in part because exposure to environmental pollutants,
such as pesticides and dioxins, can lead to the development of various
tumours. Several AhR ligands, such as polyphenolic flavone chrysin
and indoline, have anti-cancer effects in a variety of cancer cell lines,
including the induction of cancer cell programmed death.*84?
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However, in normal cells, AhR ligands still have anti-apoptotic
effects. Polychlorinated biphenyls (PCBs), environmental pollut-
ants and exogenous ligands of the AhR, can alter cell proliferation
and apoptosis. In vitro experiments have shown that treatment
with PCB153 significantly decreases the expression of caspase-3,
caspase-8 and caspase-9, which can inhibit pituitary cell apoptosis
and increase cell proliferation. Another ligand, PCB180, has the oppo-
site effect.!” In the environment, there is a large amount of particulate
matter (PM2.5) that may induce the apoptosis of normal human lung
tissue or airway epithelial cells. 2450 However, Ferecatu et al. found
that low levels of Parisian PM2.5 is not cytotoxic for human bronchi-
al epithelial cells, but instead has an anti-apoptotic effect.’? Further
studies have shown that several components of PM2.2 may contribute
to the mitochondria-mediated anti-apoptotic effects of AhR on human
bronchial epithelial cells. The different effects of PM on apoptosis may
depend on the dosage.

Importantly, endogenous AhR also appears to have an anti-

apoptotic effect. Hecht et al.>?

reported that the AhR-dependent reg-
ulation of miR-196a attenuated cigarette smoke-induced apoptosis
in lung fibroblasts. Furthermore, the deletion of AhR downregulated
the cellular levels of miR-196a, increased cigarette smoke-induced
apoptosis, and inhibited cell proliferation. Another study showed that
the exposure of keratinocytes (KC) to ultraviolet (UV) radiation result-
ed in the initiation of apoptosis and inhibition of AhR signalling, as
the UVB-sensitized KC induced apoptosis.53 In that article, the author
put forth a novel anti-apoptotic pathway in KC: the AhR-E2F1-CHK1

axis.”®

4.4 | Regulation of the cell cycle

As mentioned above, previous studies have shown that ligand-
activated AhR can inhibit cell proliferation by arresting the cell cycle.
However, several studies have also suggested that ligand-activated
AhR can accelerate cell proliferation by regulating the cell cycle. Here,
we will give several examples to demonstrate that AhR may acceler-
ate cell proliferation by regulating the cell cycle. In rat liver “stem-like”
cells, TNF-alpha itself had no effect on cell proliferation. However,
when a low concentration of either TCDD or PCB126 and TNF-
alpha were added together into rat liver WB-F344 cells, there was an
increased percentage of cells entering the S phase and an increased
number of cells. The mRNA and protein levels of the cell cycle pro-

d.>4 Cyclin D1, another important cell cycle

tein cyclin A also increase
protein, can form a complex with CDK4/CDKé to induce cell cycle
progression from the G1 phase to S phase.55 In HAPI microglial cells,
treatment with TCDD induced cell proliferation in a dose-dependent
and time-dependent manner via the Akt/GSK-3/cyclin D1 signalling
pathway.s6 In our research, we found that KGF signalling can induce
colon cancer cell proliferation, dependent on endogenous AhR, and
treatment with AhR siRNA decreased the expression of cyclin D44
Our data suggest that cyclin D1 expression may be regulated by the
AhR. Furthermore, Tomblin and Salisbury18 proposed that the AhR
may act as a DNA transcription factor and directly regulate the tran-

scription of cyclin D1.

In addition to its role in vitro, studies using AhRko mice have pro-
vided evidence for the role of endogenous AhR in the regulation of
the cell cycle. In the female reproductive system, Benedict et al.”’
observed reduced fertility in AhR knockout mice and found that it

1.°8 observed

was not due to fertility death. On that basis, Barnett et a
that the cell cycle progression was arrested in the GO phase in AhRko
mice compared with WT mice and further demonstrated that this cell
cycle arrest was likely caused by a significant reduction in the levels
of cyclin D2 and CDK4 in the context of fertility. In addition, there
was a reduction in the cell number and an accumulation of 4N DNA
content in mouse embryonic fibroblasts (MEFs) derived from AhR-null
mice compared with wild-type MEFs.>? Considering the accumulation
of 4N DNA content, the author examined the protein expression of
AhR in the G(2)/M phase of the cell cycle and found a low level of
Cdc2 and Plk expression; both of these proteins are important for the
G(2)/M phase.

4.5 | Promoting cell cytokine expression

The ability of the AhR to promote cell proliferation by regulating
growth factors is important in cancer cells. For example, the growth
regulator epiregulin (EREG) belongs to the EGF family and is direct-
ly regulated by the AhR.%61 |n human lung adenocarcinomas, AhR
activation and overexpression increased the expression of fibroblast
growth factor-9.92 Amphiregulin (AREG), EREG and platelet-derived
growth factor A (PDGFA) were found to be AhR ligands in head and
neck squamous cell carcinoma (HNSCC) cell lines.6? Additionally,
TCDD can induce AREG gene expression to promote the developing
mouse ureter.® Beyond the function of AhR in cancer cells, in mouse
endothelial cells, AhR deficiency impaired angiogenesis induced by
vascular endothelial growth factor, which exhibited a degree of AhR
dependency with regard to its expression.64 In rheumatoid arthritis
(RA) patients, fibroblast-like synoviocytes (FLS) in the synovial tissue
undergo hyperplasia, leading to joint destruction. However, inhibition
of AhR activation can decrease RA-FLS cell proliferation by attenuat-
ing growth factor release.®®

In addition to growth factors, many cytokines can also maintain
cell numbers either by promoting cell proliferation or by inhibiting
apoptosis. Cytokines, including interleukin-10 (IL-10) and interleu-
kin-22 (IL-22), play an important role in cell survival by regulating the
pro-survival genes Bcl-2, Bcl-XL and Mcl-1, as well as the proliferative
factors c-Myc, cyclin D1 and Rb.%67%? On the other hand, recent stud-
ies confirmed that the AhR is crucial for IL-22/1L-10 expression.m’73
Interestingly, a recent study reported that Th22 cells were enriched
in CRC tumour tissues, and the high expression of 1L-22 significantly
promoted tumour growth in nude mice, as well as the proliferation of
RKO cells.”* Furthermore, the authors found that the expression of
the AhR was significantly higher in tumour tissue than in normal tissue.
Therefore, it is possible that the enrichment of Th22 cells and high
expression of IL-22 are connected with the high expression of the AhR
in CRC tumours, as there are AhR ligands generated by high trypto-
phan metabolism in tumour tissue.? 1I-7, another cytokine mentioned
in our article, is an important factor for the differentiation and survival
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of both RORyt*ILC and IEL. Qiu et al.?? observed a reduction in IL-7 in

the large intestine of AhR™/~ mice, which is consistent with enhanced

apoptosis of RORyt" ILCs in the absence of the AhR. In human mono-
cytes and murine dendritic cells, traffic-related particulate matter (PM)
can induce the expression of jag1 (a notch ligand) through the AhR and

thereby induce monocyte and murine dendritic cell survival.”®

5 | CONCLUDING REMARKS

In recent decades, various studies have reported that the AhR can
both negatively and positively regulate cell proliferation and survival,
the latter in either a ligand-dependent or endogenous AhR-dependent
manner. The reason for these dual functions may be differences in
the time frame, dosage of the ligand, category of ligand, cell types or
whether the experiment was performed in vivo or in vitro. However,
it is evident that endogenous AhR, which does not bind to a ligand,
is very important for tissue development and for cell maintenance,
by directly or indirectly regulating cell proliferation and apoptosis. In
the article, we mainly summarized how the AhR promotes cell prolif-
eration and survival through five distinct mechanisms: the modulation
of receptor expression, its participation in growth factor signalling,
anti-apoptotic effects, regulation cell cycle and ability to promote cell
cytokine expression. There may also be other mechanisms through
which the AhR promotes cell proliferation and survival. For example,
the AhR can increase cell numbers by regulating the expression of
L-type amino acid transporter 1 (LAT-1), which promotes the absorp-
tion of amino acids.”® TCDD promotes palatal epithelial cell prolifera-
tion and survival via activating the MAPK pathway.77 Overall, there
is a significant need to better understand the signalling pathway that
involves the AhR because, as a conservative nuclear transcription fac-

tor, the AhR appears to play many roles in the cell.
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