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Aryl hydrocarbon receptor (AHR) is a ligand-dependent transcription factor that plays a critical role in diverse
biological processes, including xenobiotic metabolism, carcinogenesis, and physiological functions such as

Keywords: regulation of the immune system and cell differentiation. To improve studies of AHR activity, we constructed two
AHR new reporter genes: a fluorescent GFP-tagged histone 2B (XRE-H2B-eGFP) and a secreted nanoluciferase (XRE-
El:l])aorter ene assa PNL1.3[secNluc]). Here, we demonstrate how these reporters can be used to monitor AHR activity in different
Luciferaseg Y types of cells, including human primary trophoblasts and cell lines, following incubation with a strong AHR
GFP ligand, benzo[alpyrene (B[a]P), or an AHR inhibitor (CH223191). Compared to vehicle control cells, a signifi-
Benzo[a]pyrene cant increase in AHR activity was observed in cells treated with 0.5 and/or 2 uM B[a]P and a significant decrease
CYP1A1 was detected in response to treatment with 3 uM CH223191. These new plasmids have great potential for use in a

variety of applications, such as screening for endogenous or exogenous ligands of AHR.

1. Introduction

The aryl hydrocarbon receptor (AHR) is a ligand-dependent tran-
scription factor that is widely expressed in human cells and tissues
(Pohjanvirta and Tuomisto, 1994). As a member of the basic helix-loop-
helix/Per-Arnt-Sim (bHLH/PAS) family, AHR translocates into the nu-
cleus and heterodimerizes with another bHLH/PAS protein, aryl hy-
drocarbon nuclear translocator (ARNT), to activate the transcription of
its target genes (Crews, 1998; Denison et al., 2002). The AHR/ARNT
complex recognizes and binds to a specific DNA sequence known as the
xenobiotic response element (XRE), which is situated in the promoter
regions of genes. In this way, AHR/ARNT modulates the transcription of
target genes including, but not limited to, the members of cytochrome
P450 family 1 (CYP1A1, CYP1A2, CYP1B1). AHR has been implicated in
numerous biological processes such as xenobiotic metabolism, immune
responses, and cell proliferation, differentiation, and apoptosis (Larigot
et al., 2018). Moreover, AHR involvement has been described in the
pathogenesis of different diseases (see recent reviews (Gargaro et al.,
2021; Napolitano et al., 2021)). AHR regulates the response to

xenobiotic toxicity from a variety of exogenous environmental con-
taminants, such as 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD, or
dioxine), polycyclic aromatic hydrocarbons (PAHs, such as benzo[a]
pyrene (B[a]P)), and halogenated aromatic hydrocarbons (HAHs)
(reviewed in (Larigot et al., 2022)). Despite the number and variety of
drugs and environmental pollutants that have been linked with AHR
signaling, studies in this area have been hindered by the lack of a robust
method for quickly assessing AHR-mediated transcriptional activity.
Currently, AHR-mediated transcriptional activity is typically assayed
using a classical luciferase (Luc) assay based on the transient trans-
fection of plasmids in cells (human (Vorrink et al., 2014) or rat (Chan
et al., 2003)), or stable cell lines such as human HepG2 (Novotna et al.,
2011; Satsu et al., 2015; Sekimoto et al., 2007), human HEK293T
(Bystriakova et al., 2019), or mouse H1L7.5c3/rat H4L7.5¢c2 (Brennan
et al., 2015). Commercial tools are also available for this purpose,
including a specially designed plasmid (#E4121 Promega), lentivirus
(#LTLRO31 G&P Biosciences), and stable cell lines (#IB06001-32 Indigo
Biosciences; #SL-0075-NP Signosis; #ht2l-ahr and #hpgl-ahr Inviv-
oGen). However, for all these assays, cells must be lysed in order to

Abbreviations: AHR, Aryl hydrocarbon receptor; XRE, Xenobiotic response element; B[a]P, Benzo[alpyrene; VCT, Villous cytotrophoblast; ST,

Syncytiotrophoblast.
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measure Luc expression, which limits the potential applications. For
example, studies of reaction kinetics or XRE activation through time
must rely on different batches of cells for each time point.

An alternative approach for investigating the activity of AHR is based
on GFP fluorescence. These assays typically involve the use of the stably
transfected mouse hepatoma cell line Hepalclc7 (Nagy et al., 2002) or
transgenic animals (medaka (Ng and Gong, 2013) or zebrafish (Xu et al.,
2015)).

Although stable cell lines present several advantages—there is no
transfection step, and no need for an internal control to normalize
transfection efficiency—they cannot reflect the physiology/specificity of
all cells. Thus, results obtained from these cells cannot be generalized to
all kinds of tissues.

There is therefore a clear and pressing need for new methods for
quantifying and monitoring the activity of AHR in any type of cell. In
particular, although transcriptional non-secreted Luciferase reporters
for AHR do exist, it would be tremendously helpful to have nuclear-
localized fluorescent and secreted luciferase reporters that are suitable
for live imaging (and cell sorting) or quantification without the need for
destructive sampling. Such tools would be complementary to those
already available, but would present a particular advantage when the
number of cells is limited (primary cultures for example) or for per-
forming a time course. At the end of the assay, cells could then be used
for further experiments (e.g., QPCR, immunoblotting).

The current study presents the construction and validation of two
novel reporters for use in assaying AHR-mediated transcriptional ac-
tivity in various cell models. One reporter is based on fluorescence (GFP
or mScarlet) while the other utilizes a secreted luciferase (secNLuc). To
evaluate the responses of these reporters, we used a well-characterized
and strong agonist of AHR, benzo[a]pyrene (B[a]P), as well as the
well-known inhibitor CH223191. Experiments were carried out in pri-
mary human cytotrophoblasts, in which two target genes of AHR -
CYP1A1 and CYPI1BI1 - are upregulated during cell differentiation into
syncytiotrophoblasts, as described in earlier work by our group (Wakx
etal., 2018). The results described here demonstrate the strong potential
of our new reporter genes for use in evaluating AHR ligands in different
cells and contexts, in order to retain the real-world specificities of tissues
of interest.

2. Materials and methods
2.1. Reagents

The AHR agonist (benzo[a]pyrene, #31306), inhibitor (CH223191,
#182705), and vehicle (cyclohexane, #28920) were purchased from
Sigma-Aldrich.

2.2. Exxxthical statement

Placental tissues were obtained from non-smoking women with un-
complicated pregnancy undergoing normal Cesarean section at the
Diaconesses Croix Saint-Simon, Antony, and Montsouris maternity units
(Paris, France) with the patients’ written informed consent. The protocol
for this study was carried out according to the Declaration of Helsinki
and approved by the local ethics committee (CPP 2015-mai-13909).

2.3. Plasmid constructs

The plasmids XRE-H2B-eGFP and XRE-pNL1.3[secNLuc] were con-
structed as described in (Degrelle et al., 2017b). The xenobiotic response
element (XRE) sequence was amplified by PCR using the XRE(CYP1A1
promotor)-pGL3 reference plasmid (Morel and Barouki, 1998) and
appropriate primers (Table 1). The amplified XRE insert was subcloned
by restriction enzyme digestion into the Kpnl/Sacl sites of the pNL1.3
[secNLuc] plasmid, a secreted NanoLuc® luciferase reporter (Promega
Corporation), and the Asel/Bglll sites of the H2B-GFP plasmid

Environment International 169 (2022) 107545

Table 1
Primers used to amplify DNA fragments by PCR for vector construction,
confirmation, and generation of cloned fragments.

Primer name Sequence

XRE-Asel GCATTAATGCTTCTGGCACATAGTAGTT
XRE-BglIl GAAGATCTGAGCTCAGCTGGGAAG
pGL3-RV3_F CTAGCAAAATAGGCTGTCCC

pGL3-GL2_ R CTTTATGTTTTTGGCGTCTTCCA
pH2B-GFP_F TAACCGTATTACCGCCATGC
pH2B-GFP_R CTTAGCGCTGGTGTACTTG

Restriction enzyme sites added to primer 5'-ends are underlined.

(Addgene#11680 (Kanda et al., 1998)). The construction map of the
plasmids is shown in Fig. 1.

For co-transfection control, and to ensure compatibility with GFP cell
lines, the plasmids CMV-H2B-mScarlet-I and XRE-H2B-mScarlet-I were
constructed by restriction enzyme digestion. Briefly, the eGFP sequence
was replaced by the mScarlet-I sequence from the pLifeAct_mScarlet-
i N1 plasmid (Addgene #85056 (Bindels et al., 2017)) using the
BamHI/Mfel sites.

The integrity of the reporter plasmid sequences was confirmed by
DNA sequencing. Plasmid DNA was prepared for transfection using the
PureLink Expi Endotoxin-Free Maxi Plasmid Purification Kit
(#A312127, Invitrogen) according to the manufacturer’s instructions.

All plasmids described in this report - XRE-H2B-eGFP and XRE-
pNL1.3[secNluc], as well as CMV-H2B-mScarlet-I and XRE-H2B-
mScarlet-I - have been submitted for inclusion in the non-profit
plasmid repository Addgene (https://www.addgene.org/) and will be
available as Plasmid #182294, Plasmid #182295, Plasmid #182297,
and Plasmid #182296, respectively.

2.4. Cell cultures, magnetofection, and treatments

Villous cytotrophoblasts (VCT) were isolated from human term pla-
centas as previously described (Alsat et al., 1991; Buchrieser et al., 2019;
Degrelle et al., 2017a; Degrelle et al., 2017b; Frendo et al., 2003; Shoaito
et al., 2019). Briefly, fetal membranes were removed and placental tis-
sues were cut into small pieces with scissors. After washes with Ca?",
Mg2+-free Hanks’ Balanced Salt Solution (HBSS), the villous tissue was
gently removed from the core mesenchyme with forceps. Then, minced
tissue (~15 g) was digested at 37 °C for 30 min in a shaking incubator
(50-60 rpm) in a filtered trypsin solution that contained 500 mg of
trypsin powder (Difco), 250 pl 0.1 M MgCl,, 250 pl 0.1 M CaCly, 75 pl
DNase I (50 U/mL) and 10 ml of fat-free milk in 250 ml warm 1X Ca2+,
Mg>*-free HBSS. The tissues were then digested again for 10 min, up to 4
or 5 times, at 37 °C with soft shaking (50-60 rpm). Enzymatic degra-
dation was monitored under microscope and stopped by filtering the
mixture through a 40-pm strainer (Thermo Fisher Scientific) into fetal
calf serum (FCS, 5 % final concentration). After centrifugation of cell
suspensions at 1,200 rpm for 10 min at room temperature, cell pellets
were resuspended in DMEM, layered on top of a preformed Percoll
gradient (60 % and 30 %), and centrifuged at 2,500 rpm at room tem-
perature without braking for 20 min. The interface layer (60 / 30 %)
containing villous cytotrophoblast cells was collected, washed in
DMEM, and centrifuged at 1200 rpm at room temperature for 10 min.
The cell pellet was resuspended in complete culture medium (1 %
glutamine and 10 % FCS in DMEM). Cells were counted using a TC20™
Automated Cell Counter (Biorad), and seeded either into a sterile 12-
well removable chamber placed on cell culture-treated plastic slides
(75,000/well, Ibidi #81201) for fluorescence experiments (immuno-
fluorescence and XRE-H2B-eGFP transfection), or into a sterile 12-well
plate (500,000/well, Corning #3512) for nanoluciferase assays (XRE-
pNL1.3 transfection) and western blot experiments.

NIH/3T3 (ATCC #CRL-1658) and BeWo (ATCC #CCL-98) cells were
cultured in complete high glucose DMEM (1 % glutamine and 10 % FCS)
and F12K (1 % glutamine and 10 % FCS), respectively. The cells were
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Fig. 1. Schematic diagram of XRE-H2B-eGFP and XRE-pNL1.3[secNLuc] plasmid construction.

seeded in triplets onto either a sterile 12-well plate (125,000/well [NIH/
3T3], 250,000/well [BeWo], Corning #3512) for nanoluciferase assays
(XRE-pNL1.3 transfection) and western blot experiments or into a sterile
12-well removable chamber placed on cell culture-treated plastic slides
(15,000/well [NIH/3T3], 25,000/well [BeWo], Ibidi #81201) for
fluorescence experiments (immunofluorescence and XRE-H2B-eGFP
transfection).

Cells were transfected as described in (Buchrieser et al., 2019;
Shoaito et al., 2020). Briefly, the transfection complexes were composed
of Opti-MEM medium mixed with Lipofectamine 2000CD (Invitrogen),
Magnetofection CombiMag (OZ Biosciences), and XRE-pNL1.3
[secNLuc] or empty-pNL1.3/CMV-ss.mCherry for nanoluciferase as-
says or XRE-H2B-GFP/CMV-H2B-mScarlet-I for immunofluorescence.
The mixture was incubated for 20 min at room temperature and then
distributed into the wells (75 ul/well in the 12-well plate, 30 ul/well in
the 12-well slide). Culture plates and slides were placed on a magnetic
plate (OZ Biosciences) for at least 10 min at 37 °C and 5 % CO», then
transferred back into the incubator. After overnight incubation, cells

were washed and treated with 0.5 or 2 uM B[a]P or 3 uM CH223191 for
24 h.

2.5. Nanoluciferase assay

Cells transfected with XRE-pNL1.3 or empty-pNL1.3/CMV-ss.
mCherry were cultured in a 12-well plate for 24 h at 37 °C. Then, cells
were treated for 24 h with either 2 uM B[a]P (AHR agonist) or 3 pM
CH223191 (AHR inhibitor). After treatment, 75 ul of each supernatant
was dispensed in duplicate into a 96-well plate (#3610, Corning). The
activity of the secreted luciferase was assayed using the Nano-Glo®
Luciferase Assay (#N1130 Promega Corporation) according to the
manufacturer’s instructions. Luminescence and fluorescence of mCherry
(Ex: 587 nm, Em: 610 nm) were measured using an EnSpire Multimode
plate reader (Perkin Elmer). Each luminescence measurement was
standardized to its corresponding mCherry signal and then to the empty-
pNL1.3-transfected cells.
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2.6. Immunofluorescence and image analysis

After 24 h of treatment with either 0.5 or 2 pM B[a]P (AHR agonist)
or 3 pM CH223191 (AHR inhibitor), cells were fixed in 4 % PFA for 20
min at room temperature, washed in PBS, and permeabilized in 0.5 %
Triton X-100/5 % IgG free BSA/0.1 % Tween-20 in PBS (PBST) for 30
min at room temperature. Then, cells were incubated with primary
antibodies: AHR (#WH0000196M2, Sigma, 1:500), CYP1Al
(#13241-1-AP, Proteintech, 1:100), and DSP (#ab71690, Abcam,
1:500) in 5 % IgG free BSA/PBST solution. After overnight incubation at
4 °C, cells were washed with PBST (three times), and incubated with an
appropriate secondary antibody or phalloidin coupled with Alexa Fluor
488, 555, or 647 (Invitrogen, 1:500 in PBST) for 1 h, at room temper-
ature in the dark. After washes in PBST (three times), cells were coun-
terstained with DAPI for 10 min at room temperature. Finally, slides
were mounted with Fluorescent Mounting Medium (#S3023, Dako) and
stored at 4 °C. Confocal microscopy images were obtained with a Leica
SP8 inverted microscope equipped with Plan Apo x40/1.3 and x60/1.4
oil objectives; images were processed with ImageJ version 1.52i (Na-
tional Institutes of Health, https-//imagej.nih.gov/ij/). Quantification
of XRE-H2B-eGFP was performed on a minimum of 50 nuclei per con-
dition in three independent experiments. The fluorescent signals were
integrated over the entire nucleus as described in (Degrelle et al.,
2017b).

2.7. Western blotting

After the nanoluciferase assay on cell supernatants, total cell extracts
were lysed using RIPA buffer containing freshly added protease and
phosphatase inhibitors (#539131, #524629, Calbiochem), and then
sonicated. After centrifugation at 14,000 g at 4 °C for 10 min, protein
supernatants were transferred to a new tube. Protein concentrations
were determined using the micro BCA™ Protein Assay Kit (#23135,
Thermo Scientific). Then, 30 pg of protein samples were separated under
reducing conditions on 4-15 % SDS-PAGE mini-PROTEAN® TGX™ gel.
After transferring onto a 0.2-um nitrocellulose membrane using a trans-
blot® Turbo™ Transfer System (Bio-rad), membranes were first blocked
with 3 % BSA/TBS at room temperature for 1 h, and then, immuno-
blotted with antibodies to CYP1A1 (1 pg/ml, #13241-1-AP, Proteintech)
and Vinculin (1 pg/ml, #V9131, Sigma-Aldrich) in blocking solution at
4 °C overnight. After three washes with 0.1 % Tween-20 in TBS (TBST),
the membranes were incubated with an appropriate Alexa Fluo-
r-conjugated secondary antibody (680 or 800 conjugate, Molecular
Probes, 1:20,000) at room temperature for 1 h. Finally, after three
washes with TBST, the membranes were scanned with an Odyssey®
Imaging System (Li-Cor). The quantification of the signal intensity was
performed using Image Studio Lite software, version 5.2. For each pro-
tein, the arbitrary pixel densities were normalized to those of vinculin.

2.8. Statistics

All measurements were performed at least in three independent ex-
periments. Data are expressed as the mean + SD of the indicated value.
Statistical analysis (one-way ANOVA) was performed using GraphPad
Prism 9 version 3.1. Results were considered significant if the p-value
was less than 0.05.

3. Results

3.1. AHR and CYP1A1 expression in villous cytotrophoblasts (VCT) and
syncytiotrophoblasts (ST)

Before evaluating our two novel AHR reporters, we first used im-
munostaining to validate AHR expression and the induction of expres-
sion of CYP1Al, the main target of AHR, in primary human
cytotrophoblasts (Fig. 2A-B). Unlike in our previous study (Wakx et al.,
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2018), the B[a]P used in this study was dissolved in cyclohexane and not
in DMSO. It was thus important to validate basal AHR expression and
induction of CYP1A1 expression after B[a]P/cyclohexane treatment
before proceeding with further investigation. Consistent with our pre-
vious results (Wakx et al., 2018), we found that AHR is localized in the
nuclei of both mononucleated VCT and multinucleated ST (Fig. 2A). The
observed expression of CYP1A1 increased in cells treated with the AHR
agonist (0.5 pM or 2 uM B[a]P) and decreased in cells treated with the
AHR inhibitor (3 uM CH223191) (Fig. 2B).

3.2. XRE-H2B-eGFP transfection of VCT - a new fluorescent model for
monitoring AHR activity

For the assay, primary cytotrophoblasts were transiently transfected
with the novel plasmid XRE-H2B-eGFP, which was combined with the
CMV-H2B-mScarlet-I plasmid as a transfection control (Fig. 2C left
panel). Co-transfected VCTs (H2B-mScarlet positive nuclei) showed
eGFP-positive nuclei whose fluorescence intensity reflected the level of
AHR transcriptional activity (Fig. 2C middle panel). Compared to con-
trol (vehicle only) cells, this activity (green fluorescence) increased in
the cells treated with 0.5 pM or 2 uM B[a]P (AHR agonist), and
decreased in cells treated with 3 pM CH223191 (AHR inhibitor).
Quantification of the GFP fluorescence signal (Fig. 2C right panel)
revealed that, compared to vehicle control cells, a significant and dose-
dependent increase in intensity was observed in cells treated with 0.5
uM or 2 uM B[a]P (2.0 £ 0.8; 3.8 £+ 1.7 versus 1.3 + 0.4, respectively),
whereas a significant decrease was observed in cells treated with 3 pM
CH223191 (0.8 + 0.4 versus 1.3 + 0.4). These results illustrate that the
plasmid XRE-H2B-eGFP is an effective tool for following the activity of
AHR using cell-imaging methods.

3.3. XRE-pNL1.3[secNLuc] transfection of VCT - a new model for
studying AHR activity directly in cell supernatant

The second approach we used to study AHR activity in primary
cytotrophoblasts was to transfect VCTs with the novel XRE-pNL1.3
plasmid combined with a CMV-ss.mCherry transfection control that
expresses secreted mCherry (Fig. 2D right panel). In this model, acti-
vation of AHR leads to secretion of the nanoluciferase protein into the
supernatant of transfected cells. Spectrophotometry readings of 75 pl of
supernatant from XRE-pNL1.3-transfected and treated VCTs (Fig. 2D
left panel) showed that, compared to vehicle-only control cells, a sig-
nificant and dose-dependent increase in luminescence intensity was
observed in cells treated with 0.5 uM or 2 uM B[a]P (1.6 = 0.1; 2.4 + 0.7
versus 1.0 £ 0.1, respectively), whereas a significant decrease in lumi-
nescence intensity was observed in cells treated with 3 uM CH223191
(0.7 £ 0.1 versus 1.0 £ 0.1). We next used XRE-pNL1.3-transfected and
B[a]P-treated VCTs to assess expression of the AHR target gene CYP1A1
by immunoblotting. As expected, CYP1Al expression was significantly
increased, in a dose-dependent manner, in cells treated with 0.5 or 2 M
B[a]P (2.5 + 0.4; 6.3 + 0.8 versus 1, respectively), and significantly
decreased in cells treated with 3 uM CH223191 (0.6 + 0.1 vs 1). These
results reveal that XRE-pNL1.3 is another excellent tool for studying
AHR activity directly in the cell supernatant, so that transfected cells can
then be used for other experiments such as western blotting (as in the
present study).

3.4. XRE-H2B-eGFP and XRE-pNL1.3[secNLuc] systems work effectively
in different cell types

To confirm that both novel reporters work with other cell types from
different species, we evaluated them in classical NIH/3T3 cells (a mouse
embryonic fibroblast cell line; Fig. S1) and BeWo cells (a human
placental cell line; Fig. S2), which both express AHR and inducible
CYP1Al. Using the same approach, both cell lines were transfected and
treated with 2 uM B[a]P (AHR agonist) and 3 pM CH223191 (AHR
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Fig. 2. Visualization and quantification of the activity of AHR using the novel AHR reporters XRE-pNL1.3[secNluc] and XRE-H2B-eGFP in primary human villous
cytotrophoblasts (VCT). (A) Localization by immunofluorescence of AHR transcription factor expression in primary VCT/ST after 72 h of culture. AHR nuclear
labeling is visualized in green and cell membranes were stained with phalloidin (F-actin, magenta). Scale bar: 20 ym. (B) CYP1Al protein levels in VCTs assessed
using immunofluorescence after 24 h of treatment with either AHR agonist (0.5 uM or 2 pM B[a]P) or inhibitor (3 uM CH223191). CYP1A1 labeling is visualized in
green; nuclei and cell membranes were stained with DAPI (blue) and phalloidin (F-actin, magenta), respectively. Scale bar: 20 pm. (C) AHR activity evaluated by GFP
fluorescence quantification after 24 h of treatment with either AHR agonist (0.5 pM or 2 pM B[a]P) or inhibitor (3 pM CH223191) in VCTs co-transfected with XRE-
H2B-eGFP (green) and CMV-H2B-mScarlet (red). In the left panel, representative images of co-transfected and treated cells. Cell membranes were immunostained
with Desmoplakin (DSP, magenta). Scale bar: 20 um. In the right panel, quantification of XRE-H2B-eGFP fluorescence intensity performed on H2B-mScarlet + nuclei.
Values are represented as mean + SD normalized with vehicle control (n = 3, > 100 nuclei/experiment). (D) AHR activity assayed using the Nano-Glo® Luciferase
system (Promega). For each condition (technical triplicate), 75 pl of culture media were analyzed from VCTs co-transfected with XRE-pNL1.3 and CMV-ss.mCherry
after 24 h of treatment with either AHR agonist (0.5 uM or 2 uM B[a]P) or inhibitor (3 pM CH223191). Luminescence signal was normalized with the corresponding
mCherry signal and vehicle control. Values are represented as mean + SD (n = 3 independent experiments and with technical triplicates). (E) After the luciferase
assay on cell supernatants in (D), cells were harvested and subjected to immunoblot analysis. Representative images are shown of western blots and quantification of
CYP1A1 protein level by densitometry using Licor Image Studio Lite software. Values are represented as mean + SD normalized with vehicle control (n = 3). The
asterisk (*) represents a significant difference between vehicle control and treatment [one-way ANOVA, p < 0.05]. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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inhibitor). Preliminary results revealed nuclear localization of AHR
(Fig. S1A-S2A) and the same CYP1A1 expression patterns as VCTs, i.e.
increased expression after B[a]P treatment and decreased expression
after CH223191 treatment (Fig. S1B-S2B). XRE-H2B-eGFP immunoflu-
orescence data revealed that both cell lines had detectable AHR tran-
scriptional activity in their nuclei with quantifiable GFP fluorescence
(Fig. S1C-S2C). As expected, compared to vehicle-only control cells, a
significant increase in intensity was observed in cells treated with 2 uM B
[a]lP and a significant decrease was detected in response to treatment
with 3 uM CH223191. Transfection with XRE-pNL1.3[secNLuc]
confirmed the results regarding AHR activity (Fig. S1D-S2D). CYP1Al
immunoblots on these transfected cells displayed the expected expres-
sion profile, i.e. significantly increased or decreased expression after B
[a]lP or CH223191 treatments, respectively (Fig. S1E-S2E).

Finally, to ensure that this tool would also be compatible with a GFP
cell line, an XRE-H2B-mScarlet-I plasmid was constructed by replacing
the green fluorescent protein (GFP) with a red fluorescent protein
(mScarlet-I). We then validated this plasmid in BeWo GFP split cell lines
(Buchrieser et al., 2019), a cell fusion model that makes it possible to
follow trophoblast differentiation and fusion into a syncytiotrophoblast
(Fig. S3).

4. Discussion

In the current paper, we describe the construction and validation of
novel XRE gene reporters that enable the measurement of in vitro AHR
activity. Primary human cytotrophoblasts, murine NIH/3T3, and human
BeWo cells were transfected with either fluorescent or nanoluciferase
reporters and treated with an AHR activator or inhibitor (B[a]P or
CH223191, respectively).

Earlier work by our group described the involvement of the AHR
pathway in the regulation of CYPIAI mRNA expression in human
trophoblast cells; specifically, levels of CYP1AI increased during the
differentiation of VCT into ST, and treating BeWo cells with 1 uM B[a]P
or 3 uM CH223191 increased or decreased the CYP1A1 level, respec-
tively (Wakx et al., 2018). In the present study, we confirmed by both
immunofluorescence and western blot that levels of CYP1Al protein
follow AHR-pattern activation and are modulated by an activator and
inhibitor of AHR in VCT, BeWo, and NIH/3T3 cells. Interestingly, we
also observed the nuclear localization of AHR in these three cell types,
leading to basal activation of AHR. This could be explained (i) by the
presence of kynurenine (200 ng/mg of tissues in term placenta (Murthi
et al., 2017)), an endogenous ligand of AHR, (ii) by the presence of li-
gands from various sources to which pregnant women are unavoidably
exposed e.g. through air pollution, dietary exposure, or possibly (iii) by
the fetal calf serum used in the culture medium, in which the potent AHR
ligands, indirubin and indigo, may have been present (Adachi et al.,
2001; Vaziri et al., 1996; Wakx et al., 2018).

In human cytotrophoblasts (VCT), both systems—nuclear fluores-
cent and secreted nanoluciferase—demonstrated concentration-
dependant activation of AHR in response to treatment with two
different concentrations of B[a]P (0.5 uM or 2 uM).

It is important to note that the three cell types used in this study did
not show the same degree of AHR activation following treatment with 2
uM of the agonist B[a]P; indeed, the increase in expression was about 4-
fold in VCTs, about 2-fold in NIH/3T3s, and only about 1.2-fold in
BeWos. This disparity suggests that certain aspects of the AHR activation
response are cell line-specific. These observations are consistent with a
previous study in which several cell lines (human HepG2, HEK293, and
murine HEPA1) were transiently transfected with pGud-Lucl.l (a
plasmid encoding a classical luciferase under the control of four XRE
elements) to assess the agonistic effect of different human serum sam-
ples on AHR. The authors concluded that AHR activation and signaling
could be influenced by cell-specific factors and cell species origin
(Rothhammer et al., 2018).

In sum, this work demonstrates the validity and utility of two novel
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XRE reporter systems for the in vitro study of AHR activity. These are
complementary existing systems, but possess the major advantages of
being compatible with different cell types, including different species,
and not requiring cells to be lysed. The secreted nanoluciferase assay
described here is highly sensitive, requiring only a small amount of cell
supernatant to evaluate changes in luciferase activity. Instead, the
fluorescent reporter can be used to monitor AHR activity through live
imaging, making it possible to assess reaction kinetics in real time. As an
example, this system could be used to perform a time course of AHR
activity to assess the cytotoxicity of environmental compounds after just
a few hours of exposure. Moreover, these tools can be easily adapted to
high-throughput screening of AHR-mediated compounds and natural
ligands in any cells or tissues of interest. Our plasmids meet the need for
adequate tools for measuring AHR activity in a non-destructive way and
enable, for the first time, multiple experiments to be performed with the
same batch of cells.
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