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Abstract: The molecular mechanisms and signal transduction cascades evoked by the activation
of aryl hydrocarbon receptor (AhR) are becoming increasingly understandable. AhR is a ligand-
activated transcriptional factor that integrates environmental, dietary and metabolic cues for the
pleiotropic regulation of a wide variety of mechanisms. AhR mediates transcriptional program-
ming in a ligand-specific, context-specific and cell-type-specific manner. Pioneering cutting-edge
research works have provided fascinating new insights into the mechanistic role of AhR-driven
downstream signaling in a wide variety of cancers. AhR ligands derived from food, environmental
contaminants and intestinal microbiota strategically activated AhR signaling and regulated multiple
stages of cancer. Although AhR has classically been viewed and characterized as a ligand-regulated
transcriptional factor, its role as a ubiquitin ligase is fascinating. Accordingly, recent evidence has
paradigmatically shifted our understanding and urged researchers to drill down deep into these
novel and clinically valuable facets of AhR biology. Our rapidly increasing realization related to
AhR-mediated regulation of the ubiquitination and proteasomal degradation of different proteins has
started to scratch the surface of intriguing mechanisms. Furthermore, AhR and epigenome dynamics
have shown previously unprecedented complexity during multiple stages of cancer progression.
AhR not only transcriptionally regulated epigenetic-associated molecules, but also worked with
epigenetic-modifying enzymes during cancer progression. In this review, we have summarized the
findings obtained not only from cell-culture studies, but also from animal models. Different clinical
trials are currently being conducted using AhR inhibitors and PD-1 inhibitors (Pembrolizumab and
nivolumab), which confirm the linchpin role of AhR-related mechanistic details in cancer progression.
Therefore, further studies are required to develop a better comprehension of the many-sided and
“diametrically opposed” roles of AhR in the regulation of carcinogenesis and metastatic spread of
cancer cells to the secondary organs.

Keywords: cancer; apoptosis; signaling; xenografted mice; preclinical trials

1. Introduction

Aryl hydrocarbon receptor (AhR) has a central role in crucial processes, including
cellular stress responses, proliferation, inflammation and carcinogenesis [1–4]. Combined

Cells 2023, 12, 2382. https://doi.org/10.3390/cells12192382 https://www.mdpi.com/journal/cells

https://doi.org/10.3390/cells12192382
https://doi.org/10.3390/cells12192382
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/cells
https://www.mdpi.com
https://orcid.org/0000-0003-2209-7483
https://orcid.org/0000-0002-0399-5045
https://doi.org/10.3390/cells12192382
https://www.mdpi.com/journal/cells
https://www.mdpi.com/article/10.3390/cells12192382?type=check_update&version=1


Cells 2023, 12, 2382 2 of 19

with our evolving knowledge regarding the important role of AhR, it is becoming relatively
easier to understand how AhR rewires the signaling landscape. Importantly, AhR and
interconnected proteome of the tumor microenvironment can drive malignant transforma-
tion, drug resistance, epithelial-to-mesenchymal transition, immune evasion and metastatic
spread of cancer cells to secondary sites. Integrated experimental and computational
studies have galvanized the identification of structural requirements for ligand-induced ac-
tivation of AhR [5–9]. Different proteins are involved in nuclear accumulation of AhR [10].
Importantly, nuclear accumulation of AhR is necessary for transcriptional gene networks.

After ligand binding, AhR shuttles into the nucleus and dimerizes with ARNT (AhR
nuclear translocator protein) [11,12]. Essentially, AhR/ARNT dimers transcriptionally
control genetic networks, which underlie carcinogenesis and metastasis. AhR works with
wide variety of co-factors and chromatin remodeling machinery (Figure 1) [13,14]. A high
degree of complexity has emerged in the context of the multifaceted role of AhR in cancer,
with a series of outstanding questions related to the cancer promoting and cancer sup-
pressive activities of AhR signaling in studies. An integrated and comprehensive view of
AhR functionalities in the regulation of the carcinogenesis and metastasis is expanding
at a previously unprecedented momentum. A substantial fraction of mechanism-based
information has deconvoluted highly intricate cellular quality-control processes. Ubiquiti-
nation of a plethora of proteins plays a linchpin role in shaping the outcome of different
signaling pathways.
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Figure 1. In the inactive state, AhR is primarily located in the cytoplasm and exists as a multi-
protein complex with two chaperone proteins, HSP90 (heat shock protein 90) and co-chaperone
p23. Moreover, AIP (AhR interacting protein) is a conserved co-chaperone protein that binds to
many proteins, including AhR and HSP90. AhR ligands cross the plasma membrane and bind to
AhR. These interactions allow the transportation of ligand-receptor complexes into the nucleus.
ARNT (AhR nuclear translocator) is a basic Helix-Loop-Helix Motif containing transcriptional factor.
Therefore, after accumulation of AhR in the nucleus, AhR forms heterodimers with its partner ARNT.
Functionally active heterodimers bind specific DNA regions located in the promoter regions of
different genes. AhR works with wide variety of co-factors and chromatin remodeling machinery.
The steroid receptor co-activator (SRC) family of p160 proteins consists of SRC-1 (NcoA-1), SRC-2 and
SRC-3. AhR/ARNT complex promoted the recruitment of SRC family of transcriptional co-activators.
Histone deacetylases (HDACs) are displaced by AhR and histone acetyltransferases are recruited by
AhR to stimulate transcriptional gene networks.
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There are some excellent reviews ranging from description of different types of AhR-
agonists to the mechanisms of AhR-mediated regulatory networks [15–24]. However, in
this review we have attempted to gather some of the proof-of-concept studies related to
ubiquitination, epigenetics and AhR-related molecular biology to complete missing pieces
of an incomplete jigsaw puzzle. These apparently discrete mechanisms have to be viewed
as a multi-dimensional perspective to comprehensively analyze the mechanisms of AhR in
the inhibition/prevention of cancer.

A considerable proportion of cutting-edge seminal studies has underscored the role of
AhR as a “double-edged” sword. Therefore, we have partitioned this review primarily into
three sub-sections. Initially, we offer our readers a brief discussion about the oncogenic
and tumor-suppressive roles of AhR specifically in the animal model studies. Later, we
provide a detailed analysis of the existing mechanistic evidence related to the role of AhR in
the regulation of ubiquitination as well as “moonlighting” activities of AhR as a ubiquitin
ligase. The last section deals with the epigenetic aspects of AhR activities.

2. Oncogenic Role of AhR

AhR has been shown to promote carcinogenesis mainly through regulation of different
signaling pathways. AhR-mediated rewiring of signaling pathways contextually reduced
immunological responses and severely impaired natural killer cell-mediated inhibition of
tumor progression.

IDO1 and TDO2 displayed the unique ability to catalyze kynurenine production,
which promoted carcinogenesis by impairment of host immunosurveillance. Indoleamine
2,3-dioxygenase 1 (IDO1) catalyzed the rate-limiting steps in tryptophan catabolism and
exerted immunosuppressive effects primarily through the activation of the AhR pathway.
AhR activation by the IDO1/TDO2 product kynurenine promotes a tumor microenviron-
ment that is defective in recognition and eradication of the cancer cells. Kynurenine-
mediated activation of AhR leads to the immunological escape of cancer cells. AhR
regulated NKG2DL/NKG2D-mediated signaling to enhance immune escape. NKG2Ds
are lectin-like type-2 transmembrane stimulatory immunoreceptors. NKG2D contains a
charged transmembrane residue that enables it to interact with signaling adaptor molecules.
Structural studies have shown that NKG2D transduce the signals intracellularly via an
Src homology 2 domain-binding site in the DAP10 adaptor. ADAM10 (a disintegrin and
metalloprotease-10) played a critical role in the shedding of NKG2DL and the release of
soluble NKG2DL. Importantly, AhR stimulated transcriptional activation of ADAM10 [25].
ADAM10 specific inhibitors efficiently reduced the shedding of NKG2DL and enhanced its
binding to NKG2D receptors (Figure 2) [26].

As Kynurenine is an agonist of AhR, therefore AhR promotes the entry of kynurenine
in the NK cells. AhR antagonized STAT proteins driven downstream signaling. Functionally
active forms of STAT proteins directly bind to the promoter regions of NK receptors
(NKG2D and NKp46) (Figure 2). Treatment with STAT inhibitors resulted in an evident
decline in the expression of NKG2D and NKp46 [27]. It is highly relevant to mention that
AhR-mediated upregulation of PD-1 and PD-L1 signaling is currently an area of intense
clinical research.

A liver metastasis model was generated by the injection of TDO2-expressing CT26
cells into the spleen of Balb/c syngenic mice. There was an evidence increase in the liver
metastasis in mice injected with TDO2-overexpressing CT26 cells. AhR inactivation with a
specific inhibitor (CH-223191) caused a complete blockade of the TDO2-mediated increase
in hepatic metastasis. AhR has been shown to transcriptionally upregulate PD-L1 and
TDO2. Activation of the kynurenine-AhR cascade by TDO2 induced the activation of
PD-L1 and TDO2 in colon cancer cells. Knockout of PD-L1 almost completely impaired
the TDO2-induced increase in hepatic metastasis. TDO2-induced liver metastasis was
also reported to be abrogated by the intraperitoneal injections of neutralizing anti-PD-L1
antibodies [28].



Cells 2023, 12, 2382 4 of 19
Cells 2023, 12, x FOR PEER REVIEW 4 of 22 
 

 

     
Figure 2. AhR stimulated transcriptional activation of ADAM10. ADAM10-specific inhibitors effi-
ciently reduced the shedding of NKG2DL and enhanced its binding to NKG2D receptors. STAT 
proteins directly bind to the promoter regions of NK receptors (NKG2D and NKp46). Treatment 
with STAT inhibitors resulted in a decline in the expression of NKG2D and NKp46. 

As Kynurenine is an agonist of AhR, therefore AhR promotes the entry of kynurenine 
in the NK cells. AhR antagonized STAT proteins driven downstream signaling. Function-
ally active forms of STAT proteins directly bind to the promoter regions of NK receptors 
(NKG2D and NKp46) (Figure 2). Treatment with STAT inhibitors resulted in an evident 
decline in the expression of NKG2D and NKp46 [27]. It is highly relevant to mention that 
AhR-mediated upregulation of PD-1 and PD-L1 signaling is currently an area of intense 
clinical research. 

A liver metastasis model was generated by the injection of TDO2-expressing CT26 
cells into the spleen of Balb/c syngenic mice. There was an evidence increase in the liver 
metastasis in mice injected with TDO2-overexpressing CT26 cells. AhR inactivation with 
a specific inhibitor (CH-223191) caused a complete blockade of the TDO2-mediated in-
crease in hepatic metastasis. AhR has been shown to transcriptionally upregulate PD-L1 
and TDO2. Activation of the kynurenine-AhR cascade by TDO2 induced the activation of 
PD-L1 and TDO2 in colon cancer cells. Knockout of PD-L1 almost completely impaired 
the TDO2-induced increase in hepatic metastasis. TDO2-induced liver metastasis was also 
reported to be abrogated by the intraperitoneal injections of neutralizing anti-PD-L1 anti-
bodies [28]. 

The tumor cells recruited the macrophages into the tumor tissues and promoted the 
polarization of M2 macrophages, which consequently facilitated the malignant progres-
sion of the tumor. The frequency of M2 macrophages was noted to be higher in mice sub-
cutaneously injected with TDO2-overexpressing KYSE150 cancer cells. Tumor progres-
sion by TDO2-overexpressing KYSE150 cancer cells was abolished in macrophage de-
pleted animal models [29]. IDO1/TDO dual inhibitor RY103 targeted the Kyn-AhR path-
way in mice xenografted with pancreatic cancer cells [30]. 

Figure 2. AhR stimulated transcriptional activation of ADAM10. ADAM10-specific inhibitors
efficiently reduced the shedding of NKG2DL and enhanced its binding to NKG2D receptors. STAT
proteins directly bind to the promoter regions of NK receptors (NKG2D and NKp46). Treatment with
STAT inhibitors resulted in a decline in the expression of NKG2D and NKp46.

The tumor cells recruited the macrophages into the tumor tissues and promoted the
polarization of M2 macrophages, which consequently facilitated the malignant progression
of the tumor. The frequency of M2 macrophages was noted to be higher in mice subcuta-
neously injected with TDO2-overexpressing KYSE150 cancer cells. Tumor progression by
TDO2-overexpressing KYSE150 cancer cells was abolished in macrophage depleted animal
models [29]. IDO1/TDO dual inhibitor RY103 targeted the Kyn-AhR pathway in mice
xenografted with pancreatic cancer cells [30].

AhR has been shown to trigger the activation of JAK/STAT signaling and promoted
carcinogenesis. AhR maintained stemness of NSCLC cells via JAK2/STAT3 pathway.
Ruxolitinib inhibited JAK2/STAT3 signaling and eliminated the tumor sphere forming
abilities of AhR-wild-type expressing-PC-9 cells [31].

AhR is actively involved in the metastatic spread of melanoma cells. Significantly,
syngeneic C57BL/6J mice transplanted intra-cutaneously with AhR knockout-HCmel12
melanoma cells exhibited a substantial reduction in the frequency and number of pul-
monary metastases [32].

IκB kinase α (IKKα) worked synchronously with AhR and transcriptionally upregu-
lated cancer-stemness related gene network consisting of ABCG2, c-Myc, ALDH1A1, Lgr6
and KLF4 [33]. Collectively, the data unveil an interesting role of IKKα in the transcriptional
regulation of different genes.

Biseugenol decreased the growth of primary tumors, peritoneal extension and liver,
spleen and lung macro-metastases. A gastric cancer model was used for the evaluation
of anticancer and anti-metastatic effects of biseugenol. The animal model study also re-
vealed that inhibition/inactivation of AhR or Biseugenol-induced Calpain-10-activation
suppressed the growth of tumor mass and reduced the frequency of peritoneally dissem-
inated cancer cells. Biseugenol activated Calpain-10-mediated cleavage of AhR in the
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cancer cells (Figure 3). AhR is involved in transcriptional upregulation of epithelial-to-
mesenchymal (EMT)-related transcriptional factors. However, Calpain-10-induced cleavage
of AhR prevented transcriptional upregulation of SNAIL (Figure 3) [34].
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Figure 3. IDO1 and TDO2 catalyze the production of kynurenine. Oncogenic AhR transcriptionally
upregulates different oncogenic networks. Calpain-10 has the ability to proteolytically cleave AhR
and block AhR-mediated signaling. TDO overexpression promotes metastasis, but inhibition of TDO
abolishes metastatic spread.

AhR promoted pro-survival signaling in breast cancer cells. AhR knockdown resulted
in the induction of apoptotic death in breast cancer cells. For experimental metastasis,
MDA-MB-231 breast cancer cells were injected into the lateral tail vein of mice. Pulmonary
metastatic nodules were lower in number and smaller in size in animal models injected
with AhR-silenced MDA-MB-231 cancer cells [35].

There was an evident decrease in the number of metastatic nodules on the surface of
lungs from mice injected with TDO2-inhibitor treated MDA-MB-231 cancer cells (Figure 3).
TDO2 inhibition severely impaired the capability of triple negative breast cancer cells to
effectively metastasize to secondary organs following tail vein injections in mice [36].

Conditioned media from particulate matter-treated macrophages increased cancer cell
motility and activated EGFR signaling in cancer cells. HBEGF (heparin-binding EGF-like
growth factor) secreted by particulate matter-treated macrophages activated EGFR in cancer
cells [37]. Particulate matter exposure led to nuclear accumulation of AhR as well as AhR-
mediated upregulation of HBEGF in macrophages. Intratracheal injections of particulate
matter were introduced into the lungs. Consequently, particulate matter was deposited in
the lung tissues along with an increase in the infiltration rate of inflammatory cells into the
bronchioles and alveolar tissues [37]. The total number of cells in the bronchoalveolar lavage
fluid was found to be increased in mice injected with particulate matter. The metastatic
spread of B16F10 cells to the lungs was increased in mice exposed to the particulate matter.
Expression of HBEGF was enhanced in lung tissues. Precisely, it was verified that HBEGF
was increased specifically in macrophages isolated from the lungs of experimental mice
treated with particulate matter [37].
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AhR has also been reported to behave as a critical suppressor of a robust immunolog-
ical response against tumorigenesis. AhR-silenced-MOC1 murine oral cancer cells were
orthotopically implanted into the tongues of C57BL/6J mice [38]. There was a significant ret-
rogression of the tumors generated from AhR-silenced-MOC1 cells by week 2 and sustained
inhibition of tumor growth was reported over a time span of 7 weeks. Importantly, the num-
ber of CD4+ and CD8+ cells was significantly higher in the tumor-draining lymph nodes in
AhR-silenced-MOC1-implanted mice. Remarkably, an increase in the frequency of CD4+
and CD8+ cells triggered rapid clearance of AhR-silenced-MOC1 cells [38]. The percentage
and number of CD4+ and CD8+ T cells within tumor-draining lymph nodes returned back
to the baseline levels after clearance of the tumors in AhR-silenced-MOC1-implanted mice.
Earlier exposure of the mice to AhR-silenced-MOC1 tumors triggered the development of
a strong immunological memory against the neoantigens expressed in MOC1-wild type
cells. AhR-silenced-MOC1-injected mice re-challenged orthotopically with MOC1-wild
type cells after 100 days did not show any evidence related to the development of wild-type
tumors [38].

Formate is a metabolite having tumor promoting activities. Formate is produced by
colorectal cancer-associated bacterium Fusobacterium nucleatum (Fn) [39]. Formate fueled
invasive abilities of cancer cells by activation of AhR-induced stemness of cancer cells.
Metastatic dissemination of the cancer cells to the lungs was noted to be higher after tail vein
injections of T18 cancer cells pre-treated with Fn. However, use of an AhR inhibitor led to a
reversal of Fn-induced metastatic dissemination. Intratumoral injections of Fn stimulated
the levels of formate within tumor interstitial fluids. Fn exerted pro-inflammatory effects
and promoted the expansion of CD4+IL-17+RORγT+ T cells. It is important to note that
Th17 cells are a subset of CD4+ T cells classically characterized by a master transcriptional
factor RORγt and the production of interleukin-17. Fn promoted the specified expansion
of CD4+IL-17+RORγT+ T cells in the lamina propria of experimental models treated with
Fn [39].

Particulate matter 2.5 (PM2.5) is a risk factor for the progression of lung cancer. PM2.5
activated AhR, promoted its nuclear translocation and potentiated AhR-mediated tran-
scriptional activation of TMPRSS2 in A549 and H1975 cancer cells. Tumors derived from
TMPRSS2-1-depleted H1975 cells were smaller in size in tumor-bearing mice [40].

Binding of interleukin-2 (IL-2) to interleukin-2R (IL-2R) resulted in the recruitment
and activation of the Janus kinases. JAK mediated phosphorylation of STAT5-induced
exhaustion of CD8+ T cells [41]. IL-2 has the ability to upregulate the expression of
Tryptophan hydroxylase 1 (TPH1) in the resting and activated CD8+ T cells. TPH1 catalyzed
the conversion of tryptophan to 5-hydroxytryptophan (5-HTP). 5-HTP activated nuclear
accumulation of AhR and prompted AhR-mediated upregulation of inhibitory receptors.
Blockade of IL-2 cascade caused a decline in AhR levels in the activated CD8+ T cells, which
clearly indicated that the IL-2 pathway regulated the activity of AhR. Intratumoral injections
of 5-HTP into B16- or MC38-tumor-bearing experimental mice led to the upregulation of
inhibitory receptors and simultaneously reduced the production of effector molecules
interferon-gamma and tumor necrosis factor in CD8+ TILs [41]. Collectively, these findings
clearly suggested that IL-2 transduced the signals intracellularly through the STAT5-5-HTP-
AhR pathway and induced exhaustion of CD8+ T cells in tumor microenvironment.

3. Tumor Suppressive Roles of AhR

The p-hydroxycinnamic acid inhibited cancer progression partly through the activation
of AhR signaling [42].

Glypican-5 (GPC5) is a member of heparan sulfate proteoglycans and reportedly involved
in the regulation of cancer. GPC5 regulated the expression of CTDSP1 (C-terminal domain
small phosphatase-1) and played a central role in the suppression of cancer progression. AhR
was translocated into the nucleus from the cytoplasm in GPC5-overexpressing lung cancer
cells. AhR/ARNT heterodimers transcriptionally upregulate CTDSP1. GPC5 overexpression
impaired the lymph node metastasis of lung cancer cells in animal models [43].



Cells 2023, 12, 2382 7 of 19

There was a significant increase in the metastatic spread in mice orthotopically im-
planted with AhR-silenced H1975 cancer cells in the lungs. AhR stimulated the expres-
sion of ATF4 and consequently ATF4 triggered the transcription of ASNS (asparagine
synthetase). Asparagine synthetase (ASNS) catalyzed ATP-dependent biosynthesis of
L-asparagine from L-aspartic acid and limited the uncontrolled growth of cancer cells [44].

AhR activation caused inhibition of the hypoxia-induced increase in the expression of
VEGF in LNCaP and PC-3 cells (Huang). ARNT is a common dimerization partner of HIF-
1α and AhR. Therefore, AhR competed with HIF-1α for binding with ARNT and impaired
the formation of the prostate cancer by suppression of the production of VEGF. For the
analysis of tumor suppressive functions of AhR in prostate carcinogenesis, AhR-null mice
were genetically crossed with transgenic adenocarcinoma of the mouse prostate (TRAMP)
model of prostate cancer. AhR+/+ TRAMP mice demonstrated markedly reduced tumor
development [45].

4. Complex Interplay between Ubiquitin Ligases and AhR

In 2004, Ciechanover, Hershko and Rose won the Nobel Prize (Chemistry) in recogni-
tion of their ground-breaking discoveries, which unraveled novel mechanisms associated
with ubiquitin-directed degradation of substrates [46–51]. The fate of the ubiquitinated
proteins, however, can be reversed through the action of deubiquitinases [52–55]. In this
section, we have selected key findings for discussion related to regulation of ubiquitin
ligases by AhR in different cancers. Moreover, we have also highlighted how AhR in-
teracted with different ubiquitin ligases and deubiquitinating enzymes for regulation of
signaling pathways.

Ubiquitin-specific protease 14 (USP14) has gained attention because of its ability to
interfere with ubiquitination and degradation of oncogenic proteins [56–63]. USP14, a
deubiquitinating enzyme interacted with and stabilized IDO1 in colorectal cancer cells [64].
TRIM21 (Tripartite motif containing-21), a cytosolically located ubiquitin ligase ubiquiti-
nated IDO1 via K48-linkage and promoted degradation (Figure 4A). TRIM21 overexpres-
sion caused a significant increase in the ubiquitination of IDO1 [64], whereas ubiquitination
of IDO1 was noted to be reduced in TRIM21-depleted cancer cells. USP14 overexpres-
sion markedly increased kynurenine levels, while IDO1 knockdown caused a decline
in the levels of kynurenine in the USP14-overexpressing tumors. USP14 overexpression
reduced the percentage of Granzyme B+ CD8+ T cells, but expanded the proportion of
CD25+FOXP3+ CD4+ T cells in tumors (Figure 4B). Conversely, IDO1 knockdown restored
the percentage of Granzyme B+ CD8+ T cells and reduced the frequency of CD25+FOXP3+
CD4+ T cells within tumor tissues derived from USP14-overexpressing cancer cells. USP14
inhibition led to a marked reduction in the tumor growth, augmented the infiltration of
cytotoxic T cells, reduced the infiltration rate of Regulatory T cells (Tregs) and promoted
the response to anti-PD-1 therapy [64]. These findings have described a complex interplay
among IDO1, TRIM21 and USP14 in cancer progression. Stability of IDO1 results in an
increase in the production of kynurenine; however, the concise role of AhR needs to be
investigated comprehensively in the context of IDO1, TRIM21 and USP14. However, cir-
cumstantial evidence also sheds light on the off-target effects of IDO1 inhibitors. There is
evidence of compensatory activation of AhR pathway in cells treated with IDO1 inhibitors.
USP14 inhibition reduces both IDO1 protein levels and IDO1-mediated immunosuppres-
sion. Moreover, USP14 inhibition efficiently abolished the off-target effects related to IDO1
inhibitors-mediated activation of AhR.
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1 

Figure 4. (A,B) USP14 deubiquitinated IDO1 and enhanced its stability. However, TRIM21 enhanced
ubiquitination and degraded IDO1. IDO1 stability caused an increase in the production of kynurenine
and activated AhR. Therefore, USP14 promoted tumorigenesis and promoted the mobilization
of regulatory CD25+FOXP3+ CD4+ T cells and impaired the immunological response of killer T
cells. However, inhibition of IDO1 potentiated the accumulation of Granzyme B+ CD8+ T cells
and reduced tumorigenesis. (C) AhR transcriptionally regulates different ubiquitin ligases. AhR
inactivated RNF182 but enhanced the expression of UBE2L3. (D) UBE2L3 has dualistic roles. It not
only ubiquitinated and degraded HPV-encoded oncogenic proteins but also tagged tumor suppressor
proteins like p53 for degradation. (E) UCHL3-mediated cancer promoting effects are inhibited by
miRNA-582-5p. However, LINC00665 promoted the expression of UCHL3 and potentiated the
deubiquitination of AhR. Stable AhR triggered the expression of oncogenic networks. (F) AhR
stimulated CHIP/STUB1 and inhibited metastasis. (G) YL-109 impaired metastatic colonization of
MDA-MB-231 cancer cells to the lungs of experimental mice.
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4.1. Oncogenic Role of UCHL3 in Stabilization of AhR and Cancer Progression

Growing evidence demonstrates that high UCHL3 (ubiquitin C-terminal hydrolase
L3) activity promotes cancer onset and progression. UCHL3 is a deubiquitinating enzyme
having the unique ability to deubiquitinate and extend the half-life of different proteins.
Due to their wide-ranging regulatory roles in key processes, UCHL3 might provide new
therapeutic targets [65–71]. UCHL3 is involved in the stabilization of AhR. UCHL3 pro-
moted tumor stem-like properties through stabilization of AhR. It was shown that AhR
transcriptionally upregulated ABCG2, c-Myc, ALDH1 and KLF4 in A549 cells. Tumor
growth was noted to be significantly impaired in mice inoculated with UCHL3-silenced
H358 cells [72].

Importantly, UCHL3 is reported to be negatively modulated by tumor suppressor
microRNA. miRNA-582-5p directly targeted UCHL3 and inhibited cancer progression
(Figure 4E). However, an oncogenic long non-coding RNA has been described to inter-
fere with miRNA-582-5p-mediated targeting of UCHL3 [73]. Injections of LINC00665-
overexpressing PC9 cells effectively promoted the tumor growth in irradiated mice. There
was an evident increase in the levels of LINC00665, UCHL3, AhR and PD-L1, but miRNA-
582-5p was downregulated in the tumor tissues derived from LINC00665-overexpressing
cancer cells. Tumor tissues of irradiated mice xenografted with LINC00665 overexpressing
cancer cells displayed elevated levels of PD-1 and PD-L1 and fewer CD8+ T cells [73].
Overall, these findings indicated that LINC00665 enabled NSCLC cells to evade immune
elimination via UCHL3-directed stability of AhR protein primarily through miRNA-582-
5p/UCHL3 regulatory axis. UCHL3 is an effective pharmacological target to block AhR-
driven signaling during cancer progression.

Stability of AhR is imperative for downstream signaling and SUMOylation has been
shown to stabilize AhR. AhR has been reported to undergo post-translational modifications
by SUMOylation. Two SUMOylation sites have been identified in AhR [74]. One is in the
bHLH domain and the other site resides within the TAD domain of AhR. Nuclear fractions
of TCDD-treated cancer cells showed a reduced level of SUMOylated AhR. SUMOyla-
tion stabilized AhR via inhibition of its ubiquitination-mediated degradation. However,
SUMOylation also exerted repressive effects on the transactivation activities of AhR. SENP1
is a crucial deSUMOylating enzyme. There was an evident increase in AhR-mediated
transcriptional activity after deSUMOylation [74].

4.2. Transcriptional Regulation of Ubiquitin Ligases by AhR

Indole-3-Carbinol is a phytochemical having notable cancer inhibitory properties.
Indole-3-Carbinol is also an AhR ligand and triggers AhR-mediated transcriptional upreg-
ulation of UBE2L3 (Ubiquitin Conjugating Enzyme E2 L3). UBE2L3 ubiquitinated human
papillomavirus (HPV)-encoded-E7 oncoprotein (Figure 4C,D) [75]. These findings are
intriguing and warrant comprehensive research. However, UBE2L3 has also been shown
to inhibit apoptosis and promote carcinogenesis [76]. AhR transcriptionally upregulated
UBE2L3 and directed specific proteins for degradation. UBE2L3 increased ubiquitination
and degradation of p53. After TCDD treatment, wild-type mice displayed notable reduc-
tion in the levels of p53 levels. However, decline in the levels of p53 was not observed in
TCDD-treated AhR-null mice. AhR activation by TCDD induced an increase in the levels
of ubiquitinated p53 [76].

RNF182 (Ring Finger Protein-182) is an E3 ubiquitin ligase [77,78]. RNF182 knockdown
considerably increased colony formation and proliferation of the cancer cells. Benzo[a]pyrene
(BaP), an AhR agonist not only increased nuclear accumulation of AhR, but also tran-
scriptionally downregulated RNF182 in cancer cells [79]. BaP enhanced carcinogenesis by
transcriptional repression of RNF182 primarily through promoting the recruitment of AhR
to the promoter of RNF182.

AhR deficiency drastically impaired the infiltration of lymphocytes into the tumor
microenvironment. AhR –/– NK cells failed to infiltrate the tumors to a greater extent
as compared to the wild-type NK cells [80]. ASB2 (Ankyrin repeat- and SOCS BOX-
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containing protein-2) encodes a subunit of a multimeric E3 ubiquitin ligase complex.
AhR transcriptionally upregulated ASB2 in NK cells. ASB2-deficiency phenocopied AhR-
deficiency in natural killer cells in terms of the capability of natural killer cells to invade and
infiltrate tumor tissues. Filamin A inhibited the migration of natural killer cells. However,
AhR-mediated upregulation of ASB2 led to ubiquitination and degradation of Filamin
A [80].

Carboxy-terminus of HSC70-interacting protein (CHIP/STUB1) is a 35 kDa protein
having remarkable E3 ubiquitin ligase activity. Additionally, 2-(4-hydroxy-3-methoxyphenyl)-
benzothiazole (YL-109) triggered AhR-mediated transcriptional upregulation of CHIP/STUB1.
YL-109 impaired metastatic dissemination of MDA-MB-231 cancer cells to the lungs of experi-
mental mice (Figure 4F) [81].

4.3. AhR Works with Ubiquitin Ligases for Regulation of Different Proteins

Rbx1, a RING-domain E3 ligase ubiquitinated and degraded ERα. Indole-3-carbinol
induced the ubiquitination and proteasome-mediated degradation of ERα [82]. Rbx1 and
AhR worked as a complex to trigger the ubiquitination of ERα. Degradation of ERα
resulted in transcriptional repression of GATA3. It has been shown that GATA3 transcrip-
tionally upregulated ERα. Therefore, Indole-3-carbinol effectively reduced the levels of
ERα by blockade of Rbx1-mediated degradation and GATA3-mediated transcriptional
upregulation [82].

The detection of foreign DNA is a crucial alarm for the activation of immunological
responses. This is a well-orchestrated response and regulated by cyclic GMP-AMP synthase
(cGAS)-stimulator of interferon genes (STING) cascade. Previous studies had shown that
the binding of cGAS to dsDNA (double-stranded DNA) caused an allosteric activation
of its catalytic activity and resulted in the production of 2’3’ cyclic GMP–AMP (cGAMP).
Importantly, cGAMP is not only a second messenger molecule but also a strong agonist
of STING. AhR reduces the stability of STING by the formation of a signalosome with
ubiquitin ligases [83]. CUL4B forms a complex with RBX1 (RING-box protein-1). AhR
promotes the interaction between CUL4B and STING and enhances the addition of K48-
linked polyubiquitin chains. CUL4B-knockout cells formed significantly smaller tumors in
mice. Moreover, tumor forming ability of double knockout cells (CUL4B and STING) was
found to be considerably enhanced [83].

5. Moonlighting Activities of AhR as a Ubiquitin Ligase

Carbidopa, a peripheral decarboxylase inhibitor is an AhR agonist. Carbidopa ef-
ficiently promoted AhR-mediated AR ubiquitination and proteasomal degradation [84].
Intraperitoneal injections of Carbidopa induced regression of the tumor mass in mice
xenografted with LNCaP cancer cells [84].

AhR acted as a ligand-activated E3 ubiquitin ligase and targeted ERα for protea-
somal degradation. AHRR (Aryl hydrocarbon receptor repressor) masked the activities
of AhR as a transcriptional factor and promoted E3 ubiquitin ligase functions of AhR.
The tumor growth rate was found to be significantly impaired in mice inoculated with
AhRR-overexpressing-MCF7 cancer cells [85].

Overexpression of AhR induced SMAD4 ubiquitination and proteasomal degradation.
Moreover, AhR, JAB1 (Jun-activation domain binding protein) and SMAD4 interacted and
formed a complex that induced ubiquitination of SMAD4 in AhR-overexpressing H1299
cancer cells. Overexpression of AhR caused suppression of invasive properties of cancer
cells [86].

The AhR-vimentin protein complex is formed in the cytoplasm resulting in proteaso-
mal degradation of vimentin. There was a significant increase in the number of pulmonary
metastatic nodules in H1299-wild-type-xenografted mice, whereas a decrease in the number
of metastatic colonies was seen in AhR-overexpressing-H1299-bearing mice [87].

Icaritin, a natural prenylflavonoid efficiently inhibited prostate cancer signaling [88].
Icaritin promoted AhR mediated degradation of both androgen receptor and androgen
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receptor-variants. Intraperitoneal administration of Icaritin impaired the growth of LNCaP
tumors in mice orthotopically implanted with androgen-sensitive LNCaP cells into the
prostates. Similar results were recorded in mice orthotopically implanted with CWR22Rv1
cancer cells. The size of the tumors derived from CWR22Rv1 cancer cells was smaller in
size in mice intraperitoneally administered with Icaritin [88].

6. Epigenetics Related to AhR-Mediated Downstream Signaling

Epigenetics is a highly complicated mechanism and phenomenal advancements have
been made in the comprehensive characterization of methylation-associated machinery [89–96].
AhR has been shown to utilize different mechanisms to regulate epigenetics. AhR has
the ability to modulate the expression of regulators of methylation-associated machinery.
Moreover, AhR has also been studied to mediate the process of epigenetics by orchestrating
the interaction of long non-coding RNAs with methyltransferases.

In this section, we have provided a summary of different mechanisms that enable us
to gain insights into the complicated interaction between AhR and epigenetic machinery in
the regulation of cancer.

6.1. Regulation of AhR by Epigenetic Machinery

NR2E3, an orphan nuclear receptor, formed a transcriptional complex with SP1 as well
as GRIP1 in cancer cells [97]. Findings suggested that a multi-protein complex stimulated
the expression of AhR. NR2E3 loss promoted the recruitment of LSD1 (Lysine-specific
histone demethylase-1). Consequently, LSD1 reduced the levels of H3K4me2 and tran-
scriptionally repressed AhR (Figure 5). Levels of AhR and H3K4me2 were found to be
significantly reduced in the livers of Nr2e3rd7 (Rd7) mice that expressed low levels of
NR2E3. Use of LSD1 inhibitors led to an increase in the levels of AhR and H3K4me2 in Rd7
mice. Moreover, AhR knockout mice exhibited a notable increase in the development of
diethylnitrosamine-induced liver tumors [97].

Brominated alkaloid Isofistularin-3 (Iso-3), from the marine sponge Aplysina aerophoba
induced de-methylation of AhR in cancer cells. There was an evident increase in the
expression of AhR in Isofistularin-3-treated cancer cells [98]. It was shown that Isofistularin-
3 demethylated AhR and induced apoptosis in cancer cells. However, there are visible
knowledge gaps in the study. Whether there is any relationship between AhR and apoptosis-
inducing ligands (TRAIL) needs to be determined. How AhR regulates apoptosis in
TRAIL-treated cancer cells is an exciting area of research.

6.2. AhR Mediated Regulation of Cancer-Associated Genes Is Influenced by Epigenetics

Different studies provide evidence that AhR-mediated regulation of different proteins
is influenced by epigenetic modifications. DNA methylation interferes with AhR mediated
regulation of genes. Sulfotransferase Family 1C member 2 (SULT1C2) is a phase II detoxify-
ing enzyme scientifically acknowledged for its capability to metabolize xenobiotics. The
AhR binding site has been identified within critical methylation sites upstream of SULT1C2.
Cigarette smoke condensate exposure considerably enhanced the attachment of AhR to the
binding sites in the promoter region of SULT1C2 in multiple lung cell lines. Overall, these
findings indicated that CSC exposure resulted in the activation of AhR and increased its
binding to the promoter region of SULT1C2. AhR triggers the upregulation of SULT1C2,
but this process is hampered mainly because of DNA methylation at the promoter region
of SULT1C2 [99].

AhR has the ability to trigger the expression of Decorin. However, CpG methylation
severely impaired the binding of AhR to the promoter region of Decorin. Demethylating
agent 5-Aza significantly induced re-expression of Decorin, reduced the levels of p-SMAD3
and simultaneously increased the levels of E-cadherin in 95D cells [100]. Therefore, AhR
stimulated the expression of tumor suppressors and promoted the levels of E-cadherin.
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Figure 5. (A) Multi-protein complex consisting of NR2E3, SP1 and GRIP1 stimulates the expres-
sion of AhR. However, NR2E3 loss promoted the recruitment of LSD1 (Lysine-specific histone
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Resultantly, SUV39H1 transcriptionally represses SOCS3 by increasing the levels of H3K9me2.

6.3. AhR Mediated Regulation of Proteins Played Important Role in Epigenetic Modifications

Studies show that AhR transcriptionally upregulates certain non-coding RNAs (MALAT1)
and histone methyltransferases (SUV39H1) and thus regulates epigenetic modifications.

Environmental toxicants have the ability to trigger the stimulation of non-coding
RNAs. TCDD (2,3,7,8-tetrachlorodibenzo-p-dioxin) acted as an AhR agonist and efficiently
induced MALAT1 in AsPC-1 and PANC-1 cancer cells [101]. AhR transcriptionally upreg-
ulated MALAT1. MALAT1 worked synchronously with EZH2 and increased the levels
of H3K27me3 (Figure 5). TCDD treatment resulted in a significant rise in the levels of
MALAT1, EZH2, and H3K27me3 levels but the cells co-treated with TCDD and AhR
antagonists demonstrated marked reduction in the levels of MALAT1, EZH2 as well as
H3K27me3 [101]. Collectively, ligand-dependent and environmental toxicants-induced
regulatory role of long non-coding RNAs by AhR should be examined comprehensively.
Additionally, role of AhR and MALAT1 can be studied in pancreatic cancer model by
inoculation of AhR-overexpressing pancreatic cancer cells.

Benzo[a]pyrene (BaP) and arsenic are among the most common environmental pol-
lutants. These chemicals have the ability to enhance lung carcinogenesis. Arsenic and
BaP synergistically induced cellular transformation, cancer stem cell-like properties and
tumorigenesis [102]. Importantly, Histone-lysine N-methyltransferase (SUV39H1) trimethy-
lates lysine 9 of histone H3. Higher levels of H3K9me2 in arsenic and BaP co-exposure-
transformed cells are regulated by SUV39H1. AhR transcriptionally stimulated the expres-
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sion of SUV39H1 (Figure 5). Co-exposure of cancer cells with arsenic and BaP increased the
enrichment of H3K9me2 in the promoter region of SOCS3 as compared to BaP exposure
alone (Figure 5). Furthermore, stable knockdown of SUV39H1 not only decreased the
levels of H3K9me2, but also stimulated an increase in the levels of SOCS3 in arsenic and
BaP co-exposure-transformed cells [102]. These results suggested that AhR demonstrated
a remarkable ability to epigenetically inactivate tumor suppressor genes via regulation
of methyltransferases.

6.4. AhR Worked with Epigenetic-Modifying Proteins

It has previously been revealed that AhR epigenetically inactivated BRCA in breast
cancer cells. TCDD activated AhR and promoted its nuclear accumulation. DNA methyl-
transferases (DNMT1, DNMT3A, DNMT3B) have critical roles in DNA methylation. AhR
worked synchronously with DNMT1, DNMT3A, DNMT3B and MBD2 (methyl binding
protein-2). There was an evident increase in H3K9me3 at the promoter region of BRCA1,
whereas the use of AhR antagonists interfered with crosstalk of AhR with methylation-
associated machinery and stimulated the expression of BRCA1 [103,104].

Aza-PBHA, an effective histone deacetylase inhibitor, increased NRF2-mediated up-
regulation of AhR. Aza-PBHA promoted the formation of AhR-HDAC complexes for the
inactivation of HDAC activity [105]. Overall, these findings indicated that HDAC inhibitors
impaired the activity of HDAC to impair invasive properties of cancer cells by facilitating
an increase in the formation of AhR/HDAC complexes for the inhibition of HDAC activities
and stability of histone acetylation patterns.

Hypermethylation blocked the binding of Sp1 to the promoter region of AhR. Use
of demethylating agent caused an increase in the levels of AhR in acute lymphoblastic
leukemia (ALL) cells [106]. These findings have to be investigated in animal models for a
clear role of AhR in acute lymphoblastic leukemia.

Certain clues have highlighted epigenetic-based synergism involving AhR and interleukin-
4 in the upregulation of chemokine CCL1 expression in human cells. These findings
supported the significance of exposure to environmental PAHs in differential alteration in
the functions of macrophage subsets. There is a need to study the interplay between AhR
and epigenetic modifications in immune regulatory cells in a detailed way [107].

7. Targeted Inhibition of AhR

The main aim of discussion related to AhR targeting is to expand the list of phar-
macological drugs for effective targeting of AhR-overexpressing cancers. Combinatorial
strategies consisting of epigenetic-modifying drugs and AhR antagonists will be helpful in
realistic and evidence-based results for cancer inhibition. Hopefully, these modalities have
the potential to offer patients new treatment options across diverse indications. Studies had
shown that overexpression and activation of AhR pathway led to significant impairment in
the development and functions of NK cells against AML [108].

StemRegenin1 (SR1) is an antagonist of AhR demonstrating unique ability to generate
natural killer cells having efficient interferon-γ production capability and cytolytic activity
against AML and multiple myeloma cells. These NK cells are generated from CD34+
progenitor cells and display high efficiency. These findings indicate that SR1 generated
high fraction of functionally capable NK cells from CD34+ HSPCs providing exceptional
promise for clinically efficient NK-cell-based immunotherapy [109–111].

AhR inhibition promoted the differentiation of tonsillar IL-22-producing innate lym-
phoid cell type to IFNγ-producing cytolytic mature NK cells [112].

Design of AhR targeting PROTACS is also an exciting strategy to prevent AhR-
overexpressing cancers [113]. Excitingly, the concept of a PROTAC (Proteolysis-targeting
chimera) molecule harnessing the ubiquitin-proteasome system for the targeted degrada-
tion of an oncogenic protein is very valuable in molecular oncology. Above all, clinical
proof-of-concept for PROTAC molecules against two well-established cancer targets in
2020 has substantiated the significance of PROTACs in clinical settings. PROTAC® Protein
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Degrader ARV-471 has demonstrated notable clinical benefit rate in locally advanced or
metastatic ER+/HER2− breast cancer patients.

8. Clinical Trials

Highly promising preclinical data related to regulation of AhR-driven signaling by
different chemicals have gradually opened new horizons for rationally designed clini-
cal evaluations.

AhR inhibitor (BAY 2416964) is an open-label, Phase 1, first-in-human clinical trial
for realistic evaluation of AhR inhibitors in cancer inhibition (NCT04069026). The syner-
gistic effects of BAY 2416964 in combination with Pembrolizumab (FDA-approved PD-1
inhibitor) are also being investigated (NCT04999202). IK-175, an orally administered AhR
antagonist, is also currently being evaluated with PD-1 inhibitors (nivolumab) for clinical
efficacy (NCT04200963).

These results are informative and future research should be focused on the rationaliza-
tion of combination therapies in the frontline clinical settings.

9. Concluding Remarks

AhR-mediated mechanisms have opened new horizons for an effective cancer therapy.
In this review, we have discussed how lessons learnt from clinical trials and an improved
understanding of AhR-mediated signaling pathways could galvanize the field. Pharmaco-
logical targeting of AhR using different antagonists clearly gives convincing evidence about
considerable role of AhR-mediated pathways in cancer progression. Collectively, these
findings have underscored the significance of ‘personalized cancer medicine’, an evolving
approach to cancer therapy that exploits the increasingly appreciated heterogeneous role of
AhR-driven signaling among different subsets of patients.
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16. Sládeková, L.; Mani, S.; Dvořák, Z. Ligands and agonists of the aryl hydrocarbon receptor AhR: Facts and myths. Biochem.
Pharmacol. 2023, 213, 115626. [CrossRef]

17. Sondermann, N.C.; Faßbender, S.; Hartung, F.; Hätälä, A.M.; Rolfes, K.M.; Vogel, C.F.A.; Haarmann-Stemmann, T. Functions of
the aryl hydrocarbon receptor (AHR) beyond the canonical AHR/ARNT signaling pathway. Biochem. Pharmacol. 2023, 208, 115371.
[CrossRef]

18. Safe, S.; Zhang, L. The Role of the Aryl Hydrocarbon Receptor (AhR) and Its Ligands in Breast Cancer. Cancers 2022, 14, 5574.
[CrossRef]

19. Murray, I.A.; Patterson, A.D.; Perdew, G.H. Aryl hydrocarbon receptor ligands in cancer: Friend and foe. Nat. Rev. Cancer 2014,
14, 801–814. [CrossRef]

20. Therachiyil, L.; Hussein, O.J.; Uddin, S.; Korashy, H.M. Regulation of the aryl hydrocarbon receptor in cancer and cancer stem
cells of gynecological malignancies: An update on signaling pathways. Semin. Cancer Biol. 2022, 86 Pt 3, 1186–1202. [CrossRef]

21. Dean, J.W.; Zhou, L. Cell-intrinsic view of the aryl hydrocarbon receptor in tumor immunity. Trends Immunol. 2022, 43, 245–258.
[CrossRef]

22. Stading, R.; Gastelum, G.; Chu, C.; Jiang, W.; Moorthy, B. Molecular mechanisms of pulmonary carcinogenesis by polycyclic
aromatic hydrocarbons (PAHs): Implications for human lung cancer. Semin. Cancer Biol. 2021, 76, 3–16. [CrossRef] [PubMed]

23. Rothhammer, V.; Quintana, F.J. The aryl hydrocarbon receptor: An environmental sensor integrating immune responses in health
and disease. Nat. Rev. Immunol. 2019, 19, 184–197. [CrossRef] [PubMed]

24. Cheong, J.E.; Sun, L. Targeting the IDO1/TDO2-KYN-AhR Pathway for Cancer Immunotherapy—Challenges and Opportunities.
Trends Pharmacol. Sci. 2018, 39, 307–325. [CrossRef] [PubMed]

25. Fang, X.; Guo, L.; Xing, Z.; Shi, L.; Liang, H.; Li, A.; Kuang, C.; Tao, B.; Yang, Q. IDO1 can impair NK cells function against
non-small cell lung cancer by downregulation of NKG2D Ligand via ADAM10. Pharmacol. Res. 2022, 177, 106132. [CrossRef]
[PubMed]

https://doi.org/10.1016/0003-9861(87)90485-1
https://www.ncbi.nlm.nih.gov/pubmed/2825595
https://doi.org/10.1016/S0021-9258(18)47743-5
https://www.ncbi.nlm.nih.gov/pubmed/2824460
https://doi.org/10.1016/S0021-9258(18)68314-0
https://www.ncbi.nlm.nih.gov/pubmed/2843537
https://doi.org/10.1073/pnas.89.17.8185
https://www.ncbi.nlm.nih.gov/pubmed/1325649
https://doi.org/10.1016/S0021-9258(18)31725-3
https://doi.org/10.1016/S0021-9258(18)47217-1
https://doi.org/10.1016/1043-2760(94)P3082-I
https://doi.org/10.1016/0165-6147(94)90316-6
https://doi.org/10.1016/S0303-7207(99)00165-3
https://doi.org/10.1074/jbc.M202413200
https://doi.org/10.1074/jbc.270.49.29270
https://www.ncbi.nlm.nih.gov/pubmed/7493958
https://doi.org/10.1073/pnas.88.21.9543
https://www.ncbi.nlm.nih.gov/pubmed/1658785
https://doi.org/10.1074/jbc.M117.812974
https://www.ncbi.nlm.nih.gov/pubmed/28904176
https://doi.org/10.1093/oxfordjournals.jbchem.a022633
https://doi.org/10.1007/s13577-023-00931-5
https://doi.org/10.1016/j.bcp.2023.115626
https://doi.org/10.1016/j.bcp.2022.115371
https://doi.org/10.3390/cancers14225574
https://doi.org/10.1038/nrc3846
https://doi.org/10.1016/j.semcancer.2022.10.003
https://doi.org/10.1016/j.it.2022.01.008
https://doi.org/10.1016/j.semcancer.2021.07.001
https://www.ncbi.nlm.nih.gov/pubmed/34242741
https://doi.org/10.1038/s41577-019-0125-8
https://www.ncbi.nlm.nih.gov/pubmed/30718831
https://doi.org/10.1016/j.tips.2017.11.007
https://www.ncbi.nlm.nih.gov/pubmed/29254698
https://doi.org/10.1016/j.phrs.2022.106132
https://www.ncbi.nlm.nih.gov/pubmed/35183714


Cells 2023, 12, 2382 16 of 19

26. Zocchi, M.R.; Camodeca, C.; Nuti, E.; Rossello, A.; Venè, R.; Tosetti, F.; Dapino, I.; Costa, D.; Musso, A.; Poggi, A. ADAM10
new selective inhibitors reduce NKG2D ligand release sensitizing Hodgkin lymphoma cells to NKG2D-mediated killing.
Oncoimmunology 2015, 5, e1123367. [CrossRef] [PubMed]

27. Park, A.; Yang, Y.; Lee, Y.; Kim, M.S.; Park, Y.J.; Jung, H.; Kim, T.D.; Lee, H.G.; Choi, I.; Yoon, S.R. Indoleamine-2,3-Dioxygenase in
Thyroid Cancer Cells Suppresses Natural Killer Cell Function by Inhibiting NKG2D and NKp46 Expression via STAT Signaling
Pathways. J. Clin. Med. 2019, 8, 842. [CrossRef]

28. Miyazaki, T.; Chung, S.; Sakai, H.; Ohata, H.; Obata, Y.; Shiokawa, D.; Mizoguchi, Y.; Kubo, T.; Ichikawa, H.; Taniguchi, H.; et al.
Stemness and immune evasion conferred by the TDO2-AHR pathway are associated with liver metastasis of colon cancer. Cancer
Sci. 2022, 113, 170–181. [CrossRef]

29. Zhao, Y.; Sun, J.; Li, Y.; Zhou, X.; Zhai, W.; Wu, Y.; Chen, G.; Gou, S.; Sui, X.; Zhao, W.; et al. Tryptophan 2,3-dioxygenase 2 controls
M2 macrophages polarization to promote esophageal squamous cell carcinoma progression via AKT/GSK3β/IL-8 signaling
pathway. Acta Pharm. Sin. B 2021, 11, 2835–2849. [CrossRef]

30. Liang, H.; Li, T.; Fang, X.; Xing, Z.; Zhang, S.; Shi, L.; Li, W.; Guo, L.; Kuang, C.; Liu, H.; et al. IDO1/TDO dual inhibitor RY103
targets Kyn-AhR pathway and exhibits preclinical efficacy on pancreatic cancer. Cancer Lett. 2021, 522, 32–43. [CrossRef]

31. Xiong, J.; Zhang, X.; Zhang, Y.; Wu, B.; Fang, L.; Wang, N.; Yi, H.; Chang, N.; Chen, L.; Zhang, J. Aryl hydrocarbon receptor
mediates Jak2/STAT3 signaling for non-small cell lung cancer stem cell maintenance. Exp. Cell Res. 2020, 396, 112288. [CrossRef]
[PubMed]

32. Mengoni, M.; Braun, A.D.; Gaffal, E.; Tüting, T. The aryl hydrocarbon receptor promotes inflammation-induced dedifferentiation
and systemic metastatic spread of melanoma cells. Int. J. Cancer 2020, 147, 2902–2913. [CrossRef] [PubMed]

33. Yan, B.; Liu, S.; Shi, Y.; Liu, N.; Chen, L.; Wang, X.; Xiao, D.; Liu, X.; Mao, C.; Jiang, Y.; et al. Activation of AhR with nuclear IKKα

regulates cancer stem-like properties in the occurrence of radioresistance. Cell Death Dis. 2018, 9, 490. [CrossRef]
34. Lai, D.W.; Liu, S.H.; Karlsson, A.I.; Lee, W.J.; Wang, K.B.; Chen, Y.C.; Shen, C.C.; Wu, S.M.; Liu, C.Y.; Tien, H.R.; et al. The novel

Aryl hydrocarbon receptor inhibitor biseugenol inhibits gastric tumor growth and peritoneal dissemination. Oncotarget 2014, 5,
7788–7804. [CrossRef] [PubMed]

35. Goode, G.D.; Ballard, B.R.; Manning, H.C.; Freeman, M.L.; Kang, Y.; Eltom, S.E. Knockdown of aberrantly upregulated aryl
hydrocarbon receptor reduces tumor growth and metastasis of MDA-MB-231 human breast cancer cell line. Int. J. Cancer 2013,
133, 2769–2780. [CrossRef] [PubMed]

36. D’Amato, N.C.; Rogers, T.J.; Gordon, M.A.; Greene, L.I.; Cochrane, D.R.; Spoelstra, N.S.; Nemkov, T.G.; D’Alessandro, A.;
Hansen, K.C.; Richer, J.K. A TDO2-AhR signaling axis facilitates anoikis resistance and metastasis in triple-negative breast cancer.
Cancer Res. 2015, 75, 4651–4664. [CrossRef] [PubMed]

37. Park, S.H.; Yoon, S.J.; Choi, S.; Jung, J.; Park, J.Y.; Park, Y.H.; Seo, J.; Lee, J.; Lee, M.S.; Lee, S.J.; et al. Particulate matter promotes
cancer metastasis through increased HBEGF expression in macrophages. Exp. Mol. Med. 2022, 54, 1901–1912. [CrossRef]

38. Kenison, J.E.; Wang, Z.; Yang, K.; Snyder, M.; Quintana, F.J.; Sherr, D.H. The aryl hydrocarbon receptor suppresses immunity
to oral squamous cell carcinoma through immune checkpoint regulation. Proc. Natl. Acad. Sci. USA 2021, 118, e2012692118.
[CrossRef]

39. Ternes, D.; Tsenkova, M.; Pozdeev, V.I.; Meyers, M.; Koncina, E.; Atatri, S.; Schmitz, M.; Karta, J.; Schmoetten, M.; Heinken, A.; et al.
The gut microbial metabolite formate exacerbates colorectal cancer progression. Nat. Metab. 2022, 4, 458–475. [CrossRef]

40. Wang, T.H.; Huang, K.Y.; Chen, C.C.; Chang, Y.H.; Chen, H.Y.; Hsueh, C.; Liu, Y.T.; Yang, S.C.; Yang, P.C.; Chen, C.Y. PM2.5
promotes lung cancer progression through activation of the AhR-TMPRSS2-IL18 pathway. EMBO Mol. Med. 2023, 15, e17014.
[CrossRef]

41. Liu, Y.; Zhou, N.; Zhou, L.; Wang, J.; Zhou, Y.; Zhang, T.; Fang, Y.; Deng, J.; Gao, Y.; Liang, X.; et al. IL-2 regulates tumor-reactive
CD8+ T cell exhaustion by activating the aryl hydrocarbon receptor. Nat. Immunol. 2021, 22, 358–369. [CrossRef] [PubMed]

42. Yamaguchi, M.; Murata, T.; Ramos, J.W. The botanical component p-hydroxycinnamic acid suppresses the growth and bone
metastatic activity of human prostate cancer PC-3 cells in vitro. J. Cancer Res. Clin. Oncol. 2021, 147, 339–350. [CrossRef] [PubMed]

43. Yang, X.; Chen, Y.; Zhou, Y.; Wu, C.; Li, Q.; Wu, J.; Hu, W.W.; Zhao, W.Q.; Wei, W.; Wu, C.P.; et al. GPC5 suppresses lung cancer
progression and metastasis via intracellular CTDSP1/AhR/ARNT signaling axis and extracellular exosome secretion. Oncogene
2021, 40, 4307–4323. [CrossRef] [PubMed]

44. Nothdurft, S.; Thumser-Henner, C.; Breitenbücher, F.; Okimoto, R.A.; Dorsch, M.; Opitz, C.A.; Sadik, A.; Esser, C.; Hölzel, M.;
Asthana, S.; et al. Functional screening identifies aryl hydrocarbon receptor as suppressor of lung cancer metastasis. Oncogenesis.
2020, 9, 102. [CrossRef]

45. Fritz, W.A.; Lin, T.M.; Peterson, R.E. The aryl hydrocarbon receptor (AhR) inhibits vanadate-induced vascular endothelial growth
factor (VEGF) production in TRAMP prostates. Carcinogenesis 2008, 29, 1077–1082. [CrossRef]

46. Sun, T.; Liu, Z.; Yang, Q. The role of ubiquitination and deubiquitination in cancer metabolism. Mol. Cancer 2020, 19, 146.
[CrossRef]

47. Li, X.M.; Zhao, Z.Y.; Yu, X.; Xia, Q.D.; Zhou, P.; Wang, S.G.; Wu, H.L.; Hu, J. Exploiting E3 ubiquitin ligases to reeducate the tumor
microenvironment for cancer therapy. Exp. Hematol. Oncol. 2023, 12, 34. [CrossRef]

48. Dikic, I.; Schulman, B.A. An expanded lexicon for the ubiquitin code. Nat. Rev. Mol. Cell Biol. 2023, 24, 273–287. [CrossRef]
49. Cruz Walma, D.A.; Chen, Z.; Bullock, A.N.; Yamada, K.M. Ubiquitin ligases: Guardians of mammalian development. Nat. Rev.

Mol. Cell Biol. 2022, 23, 350–367. [CrossRef]

https://doi.org/10.1080/2162402X.2015.1123367
https://www.ncbi.nlm.nih.gov/pubmed/27467923
https://doi.org/10.3390/jcm8060842
https://doi.org/10.1111/cas.15182
https://doi.org/10.1016/j.apsb.2021.03.009
https://doi.org/10.1016/j.canlet.2021.09.012
https://doi.org/10.1016/j.yexcr.2020.112288
https://www.ncbi.nlm.nih.gov/pubmed/32941808
https://doi.org/10.1002/ijc.33252
https://www.ncbi.nlm.nih.gov/pubmed/32790916
https://doi.org/10.1038/s41419-018-0542-9
https://doi.org/10.18632/oncotarget.2307
https://www.ncbi.nlm.nih.gov/pubmed/25226618
https://doi.org/10.1002/ijc.28297
https://www.ncbi.nlm.nih.gov/pubmed/23733406
https://doi.org/10.1158/0008-5472.CAN-15-2011
https://www.ncbi.nlm.nih.gov/pubmed/26363006
https://doi.org/10.1038/s12276-022-00886-x
https://doi.org/10.1073/pnas.2012692118
https://doi.org/10.1038/s42255-022-00558-0
https://doi.org/10.15252/emmm.202217014
https://doi.org/10.1038/s41590-020-00850-9
https://www.ncbi.nlm.nih.gov/pubmed/33432230
https://doi.org/10.1007/s00432-020-03405-5
https://www.ncbi.nlm.nih.gov/pubmed/33001270
https://doi.org/10.1038/s41388-021-01837-y
https://www.ncbi.nlm.nih.gov/pubmed/34079082
https://doi.org/10.1038/s41389-020-00286-8
https://doi.org/10.1093/carcin/bgn069
https://doi.org/10.1186/s12943-020-01262-x
https://doi.org/10.1186/s40164-023-00394-2
https://doi.org/10.1038/s41580-022-00543-1
https://doi.org/10.1038/s41580-021-00448-5


Cells 2023, 12, 2382 17 of 19

50. Senft, D.; Qi, J.; Ronai, Z.A. Ubiquitin ligases in oncogenic transformation and cancer therapy. Nat. Rev. Cancer 2018, 18, 69–88.
[CrossRef]

51. Buetow, L.; Huang, D.T. Structural insights into the catalysis and regulation of E3 ubiquitin ligases. Nat. Rev. Mol. Cell Biol. 2016,
17, 626–642. [CrossRef]

52. Lipkowitz, S.; Weissman, A.M. RINGs of good and evil: RING finger ubiquitin ligases at the crossroads of tumour suppression
and oncogenesis. Nat. Rev. Cancer 2011, 11, 629–643. [CrossRef]

53. Weissman, A.M.; Shabek, N.; Ciechanover, A. The predator becomes the prey: Regulating the ubiquitin system by ubiquitylation
and degradation. Nat. Rev. Mol. Cell Biol. 2011, 12, 605–620. [CrossRef]

54. Ravid, T.; Hochstrasser, M. Diversity of degradation signals in the ubiquitin-proteasome system. Nat. Rev. Mol. Cell Biol. 2008, 9,
679–690. [CrossRef] [PubMed]

55. Welchman, R.L.; Gordon, C.; Mayer, R.J. Ubiquitin and ubiquitin-like proteins as multifunctional signals. Nat. Rev. Mol. Cell Biol.
2005, 6, 599–609. [CrossRef]

56. Zhang, J.; Zhang, D.; Sun, L. Knockdown of Ubiquitin-Specific Protease 14 (USP14) Inhibits the Proliferation and Tumorigenesis
in Esophageal Squamous Cell Carcinoma Cells. Oncol. Res. 2017, 25, 249–257. [CrossRef] [PubMed]

57. Su, Y.; Zeng, K.; Liu, S.; Wu, Y.; Wang, C.; Wang, S.; Lin, L.; Zou, R.; Sun, G.; Luan, R.; et al. Ubiquitin-specific peptidase 14
maintains estrogen receptor α stability via its deubiquitination activity in endometrial cancer. J. Biol. Chem. 2023, 299, 102734.
[CrossRef] [PubMed]

58. Liu, Y.; Yu, C.; Shao, Z.; Xia, X.; Hu, T.; Kong, W.; He, X.; Sun, W.; Deng, Y.; Liao, Y.; et al. Selective degradation of AR-V7 to
overcome castration resistance of prostate cancer. Cell Death Dis. 2021, 12, 857. [CrossRef] [PubMed]

59. Ma, Y.S.; Wang, X.F.; Zhang, Y.J.; Luo, P.; Long, H.D.; Li, L.; Yang, H.Q.; Xie, R.T.; Jia, C.Y.; Lu, G.X.; et al. Inhibition of USP14
Deubiquitinating Activity as a Potential Therapy for Tumors with p53 Deficiency. Mol. Ther. Oncolytics 2020, 16, 147–157.
[CrossRef]

60. Zhang, F.; Xia, X.; Chai, R.; Xu, R.; Xu, Q.; Liu, M.; Chen, X.; Liu, B.; Liu, S.; Liu, N. Inhibition of USP14 suppresses the formation
of foam cell by promoting CD36 degradation. J. Cell. Mol. Med. 2020, 24, 3292–3302. [CrossRef]

61. Xia, X.; Huang, C.; Liao, Y.; Liu, Y.; He, J.; Guo, Z.; Jiang, L.; Wang, X.; Liu, J.; Huang, H. Inhibition of USP14 enhances the
sensitivity of breast cancer to enzalutamide. J. Exp. Clin. Cancer Res. 2019, 38, 220. [CrossRef] [PubMed]

62. Didier, R.; Mallavialle, A.; Ben Jouira, R.; Domdom, M.A.; Tichet, M.; Auberger, P.; Luciano, F.; Ohanna, M.; Tartare-Deckert, S.;
Deckert, M. Targeting the Proteasome-Associated Deubiquitinating Enzyme USP14 Impairs Melanoma Cell Survival and
Overcomes Resistance to MAPK-Targeting Therapies. Mol. Cancer Ther. 2018, 17, 1416–1429. [CrossRef] [PubMed]

63. Chen, L.; Zhu, G.; Johns, E.M.; Yang, X. TRIM11 activates the proteasome and promotes overall protein degradation by regulating
USP14. Nat. Commun. 2018, 9, 1223. [CrossRef] [PubMed]

64. Shi, D.; Wu, X.; Jian, Y.; Wang, J.; Huang, C.; Mo, S.; Li, Y.; Li, F.; Zhang, C.; Zhang, D.; et al. USP14 promotes tryptophan
metabolism and immune suppression by stabilizing IDO1 in colorectal cancer. Nat. Commun. 2022, 13, 5644. [CrossRef] [PubMed]

65. Zhang, Y.; Liu, J.B.; Liu, J.; Liu, M.; Liu, H.L.; Zhang, J. UCHL3 promotes cervical cancer development and metastasis by
stabilizing NRF2 via deubiquitination. Biochem. Biophys. Res. Commun. 2023, 641, 132–138. [CrossRef] [PubMed]

66. Tang, J.; Yang, Q.; Mao, C.; Xiao, D.; Liu, S.; Xiao, L.; Zhou, L.; Wu, G.; Tao, Y. The deubiquitinating enzyme UCHL3 promotes
anaplastic thyroid cancer progression and metastasis through Hippo signaling pathway. Cell Death Differ. 2023, 30, 1247–1259.
[CrossRef] [PubMed]

67. Liu, M.; Chen, H.; Chen, X.; Xiong, J.; Song, Z. Silencing UCHL3 enhances radio-sensitivity of non-small cell lung cancer cells by
inhibiting DNA repair. Aging 2021, 13, 14277–14288. [CrossRef]

68. Zhang, M.H.; Zhang, H.H.; Du, X.H.; Gao, J.; Li, C.; Shi, H.R.; Li, S.Z. UCHL3 promotes ovarian cancer progression by stabilizing
TRAF2 to activate the NF-κB pathway. Oncogene 2020, 39, 322–333. [CrossRef]

69. Song, Z.; Li, J.; Zhang, L.; Deng, J.; Fang, Z.; Xiang, X.; Xiong, J. UCHL3 promotes pancreatic cancer progression and chemo-
resistance through FOXM1 stabilization. Am. J. Cancer Res. 2019, 9, 1970–1981.

70. Zhang, X.; Smits, A.H.; van Tilburg, G.B.; Jansen, P.W.; Makowski, M.M.; Ovaa, H.; Vermeulen, M. An Interaction Landscape of
Ubiquitin Signaling. Mol. Cell 2017, 65, 941–955.e8. [CrossRef]

71. Song, H.M.; Lee, J.E.; Kim, J.H. Ubiquitin C-terminal hydrolase-L3 regulates EMT process and cancer metastasis in prostate cell
lines. Biochem. Biophys. Res. Commun. 2014, 452, 722–727. [CrossRef] [PubMed]

72. Ouyang, L.; Yan, B.; Liu, Y.; Mao, C.; Wang, M.; Liu, N.; Wang, Z.; Liu, S.; Shi, Y.; Chen, L.; et al. The deubiquitylase UCHL3
maintains cancer stem-like properties by stabilizing the aryl hydrocarbon receptor. Signal Transduct. Target. Ther. 2020, 5, 78.
[CrossRef] [PubMed]

73. Xu, L.M.; Yuan, Y.J.; Yu, H.; Wang, S.; Wang, P. LINC00665 knockdown confers sensitivity in irradiated non-small cell lung cancer
cells through the miR-582-5p/UCHL3/AhR axis. J. Transl. Med. 2022, 20, 350. [CrossRef] [PubMed]

74. Xing, X.; Bi, H.; Chang, A.K.; Zang, M.X.; Wang, M.; Ao, X.; Li, S.; Pan, H.; Guo, Q.; Wu, H. SUMOylation of AhR modulates its
activity and stability through inhibiting its ubiquitination. J. Cell. Physiol. 2012, 227, 3812–3819. [CrossRef]

75. Arellano-Gutiérrez, C.V.; Quintas-Granados, L.I.; Cortés, H.; González Del Carmen, M.; Leyva-Gómez, G.; Bustamante-Montes,
L.P.; Rodríguez-Morales, M.; López-Reyes, I.; Padilla-Mendoza, J.R.; Rodríguez-Páez, L.; et al. Indole-3-Carbinol, a Phytochemical
Aryl Hydrocarbon Receptor-Ligand, Induces the mRNA Overexpression of UBE2L3 and Cell Proliferation Arrest. Curr. Issues
Mol. Biol. 2022, 44, 2054–2068. [CrossRef]

https://doi.org/10.1038/nrc.2017.105
https://doi.org/10.1038/nrm.2016.91
https://doi.org/10.1038/nrc3120
https://doi.org/10.1038/nrm3173
https://doi.org/10.1038/nrm2468
https://www.ncbi.nlm.nih.gov/pubmed/18698327
https://doi.org/10.1038/nrm1700
https://doi.org/10.3727/096504016X693164
https://www.ncbi.nlm.nih.gov/pubmed/27629392
https://doi.org/10.1016/j.jbc.2022.102734
https://www.ncbi.nlm.nih.gov/pubmed/36423684
https://doi.org/10.1038/s41419-021-04162-0
https://www.ncbi.nlm.nih.gov/pubmed/34548474
https://doi.org/10.1016/j.omto.2019.12.013
https://doi.org/10.1111/jcmm.15002
https://doi.org/10.1186/s13046-019-1227-7
https://www.ncbi.nlm.nih.gov/pubmed/31126320
https://doi.org/10.1158/1535-7163.MCT-17-0919
https://www.ncbi.nlm.nih.gov/pubmed/29703842
https://doi.org/10.1038/s41467-018-03499-z
https://www.ncbi.nlm.nih.gov/pubmed/29581427
https://doi.org/10.1038/s41467-022-33285-x
https://www.ncbi.nlm.nih.gov/pubmed/36163134
https://doi.org/10.1016/j.bbrc.2022.11.065
https://www.ncbi.nlm.nih.gov/pubmed/36527747
https://doi.org/10.1038/s41418-023-01134-z
https://www.ncbi.nlm.nih.gov/pubmed/36813921
https://doi.org/10.18632/aging.203043
https://doi.org/10.1038/s41388-019-0987-z
https://doi.org/10.1016/j.molcel.2017.01.004
https://doi.org/10.1016/j.bbrc.2014.08.144
https://www.ncbi.nlm.nih.gov/pubmed/25194810
https://doi.org/10.1038/s41392-020-0181-3
https://www.ncbi.nlm.nih.gov/pubmed/32546741
https://doi.org/10.1186/s12967-022-03516-2
https://www.ncbi.nlm.nih.gov/pubmed/35918714
https://doi.org/10.1002/jcp.24092
https://doi.org/10.3390/cimb44050139


Cells 2023, 12, 2382 18 of 19

76. Reyes-Hernández, O.D.; Mejía-García, A.; Sánchez-Ocampo, E.M.; Cabañas-Cortés, M.A.; Ramírez, P.; Chávez-González, L.;
Gonzalez, F.J.; Elizondo, G. Ube2l3 gene expression is modulated by activation of the aryl hydrocarbon receptor: Implications for
p53 ubiquitination. Biochem. Pharmacol. 2010, 80, 932–940. [CrossRef]

77. Zeng, X.; Tang, X.; Chen, X.; Wen, H. RNF182 induces p65 ubiquitination to affect PDL1 transcription and suppress immune
evasion in lung adenocarcinoma. Immun. Inflamm. Dis. 2023, 11, e864. [CrossRef]

78. Liu, Y.; Ouyang, L.; Mao, C.; Chen, Y.; Li, T.; Liu, N.; Wang, Z.; Lai, W.; Zhou, Y.; Cao, Y.; et al. PCDHB14 promotes ferroptosis
and is a novel tumor suppressor in hepatocellular carcinoma. Oncogene 2022, 41, 3570–3583. [CrossRef]

79. Liu, Y.; Ouyang, L.; Mao, C.; Chen, Y.; Liu, N.; Chen, L.; Shi, Y.; Xiao, D.; Liu, S.; Tao, Y. Inhibition of RNF182 mediated by Bap
promotes non-small cell lung cancer progression. Front. Oncol. 2023, 12, 1009508. [CrossRef]

80. Shin, J.H.; Moreno-Nieves, U.Y.; Zhang, L.H.; Chen, C.; Dixon, A.L.; Linde, M.H.; Mace, E.M.; Sunwoo, J.B. AHR Regulates NK
Cell Migration via ASB2-Mediated Ubiquitination of Filamin A. Front. Immunol. 2021, 12, 624284. [CrossRef]

81. Hiyoshi, H.; Goto, N.; Tsuchiya, M.; Iida, K.; Nakajima, Y.; Hirata, N.; Kanda, Y.; Nagasawa, K.; Yanagisawa, J. 2-(4-Hydroxy-3-
methoxyphenyl)-benzothiazole suppresses tumor progression and metastatic potential of breast cancer cells by inducing ubiquitin
ligase CHIP. Sci. Rep. 2014, 4, 7095. [CrossRef] [PubMed]

82. Marconett, C.N.; Sundar, S.N.; Poindexter, K.M.; Stueve, T.R.; Bjeldanes, L.F.; Firestone, G.L. Indole-3-carbinol triggers aryl
hydrocarbon receptor-dependent estrogen receptor (ER)alpha protein degradation in breast cancer cells disrupting an ERalpha-
GATA3 transcriptional cross-regulatory loop. Mol. Biol. Cell 2010, 21, 1166–1177. [CrossRef] [PubMed]

83. Ma, Z.; Li, Z.; Mao, Y.; Ye, J.; Liu, Z.; Wang, Y.; Wei, C.; Cui, J.; Liu, Z.; Liang, X. AhR diminishes the efficacy of chemotherapy via
suppressing STING dependent type-I interferon in bladder cancer. Nat. Commun. 2023, 14, 5415. [CrossRef] [PubMed]

84. Chen, Z.; Cai, A.; Zheng, H.; Huang, H.; Sun, R.; Cui, X.; Ye, W.; Yao, Q.; Chen, R.; Kou, L. Carbidopa suppresses prostate cancer
via aryl hydrocarbon receptor-mediated ubiquitination and degradation of androgen receptor. Oncogenesis 2020, 9, 49. [CrossRef]

85. Luecke-Johansson, S.; Gralla, M.; Rundqvist, H.; Ho, J.C.; Johnson, R.S.; Gradin, K.; Poellinger, L. A Molecular Mechanism To
Switch the Aryl Hydrocarbon Receptor from a Transcription Factor to an E3 Ubiquitin Ligase. Mol. Cell. Biol. 2017, 37, e00630-16.
[CrossRef]

86. Lee, C.C.; Yang, W.H.; Li, C.H.; Cheng, Y.W.; Tsai, C.H.; Kang, J.J. Ligand independent aryl hydrocarbon receptor inhibits lung
cancer cell invasion by degradation of Smad4. Cancer Lett. 2016, 376, 211–217. [CrossRef]

87. Li, C.H.; Liu, C.W.; Tsai, C.H.; Peng, Y.J.; Yang, Y.H.; Liao, P.L.; Lee, C.C.; Cheng, Y.W.; Kang, J.J. Cytoplasmic aryl hydrocarbon
receptor regulates glycogen synthase kinase 3 beta, accelerates vimentin degradation, and suppresses epithelial-mesenchymal
transition in non-small cell lung cancer cells. Arch. Toxicol. 2017, 91, 2165–2178. [CrossRef]

88. Sun, F.; Indran, I.R.; Zhang, Z.W.; Tan, M.H.; Li, Y.; Lim, Z.L.; Hua, R.; Yang, C.; Soon, F.F.; Li, J.; et al. A novel prostate cancer
therapeutic strategy using icaritin-activated arylhydrocarbon-receptor to co-target androgen receptor and its splice variants.
Carcinogenesis 2015, 36, 757–768. [CrossRef]

89. Gershman, A.; Sauria, M.E.G.; Guitart, X.; Vollger, M.R.; Hook, P.W.; Hoyt, S.J.; Jain, M.; Shumate, A.; Razaghi, R.; Koren, S.; et al.
Epigenetic patterns in a complete human genome. Science 2022, 376, eabj5089. [CrossRef]

90. Wang, B.; Liu, Y.; Liao, Z.; Wu, H.; Zhang, B.; Zhang, L. EZH2 in hepatocellular carcinoma: Progression, immunity, and potential
targeting therapies. Exp. Hematol. Oncol. 2023, 12, 52. [CrossRef]

91. Zhang, S.; Shen, T.; Zeng, Y. Epigenetic Modifications in Prostate Cancer Metastasis and Microenvironment. Cancers 2023, 15, 2243.
[CrossRef] [PubMed]

92. Dalpatraj, N.; Naik, A.; Thakur, N. GSK-J4: An H3K27 histone demethylase inhibitor, as a potential anti-cancer agent. Int. J.
Cancer 2023, 153, 1130–1138. [CrossRef] [PubMed]

93. Chen, X.; Xing, H.; Xie, X.; Kou, L.; Li, J.; Li, Y. Efficacy and safety of FDA-approved IDH inhibitors in the treatment of IDH
mutated acute myeloid leukemia: A systematic review and meta-analysis. Clin. Epigenetics 2023, 15, 113. [CrossRef] [PubMed]

94. Feinberg, A.P.; Levchenko, A. Epigenetics as a mediator of plasticity in cancer. Science 2023, 379, eaaw3835. [CrossRef]
95. Altemose, N.; Logsdon, G.A.; Bzikadze, A.V.; Sidhwani, P.; Langley, S.A.; Caldas, G.V.; Hoyt, S.J.; Uralsky, L.; Ryabov, F.D.;

Shew, C.J.; et al. Complete genomic and epigenetic maps of human centromeres. Science 2022, 376, eabl4178. [CrossRef]
96. Lyu, J.; Li, J.J.; Su, J.; Peng, F.; Chen, Y.E.; Ge, X.; Li, W. DORGE: Discovery of Oncogenes and tumoR suppressor genes using

Genetic and Epigenetic features. Sci. Adv. 2020, 6, eaba6784. [CrossRef]
97. Khanal, T.; Choi, K.; Leung, Y.K.; Wang, J.; Kim, D.; Janakiram, V.; Cho, S.G.; Puga, A.; Ho, S.M.; Kim, K. Loss of NR2E3 represses

AHR by LSD1 reprogramming, is associated with poor prognosis in liver cancer. Sci. Rep. 2017, 7, 10662. [CrossRef]
98. Florean, C.; Schnekenburger, M.; Lee, J.Y.; Kim, K.R.; Mazumder, A.; Song, S.; Kim, J.M.; Grandjenette, C.; Kim, J.G.;

Yoon, A.Y.; et al. Discovery and characterization of Isofistularin-3, a marine brominated alkaloid, as a new DNA demethy-
lating agent inducing cell cycle arrest and sensitization to TRAIL in cancer cells. Oncotarget 2016, 7, 24027–24049. [CrossRef]

99. Johnson, C.; Mullen, D.J.; Selamat, S.A.; Campan, M.; Offringa, I.A.; Marconett, C.N. The Sulfotransferase SULT1C2 Is Epi-
genetically Activated and Transcriptionally Induced by Tobacco Exposure and Is Associated with Patient Outcome in Lung
Adenocarcinoma. Int. J. Environ. Res. Public. Health 2021, 19, 416. [CrossRef]

100. Qian, Q.; Shi, X.; Lei, Z.; Zhan, L.; Liu, R.Y.; Zhao, J.; Yang, B.; Liu, Z.; Zhang, H.T. Methylated +58CpG site decreases DCN mRNA
expression and enhances TGF-β/Smad signaling in NSCLC cells with high metastatic potential. Int. J. Oncol. 2014, 44, 874–882.
[CrossRef]

https://doi.org/10.1016/j.bcp.2010.05.007
https://doi.org/10.1002/iid3.864
https://doi.org/10.1038/s41388-022-02370-2
https://doi.org/10.3389/fonc.2022.1009508
https://doi.org/10.3389/fimmu.2021.624284
https://doi.org/10.1038/srep07095
https://www.ncbi.nlm.nih.gov/pubmed/25403352
https://doi.org/10.1091/mbc.e09-08-0689
https://www.ncbi.nlm.nih.gov/pubmed/20130088
https://doi.org/10.1038/s41467-023-41218-5
https://www.ncbi.nlm.nih.gov/pubmed/37670034
https://doi.org/10.1038/s41389-020-0236-x
https://doi.org/10.1128/MCB.00630-16
https://doi.org/10.1016/j.canlet.2016.03.052
https://doi.org/10.1007/s00204-016-1870-0
https://doi.org/10.1093/carcin/bgv040
https://doi.org/10.1126/science.abj5089
https://doi.org/10.1186/s40164-023-00405-2
https://doi.org/10.3390/cancers15082243
https://www.ncbi.nlm.nih.gov/pubmed/37190171
https://doi.org/10.1002/ijc.34559
https://www.ncbi.nlm.nih.gov/pubmed/37165737
https://doi.org/10.1186/s13148-023-01529-2
https://www.ncbi.nlm.nih.gov/pubmed/37434249
https://doi.org/10.1126/science.aaw3835
https://doi.org/10.1126/science.abl4178
https://doi.org/10.1126/sciadv.aba6784
https://doi.org/10.1038/s41598-017-11106-2
https://doi.org/10.18632/oncotarget.8210
https://doi.org/10.3390/ijerph19010416
https://doi.org/10.3892/ijo.2014.2255


Cells 2023, 12, 2382 19 of 19

101. Lee, J.E.; Cho, S.G.; Ko, S.G.; Ahrmad, S.A.; Puga, A.; Kim, K. Regulation of a long noncoding RNA MALAT1 by aryl hydrocarbon
receptor in pancreatic cancer cells and tissues. Biochem. Biophys. Res. Commun. 2020, 532, 563–569. [CrossRef] [PubMed]

102. Wang, Z.; Yang, P.; Xie, J.; Lin, H.P.; Kumagai, K.; Harkema, J.; Yang, C. Arsenic and benzo[a]pyrene co-exposure acts synergisti-
cally in inducing cancer stem cell-like property and tumorigenesis by epigenetically down-regulating SOCS3 expression. Env.
Environ. Int. 2020, 137, 105560. [CrossRef]

103. Papoutsis, A.J.; Borg, J.L.; Selmin, O.I.; Romagnolo, D.F. BRCA-1 promoter hypermethylation and silencing induced by the
aromatic hydrocarbon receptor-ligand TCDD are prevented by resveratrol in MCF-7 cells. J. Nutr. Biochem. 2012, 23, 1324–1332.
[CrossRef]

104. Donovan, M.G.; Selmin, O.I.; Doetschman, T.C.; Romagnolo, D.F. Epigenetic Activation of BRCA1 by Genistein In Vivo and Triple
Negative Breast Cancer Cells Linked to Antagonism toward Aryl Hydrocarbon Receptor. Nutrients 2019, 11, 2559. [CrossRef]

105. Tsai, C.H.; Li, C.H.; Liao, P.L.; Chang, Y.W.; Cheng, Y.W.; Kang, J.J. Aza-PBHA, a potent histone deacetylase inhibitor, inhibits
human gastric-cancer cell migration via PKCα-mediated AHR-HDAC interactions. Biochim. Biophys. Acta Mol. Cell Res. 2020,
1867, 118564. [CrossRef] [PubMed]

106. Mulero-Navarro, S.; Carvajal-Gonzalez, J.M.; Herranz, M.; Ballestar, E.; Fraga, M.F.; Ropero, S.; Esteller, M.; Fernandez-Salguero, P.M.
The dioxin receptor is silenced by promoter hypermethylation in human acute lymphoblastic leukemia through inhibition of Sp1
binding. Carcinogenesis 2006, 27, 1099–1104. [CrossRef] [PubMed]

107. Liao, W.T.; Lu, J.H.; Wang, W.T.; Hung, C.H.; Sheu, C.C.; Huang, S.K. Epigenetic synergism between interleukin-4 and aryl-
hydrocarbon receptor in human macrophages. J. Mol. Med. 2017, 95, 395–404. [CrossRef]

108. Scoville, S.D.; Nalin, A.P.; Chen, L.; Chen, L.; Zhang, M.H.; McConnell, K.; Beceiro Casas, S.; Ernst, G.; Traboulsi, A.A.;
Hashi, N.; et al. Human AML activates the aryl hydrocarbon receptor pathway to impair NK cell development and function.
Blood 2018, 132, 1792–1804. [CrossRef]

109. Roeven, M.W.; Thordardottir, S.; Kohela, A.; Maas, F.; Preijers, F.; Jansen, J.H.; Blijlevens, N.M.; Cany, J.; Schaap, N.; Dolstra, H.
The Aryl Hydrocarbon Receptor Antagonist StemRegenin1 Improves In Vitro Generation of Highly Functional Natural Killer
Cells from CD34(+) Hematopoietic Stem and Progenitor Cells. Stem Cells Dev. 2015, 24, 2886–2898. [CrossRef]

110. de Jonge, P.K.J.D.; van Hauten, P.M.M.; Janssen, L.D.; de Goede, A.L.; Berrien-Elliott, M.M.; van der Meer, J.M.R.; Mousset, C.M.;
Roeven, M.W.H.; Foster, M.; Blijlevens, N.; et al. Good manufacturing practice production of CD34+ progenitor-derived NK cells
for adoptive immunotherapy in acute myeloid leukemia. Cancer Immunol. Immunother. 2023, 72, 3323–3335. [CrossRef]

111. Trikha, P.; Moseman, J.E.; Thakkar, A.; Campbell, A.R.; Elmas, E.; Foltz, J.A.; Chakravarti, N.; Fitch, J.R.; Mardis, E.R.; Lee, D.A.
Defining the AHR-regulated transcriptome in NK cells reveals gene expression programs relevant to development and function.
Blood Adv. 2021, 5, 4605–4618. [CrossRef] [PubMed]

112. Hughes, T.; Briercheck, E.L.; Freud, A.G.; Trotta, R.; McClory, S.; Scoville, S.D.; Keller, K.; Deng, Y.; Cole, J.; Harrison, N.; et al. The
transcription Factor AHR prevents the differentiation of a stage 3 innate lymphoid cell subset to natural killer cells. Cell Rep. 2014,
8, 150–162. [CrossRef] [PubMed]

113. Puppala, D.; Lee, H.; Kim, K.B.; Swanson, H.I. Development of an aryl hydrocarbon receptor antagonist using the proteolysis-
targeting chimeric molecules approach: A potential tool for chemoprevention. Mol. Pharmacol. 2008, 73, 1064–1071. [CrossRef]
[PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.bbrc.2020.08.053
https://www.ncbi.nlm.nih.gov/pubmed/32900487
https://doi.org/10.1016/j.envint.2020.105560
https://doi.org/10.1016/j.jnutbio.2011.08.001
https://doi.org/10.3390/nu11112559
https://doi.org/10.1016/j.bbamcr.2019.118564
https://www.ncbi.nlm.nih.gov/pubmed/31672612
https://doi.org/10.1093/carcin/bgi344
https://www.ncbi.nlm.nih.gov/pubmed/16410262
https://doi.org/10.1007/s00109-016-1493-1
https://doi.org/10.1182/blood-2018-03-838474
https://doi.org/10.1089/scd.2014.0597
https://doi.org/10.1007/s00262-023-03492-6
https://doi.org/10.1182/bloodadvances.2021004533
https://www.ncbi.nlm.nih.gov/pubmed/34559190
https://doi.org/10.1016/j.celrep.2014.05.042
https://www.ncbi.nlm.nih.gov/pubmed/24953655
https://doi.org/10.1124/mol.107.040840
https://www.ncbi.nlm.nih.gov/pubmed/18178667

	Introduction 
	Oncogenic Role of AhR 
	Tumor Suppressive Roles of AhR 
	Complex Interplay between Ubiquitin Ligases and AhR 
	Oncogenic Role of UCHL3 in Stabilization of AhR and Cancer Progression 
	Transcriptional Regulation of Ubiquitin Ligases by AhR 
	AhR Works with Ubiquitin Ligases for Regulation of Different Proteins 

	Moonlighting Activities of AhR as a Ubiquitin Ligase 
	Epigenetics Related to AhR-Mediated Downstream Signaling 
	Regulation of AhR by Epigenetic Machinery 
	AhR Mediated Regulation of Cancer-Associated Genes Is Influenced by Epigenetics 
	AhR Mediated Regulation of Proteins Played Important Role in Epigenetic Modifications 
	AhR Worked with Epigenetic-Modifying Proteins 

	Targeted Inhibition of AhR 
	Clinical Trials 
	Concluding Remarks 
	References

