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Abstract

The aryl hydrocarbon receptor (AHR) is a ligand binding-transcription factor of the

basic helix-loop-helix family regulating multiple cellular functions such as differentia-

tion, cell cycle, apoptosis, and inflammatory reactions. In neoplastic diseases, the

AHR has been described to modulate proliferation and differentiation in dichotomous

ways, either inhibiting or augmenting the growth of tumors. The precise role of AHR

in melanoma is mostly unknown. Here, we report a functional effect of AHR activa-

tion on inflammation-induced melanoma cell dedifferentiation and the development

of lung metastases in a mouse model. Via in silico analyses of “The Cancer Genome

Atlas” human melanoma cohort, we detected a correlation between AHR expression

levels and a dedifferentiated melanoma cell phenotype with an invasive gene signa-

ture, which we were able to functionally recapitulate in a panel of human melanoma

cell lines. Both human and mouse melanoma cell lines upregulated AHR expression

after inflammatory stimulation with tumor necrosis factor-α (TNF-α). Activation of

AHR in human and mouse melanoma cell lines with the endogenous ligand

formylindolo(3,2-b)carbazole (FICZ) promoted inflammation-induced dedifferentia-

tion in vitro. Importantly, mouse melanoma cells with CRISPR/Cas9-mediated disrup-

tion of the AHR gene showed impaired in vivo tumor growth after transplantation in

the skin as well as decreased numbers of spontaneous lung metastases. Taken

together, our results demonstrate a functional role for AHR expression in melanoma

development and metastatic progression. This provides a scientific basis for future

experiments that further dissect the underlying molecular mechanisms and assess

the potential for AHR inhibition as part of multimodal melanoma treatment

strategies.
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1 | INTRODUCTION

Despite increasing efforts for preventive and therapeutic options, the

incidence of cutaneous melanoma continues to increase in European

countries and the United States. This trend is projected to uphold in

the near future.1 The major environmental risk factor for melanoma

development is UV light exposure. UV irradiation can induce onco-

genic mutations and at the same time can promote an inflammatory

microenvironment that supports the survival, proliferation, and migra-

tion of genetically altered melanocytes.2-5 Proinflammatory mediators

such as tumor necrosis factor-α (TNF-α ) can promote the emergence

of dedifferentiated melanoma cell phenotypes that are thought to

reactivate the migratory potential of their embryonal precursors in the

neural crest.6

UV irradiation also generates the tryptophan derivative formylindolo

(3,2-b)carbazole (FICZ) in the skin which is a high-affinity ligand for the

aryl hydrocarbon receptor (AHR). The AHR is a transcription factor of

the basic helix-loop-helix Per-Arnt-Sim family that was initially described

in xenobiotic metabolism and is highly expressed in barrier organs like

the skin.7-11 First observations linking AHR activation with pigmentation

and melanocyte biology derive from accidental mass-poisoning incidents,

for example, in Taiwan or Japan.12,13 In support of this connection, it was

found that mice lacking the AHR gene show impaired skin tanning.14

Large-scale gene expression analyses in the Cancer Cell Line Encyclope-

dia (CCLE) revealed that melanoma cell lines can also express AHR.15

Furthermore, shRNA-mediated knockdown of AHR led to growth inhibi-

tion, providing first evidence for a functional role of AHR.16 The link

between AHR and melanoma was further strengthened by recent

genome-wide association studies that implicate the AHR gene locus with

increased risk to develop cutaneous melanoma.17,18

In our work, we further explored a potential function of AHR sig-

naling in melanoma pathogenesis. We show that the expression of

AHR is enhanced by inflammatory mediators and augments

inflammation-induced dedifferentiation in human and mouse mela-

noma cells. Moreover, we observe that the AHR expression promotes

metastatic tumor progression in a syngeneic mouse model in vivo.

2 | MATERIALS AND METHODS

2.1 | Cell culture

Human MZ7 melanoma cells (or MZ-MEL-7, RRID: CVCL_1436) were

provided by T. Wölfel (Mainz, Germany) in 2010. The MaMel cell lines

were established by D. Schadendorf (Essen, Germany) and provided

to our laboratory between 2012 and 2013 (Ma-Mel-19 RRID:

CVCL_A156, Ma-Mel-54a RRID: CVCL_A189, Ma-Mel-65

RRID: CVCL_A200, Ma-Mel-71 RRID: CVCL_A207, Ma-Mel-102

RRID: CVCL_A126). All human melanoma cell lines used in our study

were authenticated using STR profiling in 2020 (Microsynth, Balgach,

Switzerland). HCmel cell lines were derived from Hgf-Cdk4R24C mice

as described previously.5,19 Monoclonal HCmel12 AHR knockout vari-

ants (HCmel12 AHR KO) were generated using the CRISPR-Cas9

genome engineering technology. All HCmel cell lines were cultured in

RPMI 1640 medium (Life Technologies, Carlsbad, CA) supplemented

with 20% fetal bovine serum (Biochrome, Berlin, Germany),

2 mM L-glutamine, 10 mM non-essential amino acids, 1 mM HEPES,

100 U/mL penicillin and 100 μg/mL streptomycin (all from Life Tech-

nologies) and 20 μM 2-mercaptoethanol (Sigma, St. Louis, MO) in a

humidified incubator with 5% CO2 at 37�C. RPMI 1640 medium sup-

plemented with 10% FCS and the previously described supplements

served as a culture medium for all human melanoma cell lines used in

our study. For cytokine stimulations, cells were treated with 1000 U/

mL recombinant TNF-α (mouse or human, both Peprotech, Rocky Hill,

NJ) and/or 1 μM FICZ (Enzo, Farmingdale, NY) dissolved in DMSO

(Sigma). Vehicle controls were performed with DMSO in a final con-

centration of 0.1%. For the retrovirus production, HEK293T (RRID:

CVCL_0063) cells, obtained from ATCC, were maintained in DMEM

medium (Life Technologies) containing the same supplements. Cells

were freshly thawed every 2 months. All cell lines used in our study

were routinely tested for mycoplasma contamination via PCR

monthly. All experiments were performed with mycoplasma-free cells.

2.2 | Cloning of AHR-sgRNA CRISPR-Cas9 plasmid

pX330-U6-Chimeric_BB-CBhhSpCas9 (pX330) (Addgene plasmid #42230)

was digested with FastDigest BpiI (Thermo Fisher Scientific, Waltham, MA)

and purified via agarose gel electrophoresis. DNA oligonucleotides encoding

for AHR sgRNAs (Microsynth) were cloned into the digested pX330 vector.

Sequences of DNA oligos are listed in Supplementary Table 1.

2.3 | Generation of genetically AHR-deficient
HCmel12 cells

To generate genetically AHR-deficient HCmel12 melanoma cells,

5 × 105 HCmel12 cells were seeded into 12-well plates 1 day before

What's New?

The aryl hydrocarbon receptor (AHR) has important func-

tions in mediating xenobiotic metabolism and in regulating

numerous enzymes and transcriptional programs in cells.

AHR also is expressed in melanoma and its knockdown has

been shown to inhibit tumor cell growth. In our study, the

AHR was found to promote inflammation-induced dediffer-

entiation of both human and mouse melanoma cells in vitro.

In syngeneic immunocompetent mice, AHR expression pro-

moted metastatic dissemination of transplanted melanoma

cells. The findings support emerging evidence that the AHR

functionally participates in melanoma pathogenesis and pro-

vide a rationale to further investigate the AHR as a putative

therapeutic target.
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transfection. Subsequently, the cells were transfected with 1.6 μg AHR-

sgRNA plasmid and 0.4 μg pRP-TagGFP2 in Opti-MEM medium

(Thermo Fisher Scientific) supplemented with Fugene HD transfection

reagent (Promega, Fitchburg, WI) according to the manufacturer's proto-

col. An AHR-competent, HCmel12 CRISPR control cell line (hereafter

referred to as HCmel12 CRISPR ctrl cells) were obtained after transfec-

tion with 1.6 μg of “empty” CRISPR vector and 0.4 μg pRP-TagGFP2

plasmid. After 48 hours, GFP-positive cells were sorted with a FACSAria

II Cell Sorter (BD Biosciences, San Jose, CA) and single-cell cloned via

limiting dilution. Genetic loss of AHR was validated by next generation

sequencing on a MiSeq Sequencer (Illumina, San Diego, CA) and after

analysis using the Outknocker tool (http://www.outknocker.org).

2.4 | Retroviral gene transfer

pRP-TagGFP2 was generated by subcloning of TagGFP2-cDNA into

the pRP vector using the BamHI and NotI restriction sites. HEK 293T

cells were transfected with the retroviral helper plasmids (gag-pol

[Addgene plasmid #14888] and pCMV VSV-G [Addgene plasmid

#14887], kindly provided by E. Latz, Bonn, Germany) and pRP-

TagGFP2 by calcium phosphate transfection according to standard

protocols. Retrovirus containing supernatant was filtered using a

0.45 μM pore size syringe filter and added to target cells. Selection

with 10 μg/mL puromycin (AppliChem, Darmstadt, Germany) was

started 48 hours after transduction for 5 days.

2.5 | Cell growth assay

Cell growth was quantified by counting viable cells using Trypan blue.

In short, genetically manipulated HCmel12 cells and HCmel12 control

cells (transfected with an “empty” CRISPR vector) were seeded at low

density in biological triplicates and incubated at standard conditions

for 72 hours. After this time, all cells were harvested and collected fol-

lowing standard protocols. Cell number was determined using a

hemocytometer with a DME microscope (Leica, Wetzlar, Germany).

2.6 | Transwell migration assay

Migration of fluorescently labeled HCmel12 cells was quantified using

a Boyden Chamber assay. Briefly, TagGFP2-positive HCmel12 mela-

noma cells were treated with 1000 U/mL recombinant TNF-α for

72 hours. Untreated cohorts served as control. From these, 2 × 104

melanoma cells in were resuspended in RPMI 1640 medium sup-

plemented with 1% FCS and placed in the upper chamber of uncoated

PET filters (8 μm pore size, Corning, Corning, NY) and subsequently

incubated at 37�C/5% CO2 to adhere. To assess the directed migra-

tion after a FCS gradient, the lower chamber was filled with RPMI

1640 medium supplemented with 10% FCS. After incubation for

16 hours, transmigrated cells on the lower surface of the membrane

were fixed with 4% paraformaldehyde (Carl Roth, Karlsruhe,

Germany). Three representative high power fields were counted using

a DM IRB microscope (Leica). The experiment was performed in tripli-

cate and repeated independently at least three times.

2.7 | Immunoblot analysis

Whole cell lysates were extracted from cultured cells using the M-

PER mammalian protein reagent supplemented with protease and

phosphatase inhibitors (all Thermo Fisher Scientific) according to the

manufacturer's protocol. Protein concentrations were quantified with

a Pierce BCA Protein Assay Kit (Thermo Fisher Scientific) at 562 nm

in a microplate reader (Tecan Group, Männedorf, Switzerland). Sam-

ples were prepared containing 10 μg protein, Roti-Load (Roth) and

nuclease-free water and denatured at 95�C prior to loading. In a next

step, samples were separated via 10% SDS-PAGE and transferred to a

0.45 μM polyvinylidene difluoride membrane (GE Healthcare, Boston,

MA) by wet blotting (BioRad, Hercules, CA). After blocking with 5%

milk (Roth), blots were immunostained at 4�C overnight. Bound anti-

bodies were detected with horseradish peroxidase (HRP)-conjugated

secondary antibodies and the SignalFire ECL Reagent (Cell Signaling,

Danvers, MA) according to the manufacturer's instructions. Chemilu-

minescence was visualized using an Octoplus QPLEX-Imager

(NH DyeAGNOSTICS, Halle, Germany). Used antibodies were as fol-

lows: sheep anti-mouse AHR polyclonal antibody (R&D, Minneapolis,

MI, AF6697), sheep anti-human AHR polyclonal antibody (R&D,

AF6185), mouse β-Actin monoclonal antibody (Santa Cruz, Dallas, TX,

sc-47 778), goat anti-mouse nerve growth factor receptor (NGFR)

polyclonal antibody (R&D, AF1157) goat anti-mouse/human gp100

polyclonal antibody (Abcam, Cambridge, UK, ab52058), rabbit anti-

mouse/human/rat TYRP1 polyclonal antibody (Novus, Centennial,

CO, NBP1-88370), rabbit anti-mouse/human TRP2 polyclonal anti-

body (Abcam, ab74073), goat anti-rabbit IgG HRP-linked antibody

(Cell Signaling, #7074S), mouse anti-goat IgG HRP linked antibody

(Santa Cruz, sc-2354) and donkey anti-sheep IgG HRP-linked antibody

(R&D, HAF016).

2.8 | Quantitative real-time PCR

Total RNA from cultured cells was isolated and purified using the

NucleoSpin RNA XS kit (Macherey-Nagel, Düren, Germany). RNA con-

centration was quantified with a NanoQuant Plate using a Spark 10 M

multimode microplate reader (Tecan Group). Complementary DNA

was synthesized with the GoScript reverse transcription system and

oligo(dT)15 primers (both Promega) according to the manufacturer's

protocol. Real-time quantitative PCR analysis was performed with the

GoTaq qPCR Master Mix (Promega) on a peqSTAR 96Q-thermocycler

(PEQLAB Biotechnology, Erlangen, Germany). All qRT-PCR reactions

were prepared in technical duplicates or triplicates in a total volume

of 20 μL. The sequences of primers (Microsynth) are given in Supple-

mentary Table 1. Relative expression to the reference gene ubiquitin

was calculated with the double delta Ct analysis using the following
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equations: ΔCt = Ct(target gene) − Ct(reference gene); ΔΔCt = ΔCt

(condition 1) − ΔCt(reference condition).

2.9 | Analysis of published datasets

Gene expression data (RNA-seq) of The Cancer Genome Atlas (TCGA)

melanoma cohort (SKCM) was accessed through the cBioportal for Cancer

Genomics (http://www.cbioportal.org) using the R-based package CGDS-

R and following TCGA guidelines for the use of TCGA data (https://

cancergenome.nih.gov/). We retrieved RSEM-normalized values for the

individual gene expression values of interest and ordered according to

their AHR expression value. Enrichment of Gene-Ontology terms was ana-

lyzed with the R-package clusterProfiler. Expression values were

log2-transformed and median centered. Dataset GSE51221 was retrieved

from the gene expression omnibus via the package GEOquery, CCLE gene

expression data was downloaded from the CCLE data repository (https://

portals.broadinstitute.org/ccle/data, data version 2019-01-02). Differential

gene expression was analyzed using a Bayes-moderated t-statistic using

the limma package. Moving averages were calculated with right alignment

using the zoo package and window sizes of 20 for the TCGA dataset,

5 for the CCLE dataset and 3 for the GSE51221 dataset.

2.10 | Mice

Wild-type C57BL/6J mice were purchased from Janvier (Le Genest-

Saint-Isle, France) or taken from own breeding. Age- and sex-matched

cohorts of mice were randomly allocated to the different experimental

groups at the start of each experiment.

2.11 | Tumor transplantation

Cohorts of syngeneic C57BL/6J mice were injected intracutaneously

with 2 × 105 HCmel12 CRISPR ctrl cells or a mixture of three

HCmel12 AHR CRISPR KO monoclones in equal proportions

resuspended in 100 μL PBS (Life Technologies) into the right flank.

Tumor growth was monitored by inspection and palpation. Tumor size

was measured at least twice times weekly with a vernier caliper and

recorded as the mean diameter of two perpendicular measurements.

Mice were sacrificed when tumors exceeded 20 mm in diameter or

when signs of illness were observed. Lung metastases were counted

by macroscopic inspection. All experiments were performed in groups

of five or more mice and repeated independently three times.

2.12 | Statistical analyses

We considered tumor growth, cell proliferation and migration as well

as qRT-PCR expression as normally distributed with similar variances.

For these data, we performed parametric testing with unpaired, two-

sided Student's t tests. The pulmonary metastasis counts were tested

with a nonparametric Mann-Whitney U test. Survival probabilities

were calculated with Kaplan-Meier estimators and compared by log-

rank test statistics. RNAseq expression data was corrected for multi-

ple testing via Benjamini-Hochberg false discovery rate adjustment.

The null hypothesis was rejected for P < .05. All statistical analyses

were conducted in the R computing environment.

3 | RESULTS

3.1 | AHR is expressed in human melanoma and
correlates with an dedifferentiated phenotype

Initially, we performed bioinformatical analyses of TCGA melanoma

samples to assess the expression of AHR in human melanoma. We

detected a heterogeneous expression with approximately 10% of mel-

anoma samples showing expression levels higher than one standard

deviation from the mean (Figure 1A). Differential gene expression

analysis between melanoma samples with high AHR levels and those

with low AHR levels revealed 2055 genes with a log2-fold change >j2j
(Table S2). Grouping of genes downregulated in AHR high samples by

Gene Ontology Biological Process (GO-BP) terms showed strong

enrichment of genes involved in the cellular pigmentation machinery

(Figure 1B). Further analyses of the melanoma cohort revealed that

the expression of AHR was inversely correlated with the expression of

pigmentation genes such as PMEL and TYRP1 (Figure 1C). Additionally,

the expression of AHR was inversely correlated with a gene signature

that has previously been associated with a proliferative phenotype

and directly correlated with a gene signature associated with an inva-

sive phenotype (Figure 1D).20 Incidentally, the proliferative gene set

largely contains melanocytic differentiation antigens, whereas the

invasive gene set includes markers of a dedifferentiated cell state.

Taken together, this supports the notion that AHR may functionally

participate in melanoma pathogenesis.

3.2 | Activation of AHR enhances inflammation-
induced dedifferentiation in differentiated human
melanoma cell lines

Next, we sought to recapitulate the association between AHR and a

dedifferentiated, invasive phenotype also in human cell lines. For this,

we performed bioinformatic analyses on gene expression data from the

CCLE. Again, AHR was negatively correlated with the proliferative gene

signature and putatively correlated with the invasive gene signature

(Figure S1A,B, left panel). These findings were also reproducible in a set

of melanoma cell lines established in our laboratory that was selected to

reflect the mutation spectrum and differentiation phenotypes in human

melanoma (Figure 2A; Figure S1A,B, right panel). From these, we

selected three differentiated and three dedifferentiated cell lines based

on their expression of a set of bona fide pigmentation genes for further

functional analyses. We previously reported that TNF-α can shift mela-

noma cells towards a more dedifferentiated cell state.5 We therefore
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assessed how TNF-α treatment affects the expression of AHR and the

response to AHR activation after exposure to the high-affinity AHR

ligand FICZ. Interestingly, the expression of AHR was induced by TNF-α

both in the absence and the presence of FICZ in the more differentiated

melanoma cell lines but not in the dedifferentiated cell lines (Figure 2B).

Strong induction of the AHR target gene CYP1A1 could be detected

after stimulation with FICZ in all cell lines regardless of TNF-α exposure

(Figure 2C). Importantly, simultaneous exposure of cells to TNF-α and

FICZ further decreased the mRNA levels for the melanocytic genes

MITF, PMEL and DCT in the differentiated melanoma cell lines

(Figure 2D, top row) but not in the dedifferentiated cell lines (Figure 2D,

bottom row). On the protein level we also found that TNF-α leads to

increased AHR expression both in the absence and the presence of FICZ

in the more differentiated melanoma cell lines (Figure 2E, top lane), even

F IGURE 1 Aryl hydrocarbon receptor (AHR)
expression levels correlate with a dedifferentiated
melanoma phenotype in The Cancer Genome Atlas
(TCGA) dataset. A, RNAseq expression levels of AHR
in TCGA skin melanoma samples extracted from
cBioPortal as counts normalized with the RSEM tool
(n = 443). Samples are ordered by AHR expression.
Dashed lines indicate the 10th and 90th percentiles.
The dotted line marks the arithmetic mean. Samples

with expression values greater than one standard
deviation (SD) above the mean are marked in red. B,
Enrichment of genes in Gene Ontology Biological
Process (GO-BP) terms from a differential gene
expression analysis between TCGA melanomas with
AHR expression values above the 90th percentile vs
those with AHR expression below the 10th

percentile. The 20 most enriched terms are depicted.
C, Correlation between AHR expression and selected
markers of the differentiation status in the TCGA
SKCM cohort. Regression line is shown in black. D,
Moving averages between gene sets for proliferative
and invasive phenotypes (2008 Hoek et al). The
black line indicates the AHR expression, gray bars
show individual expression values for gene sets and
blue lines represent their moving average with
window size 20. All values were log2-transformed
prior to plotting [Color figure can be viewed at
wileyonlinelibrary.com]
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F IGURE 2 Activation of aryl hydrocarbon receptor (AHR) promotes inflammation-induced dedifferentiation in differentiated human
melanoma cell lines. A, Heatmap of a human cell line panel showing z-transformed expression values for melanocytic differentiation antigens
(dataset GSE51221). The mutation spectrum of cell lines for BRAF and NRAS are shown below. B-D, qRT-PCR analysis of AHR (B), CYP1A1 (C)
and melanocytic differentiation genes (D) for the indicated three melanocytic and three dedifferentiated human melanoma cell lines. Cells were
treated for 72 hours as indicated. Shown is the relative log2-fold change (mean ± SD) when compared to vehicle-treated controls (unpaired, two-
sided Student's t test; ns, nonsignificant; *P < .05; **P < .01; ***P < .005). GAPDH served as the reference gene. E, Corresponding Western blot
analyses for melanoma cells treated for 72 hours as indicated. β-Actin served as a loading control. Data in B-E are representative for one out of
three independently performed experiments. qRT-PCR data in B-D were performed in three biological and two technical replicates [Color figure
can be viewed at wileyonlinelibrary.com]
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though FICZ-dependent activation of AHR promotes posttranslational

ubiquitin-mediated protein degradation regardless of TNF-α exposure

(a well described phenomenon observed in all melanoma cell lines). In

agreement with the mRNA analyses, we observed enhanced

inflammation-induced dedifferentiation of the differentiated human

melanoma cell lines after simultaneous treatment with TNF-α and FICZ

when compared to TNF-α alone (Figure 2E, bottom three lanes).

Together, these in vitro results demonstrate that AHR is functionally

expressed in human melanoma cells and can promote the phenotypic

shift towards a dedifferentiated melanoma phenotype in an inflamma-

tory environment.

3.3 | Mouse Hgf-Cdk4R24C cell lines express
functional AHR

In order to study the effects of AHR in vivo, we turned to the Hgf-

Cdk4R24C mouse melanoma model established in our laboratory. AHR

expression could be detected in the three well-characterized transplant-

able cell lines HCmel3, HCmel12 and HCmel31 derived from primary

Hgf-Cdk4R24C melanomas. AHR expression appeared to correlate

inversely with the melanocytic differentiation antigens PMEL, DCT and

TYRP1 and directly with expression of the NGFR (CD271), a marker

associated with a dedifferentiated phenotype (Figure 3A,B). Treatment

with FICZ for 24 hours resulted in strong induction of the prototypical

AHR target gene Cyp1a1 in HCmel3 and HCmel12 cells but not in

HCmel31 cells (Figure 3C). These results demonstrate that functionally

active AHR can be expressed in Hgf-Cdk4R24C melanoma cell lines, with

a putative inverse correlation between AHR expression and the

melanocytic differentiation state, in agreement with the human setting.

3.4 | Inflammation induces the expression of AHR
and modulates inflammatory responses in HCmel12
cells

To investigate the impact of inflammatory processes on AHR expres-

sion and signaling, we treated HCmel12 cells with combinations of

TNF-α and FICZ. This resulted in a marked upregulation of AHR mRNA

levels in quantitative RT-PCR analyses both in the absence and the

presence of FICZ (Figure 4A). Again, strong induction of the AHR target

gene Cyp1a1 could be detected after stimulation with FICZ regardless

of TNF-α exposure (Figure 4B). Because we previously observed that

AHR activation promoted inflammation-induced dedifferentiation of

human melanoma cells, we next assessed whether AHR activation

might also have the same effect on the mouse melanoma cell line

HCmel12. We found decreased mRNA levels for a panel of melanocytic

differentiation genes in HCmel12 melanoma cells after treatment with

TNF-α. The expression of Pmel, Dct and Mlana was further decreased

after simultaneous exposure to FICZ (Figure 4C). The qRT-PCR results

could be confirmed on the protein level as HCmel12 melanoma cells

exhibited increased expression of AHR and decreased expression of

the melanocytic proteins PMEL, TYRP1 and DCT in Western blot

analyses (Figure 4D). Thus, similar to the human melanoma cell lines,

activation of AHR signaling with FICZ promoted the inflammation-

induced shift towards a more dedifferentiated state.

F IGURE 3 Mouse Hgf-Cdk4R24C melanoma cell lines express functional aryl hydrocarbon receptor (AHR). A, mRNA abundance measured by
qRT-PCR in untreated Hgf-Cdk4R24C cell lines. Heatmap shows relative expression over Ubiquitin (Ubc). B, Western blot for AHR, nerve growth
factor receptor (NGFR) and the melanocytic differentiation antigens PMEL, DCT and TYRP1 in the Hgf-Cdk4R24C cell lines HCmel3, HCmel12 and
HCmel31. β-Actin served as a loading control. C, qRT-PCR for Cyp1a1. Cells were treated with the AHR agonist FICZ or vehicle control for
24 hours. Bars indicate the relative log2-fold induction of Cyp1a1 gene expression (mean ± SD). Data in A-C are representative for one out of
three independently performed experiments. A + C were performed with three biological and three technical replicates [Color figure can be
viewed at wileyonlinelibrary.com]
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3.5 | AHR-deficient HCmel12 cells maintain a
more differentiated phenotype upon inflammatory
stimulation

In order to further investigate the function of AHR, we generated

genetic knockouts via CRISPR/Cas9 genome editing in HCmel12 mela-

noma cells (Figure S2A). Successful disruption of the gene was validated

via next generation sequencing and Western blot analyses (Figure S2B;

Figure 5A). AHR knockout cells no longer responded to FICZ with the

induction of the prototypic AHR target gene Cyp1a1, confirming the

disruption of functional AHR signaling (Figure 5B). AHR knockout

HCmel12 cells exhibited a decreased shift towards a dedifferentiated

state compared to wild-type controls and failed to further dedifferenti-

ate in response to FICZ (Figure 5C,D). This further supports a potential

role for the UV-induced metabolite FICZ and the AHR signaling path-

way in melanoma pathogenesis.

3.6 | Loss of AHR reduces HCmel12 melanoma
growth and metastasis

Since we found that AHR expression was correlated with an expres-

sion profile associated with invasiveness in human melanomas and

because AHR enhanced inflammation-induced dedifferentiation in

human and mouse melanoma cell lines, we were interested to evalu-

ate whether AHR would influence melanoma growth and metastasis

in vivo. Therefore, we transplanted AHR-competent and -deficient

HCmel12 melanoma cells into groups of syngeneic, immunocompe-

tent C57BL/6J mice (Figure 6A). The median survival of mice inocu-

lated with AHR knockout melanoma cells was slightly but significantly

prolonged compared to mice inoculated with control melanoma cells

(median of 30.5 vs 27 days, log-rank test P < .05, Figure 6B). Strik-

ingly, AHR knockout melanomas showed an intense pigmentation

in vivo (Figure 6C). Importantly, mice transplanted with AHR knock-

out melanoma cells revealed a significant reduction in the number

and frequency of pulmonary metastases (median of 8 vs 0,

Mann-Whitney U test P < .005, Figure 6D). Subsequent experiments

revealed a slightly reduced proliferation rate of AHR-deficient

HCmel12 cells compared to wild-type controls as well as an impaired

TNF-induced migration in a transwell migration assay in vitro

(Figure S3). Taken together, these results provide functional evi-

dence that AHR expression can promote melanoma growth and met-

astatic disease progression.

4 | DISCUSSION

It is well established that melanoma cells can exist in a dynamic equi-

librium between more differentiated cell states associated with prolif-

erative potential and more dedifferentiated cell states associated with

invasive potential and properties of their embryonal precursors from

the neural crest.20-23 Inflammatory stimuli can shift melanoma cells

towards the dedifferentiated cell state.6,19,23 In the present study, we

found that AHR expression directly correlated with the degree of

dedifferentiation in human melanoma samples from the TCGA cohort

as well as in a panel of human and mouse melanoma cell lines. Inter-

estingly, we also observed a direct induction of AHR after stimulation

with TNF in human and mouse melanoma cell lines. A similar induc-

tion of AHR by the inflammatory mediator lipopolysaccharide (LPS)

has been previously described in a mouse sepsis model.24 As an

underlying mechanism, a direct interaction of NF-kB with the AHR

promoter and following upregulation after LPS as well as a direct

F IGURE 4 Activation of aryl hydrocarbon receptor (AHR) promotes inflammation-induced dedifferentiation in the mouse melanoma cell line
HCmel12. A-C, qRT-PCR for Ahr, Cyp1a1 and selected melanocytic differentiation antigens in HCmel12 cells treated as indicated for 72 hours.
Shown is the relative log2-fold change (mean ± SD) when compared to vehicle-treated controls (unpaired, two-sided Student's t test; ns,
nonsignificant; *P < .05; ***P < .005). D, Western blot of HCmel12 cells for melanocytic differentiation antigens. Treatments as indicated for
72 hours. Staining for DCT was performed with identical samples on a separate membrane, representative loading control shown. Data are
representative for one out of three independently performed experiments. B was performed in three biological and three technical replicates
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interaction with STAT3 with the AHR promoter has been demon-

strated.25,26 In our further analyses, we showed that activation of

AHR signaling with the high-affinity ligand FICZ promotes the shift of

melanoma cells towards the dedifferentiated state in an inflammatory

environment, suggesting that AHR functionally participates in this

process during melanoma pathogenesis. This notion is supported by

our observation that AHR-deficient mouse melanoma cells show a

decreased tendency for inflammation-induced dedifferentiation. The

F IGURE 5 CRISPR/Cas9-mediated disruption of the aryl hydrocarbon receptor (AHR) gene in HCmel12 cells abolishes the AHR-dependent
enhancement of inflammation-induced dedifferentiation. A, Western blot analysis of AHR expression comparing AHR-competent, HCmel12
CRISPR ctrl cells with HCmel12 AHR CRISPR KO cells. ß-Actin served as loading control. B, qRT-PCR for Cyp1a1 mRNA in individual HCmel12
AHR knockout clones treated with FICZ for 24 hours (mean ± SD). C, qRT-PCR comparing the expression of selected melanocytic differentiation
antigens. Treatments as indicated for 72 hours. Bars represents the mean fold change compared to the housekeeping gene Ubc ± SD (unpaired,
two-sided Student's t test; ns, nonsignificant; ***P < .005). D, Immunoblots comparing the melanoma cell differentiation states between AHR-
competent, CRISPR ctrl HCmel12 cells and AHR CRISPR KO cells after 72 hours of treatment with TNF-α and/or FICZ. HCmel12 AHR CRISPR
KO cells are a composite of three independent monoclones mixed in equal numbers. Data in A-D are representative for one out of three
independently performed experiments. B + C were performed in three biological and three technical replicates
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ability of AHR to promote a phenotypic switch of cancer cells toward

more dedifferentiated and stem-like phenotypes has also been

reported for breast cancer and oral squamous cell carcinoma.27,28

Mechanistically, both a direct interaction of AHR with SOX2 and an

activation of JNK have been described.29 Moreover, AHR has been

shown to promote the expression of stemness-associated genes such

as MYC or KLF4 in adenocarcinoma and squamous cell carcinoma cell

lines.30 We hypothesize that in our model, the AHR signaling pathway

directly influences differentiation pathways and promotes cellular

plasticity of melanoma cells, allowing them to dynamically alter their

phenotype and thereby enhance their malignant potential.

We observed decreased local growth and metastatic dissemina-

tion of AHR knockout melanoma cells transplanted into syngeneic

immunocompetent mice. These findings support the growing body of

evidence for a protumorigenic function of AHR. The AHR was first

implicated in cancer pathogenesis because epidemiologic studies

suggested an increased incidence of malignant tumors after prolonged

exposure to toxic AHR ligands such as 2,3,7,8-tetrachlorodibenzo-

p-dioxin as a contaminant of herbicides.31,32 Moreover, the AHR is

constitutively expressed in a broad variety of malignant tumors most

likely through inflammatory signaling.33,34 A functional role for AHR in

cancer pathogenesis has been demonstrated in experiments showing

that activation of AHR signaling can promote malignant transforma-

tion of epithelial cells in vitro and in vivo.35-37 In UVB-damaged

keratinocytes, AHR impairs apoptosis and thereby fosters the initia-

tion of skin cancer.38 In addition, AHR can promote invasive proper-

ties of various types of tumor cells including melanoma in vitro.

Mechanistically, AHR activation caused a SLUG-mediated inhibition

of E-cadherin expression and an increase of matrix

metalloproteinases, leading to decreased cell adhesion and enhanced

cell motility.39,40 However, the role of AHR signaling in tumor pro-

gression is controversial, as pharmacologic and genetic AHR inhibition

has also reported to increase tumor cell proliferation in some experi-

mental settings including melanoma.41 The reason for this discrepancy

is currently unclear and may be explained by cell type- and cell state-

dependent differences in AHR signaling.

AHR has also been implicated in the resistance of melanoma cells

to signal transduction inhibitors.42 Mechanistically, a direct binding of

F IGURE 6 Aryl hydrocarbon receptor (AHR) gene deficient HCmel12 melanoma cells show impaired tumor growth and reduced metastatic
spread in vivo. A, Experimental protocol. B, Kaplan-Meyer survival curves from mice transplanted with HCmel12 CRISPR ctrl and HCmel12 AHR
CRISPR KO cells. Cumulative results of three independent experiments are shown (log-rank test; *P < .05). C, Representative images of
melanomas and lungs from both cohorts. D, Absolute quantification of pulmonary metastases in mice. Horizontal bar indicates the median, box
includes the interquartile range, whiskers show 1.5× the interquartile range. Cumulative results of three independent experiments are shown
(Mann-Whitney U test; ***P < .005). HCmel12 AHR CRISPR KO cells are a composite of three independent monoclones mixed in equal numbers
[Color figure can be viewed at wileyonlinelibrary.com]
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the BRAF inhibitor vemurafenib as well as the MEK inhibitor PD98059

to AHR leading to its inhibition have been described.42,43 In addition to

its direct effects on tumor cells, AHR signaling can also promote an

immunosuppressive microenvironment.44 This can be mediated by the

tryptophan metabolizing enzyme indoleamine 2,3-dioxygenase 1

(IDO1) which converts the amino acid tryptophan to the metabolite

kynurenine that in turn can bind to and activate the AHR.45 Kynurenine

was also shown to modulate dendritic cell functions and favor the

induction of regulatory T cells via AHR signaling.46,47 More recently, it

was demonstrated that activation of the IDO-Kyn-AHR axis can also

confer resistance to immune checkpoint blockade.44,48-50 Taken

together, these recent observations are of clinical importance as they

further support the notion that AHR not only promotes tumor progres-

sion but also therapy resistance.

In summary, our work demonstrates that AHR signaling can par-

ticipate in melanoma pathogenesis and promote tumor growth and

metastatic progression. Future experiments will have to address

whether AHR signaling also is involved in the protumorigenic effects

of UV irradiation. With the current development of IDO inhibitors and

similar compounds that can modulate the IDO-Kyn-AHR axis, our

model also represents a valuable tool to experimentally evaluate

potential future combination therapies for melanoma, an area that is

currently of intense clinical interest.
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