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Abstract

Cellular homeostasis requires the use of multiple environmental sensors that can respond to 

a variety of endogenous and exogenous compounds. The aryl hydrocarbon receptor (AHR) 

is classically known as a transcription factor that induces drug metabolizing enzymes when 

bound to toxicants such as 2,3,7,8-tetrachlorodibenzo-ρ-dioxin (TCDD). The receptor has a 

growing number of putative endogenous ligands, such as tryptophan, cholesterol, and heme 

metabolites. Many of these compounds are also linked to the translocator protein (TSPO), an 

outer mitochondrial membrane protein. Given a portion of the cellular pool of the AHR has 

also been localized to mitochondria and the overlap in putative ligands, we tested the hypothesis 

that crosstalk exists between the two proteins. CRISPR/Cas9 was used to create knockouts for 

AHR and TSPO in a mouse lung epithelial cell line (MLE-12). WT, AHR−/−, and TSPO−/− 

cells were then exposed to AHR ligand (TCDD), TSPO ligand (PK11195), or both and RNA-seq 

was performed. More mitochondrial-related genes were altered by loss of both AHR and TSPO 
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than would have been expected just by chance. Some of the genes altered included those that 

encode for components of the electron transport system and the mitochondrial calcium uniporter. 

Both proteins altered the activity of the other as AHR loss caused the increase of TSPO at both 

the mRNA and protein level and loss of TSPO significantly increased the expression of classic 

AHR battery genes after TCDD treatment. This research provides evidence that AHR and TSPO 

participate in similar pathways that contribute to mitochondrial homeostasis.
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1. Introduction

The ability to sense environmental changes and initiate an appropriate response is required 

by all cells, from single-celled organisms to those making up complex organ systems. 

These environmental cues can take many different forms, including sunlight, oxygen, and 

small molecules. Small molecules can include beneficial endogenous chemicals, such as 

hormones, but also harmful exogenous compounds, such as pollutants. Cells, therefore, need 

a variety of environmental sensors that are capable of coping with a vast array of inputs. The 

aryl hydrocarbon receptor (AHR) is one example of a conserved metazoan ligand-activated 

transcription factor that responds to planar aromatic hydrocarbons. The AHR was discovered 

due to its ability to bind to the environmental toxicant, 2,3,7,8-tetrachlorodibenzo-ρ-dioxin 

(TCDD) [1]. The murine AHR was later cloned and characterized by Burbach et al. [2]. In 

the absence of ligand, the AHR is primarily located in the cytoplasm of the cell bound to 

chaperones, such as AHR interacting protein (AIP, also known as ARA9 and XAP2) [3,4,5] 

and a HSP90 dimer [6]. Upon ligand binding, it translocates to the nucleus where it forms 

a heterodimer with the aryl hydrocarbon nuclear translocator (ARNT) [7]. This heterodimer 

is a functional transcription factor, capable of binding DNA at specific sites within the 

genome termed dioxin response elements (DREs) and altering gene transcription [8]. A 

majority of the genes containing DREs encode for chemical/drug metabolism enzymes, such 

as Cytochrome P450s including CYP1A1 [9] and CYP1B1 [10].

The function of the AHR is not limited to detoxification as it has also been found to 

be involved in processes such as calcium homeostasis [11,12] and apoptosis [13,14], two 

activities that can involve mitochondria. The AHR is also directly linked to mitochondrial 

function, as TCDD exposure can decrease maximum cellular respiration in an AHR-

dependent manner [15,16]. Although the exact mechanism by which the AHR can regulate 

mitochondrial processes is unknown, evidence suggests that a portion of the cellular pool of 

the receptor can be found within the organelle. The AHR was shown to bind mitochondria-

specific proteins, co-purify with mitochondria in fractionation experiments, and localize 

within the intermembrane space of the organelle [17,16]. Additionally, the AHR would not 

be the only ligand-activated transcription factor receptor that co-localizes to mitochondria. 

Evidence has been collected to suggest that certain isoforms of the estrogen receptor 
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[18,19], glucocorticoid receptor [20,21], and thyroid receptor [22,23] can all be found in 

mitochondria.

The presence of a mitochondrial localized AHR (mitoAHR) suggests an endogenous need 

for the receptor in that organelle but that function is still unknown. One clue to mitoAHR’s 

function stems from the list of its putative endogenous ligands, which include cholesterol 

[24], heme [25], and tryptophan metabolites [26,27]. Interestingly, many of these same 

ligands are also linked to another mitochondrial protein, the translocator protein (TSPO). 

TSPO is a transmembrane protein associated with the outer membrane of mitochondria and 

is highly conserved between species, but its endogenous function is also unclear. Originally 

referred to as the peripheral-type benzodiazepine receptor (PBR), because of its ability to 

bind diazepam outside of the central nervous system [28], TSPO has also been shown to 

bind cholesterol [29], porphyrins [30], and retinoic acid [29]. TSPO regulates mitochondrial 

calcium influx through interaction with the voltage-dependent anion channel (VDAC) 

[31,32]. Additionally, TSPO is involved in the mitochondrial apoptosis pathway [33,34]. 

Considerable overlap between putative endogenous ligands for the AHR and TSPO, as well 

as cellular localization to mitochondria, and involvement of both proteins in stress related 

responses, suggest these two proteins might participate in one or more shared signaling 

pathways.

The goal of this paper was to investigate the possibility of crosstalk existing between 

the AHR and TSPO. To accomplish this both proteins were separately knocked out using 

Clustered Regularly Interspaced Short Palindromic Repeats/CRISPR associated protein 9 

(CRISPR/Cas9) technology in murine lung epithelial cells (MLE-12s). MLE-12 cells were 

chosen because lung epithelium represents a barrier that would be exposed to inhaled 

pollutants and MLE-12s have been shown to express both AHR and TSPO. These cells 

were then examined to see if either could influence the expression or activity of the other, 

giving evidence for overlap in cellular pathways. Understanding the nature of an interaction 

between AHR and TSPO might provide clues to the influence of both on mitochondrial 

function.

2. Materials and Methods

2.1 Kynurenine Binding Assay

The kynurenine binding affinity to wild-type Rhodobacter spheroids TSPO (RsTSPO) was 

measured by tryptophan fluorescence quenching assay as previously described [29]. 2.5 μM 

purified RsTSPO WT protein (in 20mM Tris pH 8.0, 150mM NaCl, 0.20% DM, 2mM 

TCEP) was titrated with increasing amounts of Kynurenine dissolved in DMSO, at room 

temperature. The quenching curve was measured by a fluorescence scan from 290 to 400 

nm (excitation at 285 nm) on an Agilent Eclipse® fluorescence spectrometer (Agilent, 

Santa Clara, CA). Control experiments were also performed to evaluate the absorption and 

emission of ligands as well as buffers and solvents. The dissociation constant Kd was 

calculated by fitting the binding curve with Hill equations.
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2.2 Cell Culture

Mouse lung epithelial type II cell line 12 (MLE-12) cells were grown in Dulbecco’s 

Modified Eagle Medium: Nutrient Mixture F-12 (Thermo Fisher Scientific, Waltham, 

MA) supplemented with fetal bovine serum (2%, Hyclone, Fisher Scientific, Waltham, 

MA), Insulin-Transferrin-Sodium selenite liquid media supplement (1.0 mg/ml-0.55 mg/

ml-0.5 μg/ml, Sigma-Aldrich, St. Louis, MO), hydrocortisone (10 nM, Sigma-Aldrich, 

St. Louis, MO), β-estradiol (10 nM, Sigma-Aldrich, St. Louis, MO), HEPES (10 mM, 

Sigma-Aldrich, St. Louis, MO), L-glutamine (2 mM, Thermo Fisher Scientific, Waltham, 

MA), and penicillin/streptomycin (100 units/mL penicillin, 100 μg/mL of streptomycin, 

Thermo Fisher Scientific, Waltham, MA). Mouse hepatoma cell line (Hepa1c1c7) were 

grown in Dulbecco’s Modified Eagle Medium (Thermo Fisher Scientific, Waltham, MA) 

supplemented with Cosmic Calf Serum (8.9%, Hyclone, Fisher Scientific, Waltham, MA), 

penicillin/streptomycin (100 units/mL penicillin, 100 μg/mL of streptomycin, Thermo Fisher 

Scientific, Waltham, MA), and MEM sodium pyruvate solution (0.89 mM, Atlanta, Flowery 

Branch, GA). Cells were grown in a NAPCO 8000 incubator (Thermo Fisher Scientific, 

Waltham, MA) at 37°C and 5% CO2.

2.3 Knockout Cell Generation

The genes coding for AHR and TSPO were knocked out in Hepa1c1c7 and MLE-12 cells 

using CRISPR/Cas9 protocol based on Ran et al. [35]. Guide oligos were ligated into 

pSpCas9 (BB)-AA-Puro.

Guide oligo primers for Ahr 1.4 were:

Forward 5’-CACCGGGCGCGGGCACCATGAGCAG-3’

Reverse 5’-AAACCTGCTCATGGTGCCCGCGCCC-3’.

Guide oligo primers for Tspo 1.1 were:

Forward 5’-AAACCCGGTGGTATGCTAGCTTGCC-3’

Reverse 5’-CACCGGCAAGCTAGCATACCACCGG-3’

Guide oligo primers for Tspo 2.2 were:

Forward 5’- AAACCCTCGCTGGACACTGGCTCCC-3’

Reverse 5’- CACCGGGAGCCAGTGTCCAGCGAGG-3’

Plasmids were transfected into Hepa1c1c7 and MLE-12 cells using Lipofectamine 2000 

(Thermo Fisher Scientific, Waltham, MA) based on manufacturer’s protocol. Potential 

knockout cells were selected using puromycin (5 μg/ml). After three days cells were diluted 

to a density of one cell per well in a 96-well dish and then clonally expanded. Gene 

knockout was first confirmed through western blotting.

2.4 Western Blotting

Whole cells were collected in RIPA lysis buffer (50 mM Tris-HCl, 150 mM NaCl, 

1% Igepal, 1mM EDTA, 0.25% Na-deoxycholate) supplemented with cOmplete™, 

Mini Protease Inhibitor Cocktail (Sigma-Aldrich, St. Louis, MO). Protein concentration 
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was determined using a Bradford Assay protocol with Pierce Detergent Compatible 

Bradford Assay Reagent (Thermo Fisher Scientific, Waltham, MA) and bovine serum 

albumin standards (Sigma-Aldrich, St. Louis, MO). Absorbance was read at 595 nm 

using SpectraMax ABS Plus (Molecular Devices, LLC, San Jose, CA). Using those 

concentrations, 150 μg of total whole cell protein for TSPO and 200 μg for AHR (MLE-12), 

and 37.5 μg for AHR (Hepa1c1c7) was loaded into each well for each of the cell lines. 

Proteins were separated on a 15% sodium dodecyl sulfate−polyacrylamide gel for TSPO and 

an 8% gel for AHR. Proteins were transferred to Amersham Protran 0.2 NC nitrocellulose 

membrane (GE Healthcare Life Sciences, Chicago, IL) using Trans-Blot Semi-Dry Transfer 

Cell (Bio-Rad Laboratories, Hercules, CA). The membranes were stained with the following 

primary antibodies: rabbit polyclonal anti-AHR (BML-SA210-0100, Enzo Life Sciences, 

Inc., Farmingdale, NY) and rabbit monoclonal anti-TSPO (ab109497, Abcam, Cambridge, 

UK). Anti-β-actin mouse monoclonal (sc-47778, Santa Cruz Biotechnology, Inc., Dallas, 

TX) was used as the loading control. The membranes were then labeled with either 

horseradish peroxidase (HRP) conjugated mouse anti-rabbit secondary (sc-2357, Santa 

Cruz Biotechnology, Inc., Dallas, TX) or HRP-conjugated mouse IgGκ light chain binding 

protein (sc-516102, Santa Cruz Biotechnology, Inc., Dallas, TX) according to host of 

primary antibody. Super Signal West Femto Maximum Sensitivity Substrate (Thermo 

Fisher Scientific, Waltham, MA). or Pierce™ ECL Western Blotting Substrate (Thermo 

Fisher Scientific, Waltham, MA) was used to visualize bands, Densitometry analysis 

was conducted using ImageJ (National Institutes of Health, Bethesda, MA). Bands were 

normalized to β-actin and compared to wild-type controls.

2.5 DNA Sequencing

DNA was isolated from cells using DNeasy Blood & Tissue Kit (Qiagen, Hilden, Germany). 

DNA was amplified using Q5 High-Fidelity DNA Polymerase (New England Biolabs, 

Ipswich, MA) as per manufacturer’s protocol. The annealing temperatures for the PCR were 

67°C for AHR and 71°C for TSPO.

PCR primers for Ahr 1.4 were:

Forward 5’-GAGTCTCCTCTGTCGCCCGC −3’

Reverse 5’-CCGTCACTCACGTTTTCT −3’

PCR primers for Tspo 1.1 were:

Forward 5’-GCCGTGGGCCTCACTCTGGTGC-3’

Reverse 5’-CTACCCCATGGCTGAATACAGTGTGC-3’

PCR primers for Tspo 2.2 were:

Forward 5’-GGAGCCTACTTTGTACGTGGC-3’

Reverse 5’-GATTCCAGGGGCAACAGAGCACAGC-3’

The PCR fragments were confirmed with 2% agarose gel electrophoresis and then 

sequenced using Sanger Sequencing 96 capillary electrophoretic ABI 3730xl platform 
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at the Michigan State University Research Technology Support Facility Genomics Core. 

Chromatograms were visualized using FinchTV Version 1.4.0 (Geospiza Inc., Seattle, WA).

2.6 Trypan Blue Cell growth curves

MLE-12 cells were plated at 40,000 cells per well in a 6-well dish. At each time point cells 

were removed from duplicate wells using trypsin solution (trypsin 0.25%, 1 mM EDTA, 

Hank’s Balanced Salts). Cells were stained with trypan blue solution (0.4%, Sigma-Aldrich, 

St. Louis, MO) and counted using Bright-Line hemacytometer (Reichert, Buffalo, NY). 

Cell density was determined at approximately 23, 47, and 71 hours after plating. Four 

independent experiments were conducted.

2.7 MTT Cell Growth Curves

MLE-12 cells were plated at a density of 1,334 cells per well in a 96-well dish in technical 

triplicates. At 24, 48, and 72 hours after plating, old media was removed and replaced 

with cell culture media containing thiazolyl blue tetrazolium bromide (MTT) (0.5 mg/ml, 

Sigma-Aldrich, St. Louis, MO). Cells were incubated with MTT media for 1 hour in 37°C 

incubator. After incubation MTT media was removed and replaced with dimethyl sulfoxide 

(DMSO) (100%, Sigma-Aldrich, St. Louis, MO). Plates were wrapped in aluminum foil 

and agitated (25°C, 5 minutes). Absorbance was read at 570 nm using a FLUOstar Omega 

(BMG Labtech, Ortenberg, Germany). Wells without cells served as blanks and their average 

absorbance was subtracted from sample well absorbances.

2.8 RNA Collection and Sequencing

Wild-type, AHR−/−, and TSPO−/− MLE-12 cells were each treated with DMSO (0.003%) 

and ethanol (0.005%), 2,3,7,8-tetrachlorodibenzo-ρ-dioxin (TCDD, 10 nM) and ethanol 

(0.005%), 1-(2-chlorophenyl)-N-methyl-N-(1-methyl-propyl)-3-isoquinoline carboxamide 

(PK11195, 100 nM) and dimethyl sulfoxide (DMSO, 0.003%), or TCDD (10 nM) and 

PK11195 (100 nM) for 6 hours. Three biological replicates were conducted consisting of 

one technical replicate each. Cells were collected using TRIzol Reagent (Thermo Fisher 

Scientific, Waltham, MA) and RNA was isolated using protocol based on manufacturer’s 

guide.

RNA concentration was determined using Qubit fluorometer (Thermo Fisher Scientific, 

Waltham, MA) and RNA quality was assessed by the MSU Genomics Core using an Agilent 

2100 Bioanalyzer. All samples had to have a purity ≥ 6.8. RNA samples were sequenced, 

and the data analyzed by Novogene (Sacramento, CA) using Illumina PE150 technology. 

Genes that had an adjusted p-value of <0.05 were considered to be differentially expressed.

2.9 Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR)

MLE-12 and Hepa1c1c7 cells were plated at density of 85,000 cells/well in 6 well dishes 

in technical triplicates. The cells were allowed to grow for approximately 48 hours before 

being collected using TRIzol Reagent (Thermo Fisher Scientific, Waltham, MA). RNA was 

isolated using protocol based on Thermo Fisher’s guide. Complimentary DNA (cDNA) 

was generated using GoScript Reverse Transcriptase (Promega, Madison, WI) with a c1000 

Touch Thermocycler (Bio-Rad Laboratories, Hercules, CA). Samples were analyzed using 
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SYBR Green PCR Master Mix (Applied Biosystems, Thermo Fisher Scientific, Waltham, 

MA) in QuantStudio 3 Real-Time PCR System (Applied Biosystems, Thermo Fisher 

Scientific, Waltham, MA). Gene expression was normalized using the geometric mean of 

3 housekeeping genes, Hprt, Actb, and 18s, and calculated using ΔΔCT method. Primers 

used are described in Supplementary Table 1. Final comparisons were made as fold change 

to the wild-type control.

2.10 Statistics

Statistical analyses were performed using Astatsa or MiniTab Version 21.2 (MiniTab 

LCC, State College, PA), and Prism Version 9.5.1 (GraphPad Softwares, San Diego, CA). 

Differences across treatment groups were assessed with one-way analysis of variance 

(ANOVA) with a Tukey’s pair-wise posthoc test with p ≤ 0.05 considered significant.

3. Results

3.1 The AHR and TSPO share putative endogenous ligands

Though the AHR is most known for its role in regulating the body’s response to exogenous 

chemicals, such as TCDD, some progress has been made in understanding the endogenous 

role of the receptor, specifically, with small molecules that can act as endogenous ligands. 

These molecules include cholesterol [24], heme and heme metabolites [25], as well as 

tryptophan derivatives, such as kynurenine and 6-formylindolo[3,2-b]carbazole (FICZ) 

[26,27]. Many of these same small molecules have also been reported to bind to TSPO, with 

the exception so far of tryptophan derivatives. To explore the possibility that kynurenine 

could also bind TSPO, fluorescence quenching binding experiments were performed. The 

results show that TSPO binds kynurenine in the high micromolar range and thus shares 

another putative endogenous ligand with AHR (Fig. 1). This further supports the possibility 

that some level of crosstalk exists in their signaling cascades.

3.2 Generation of AHR−/− and TSPO−/− MLE-12 cell lines

Given that the AHR and TSPO share many putative endogenous ligands, it was hypothesized 

that some degree of crosstalk existed between the two proteins. To test this hypothesis, 

knockout cell lines were created in mouse lung epithelial cells (MLE-12) for each protein 

via CRISPR/Cas9. Possible knockout candidates were isolated with puromycin selection 

and confirmed by western blot (Fig. 2C). The CRISPR target regions was sequenced using 

Sanger Sequencing to confirm that the reading frame had been disrupted in each mutant. 

The sequencing indicated that the AHR−/− cells had a 12 nucleotide deletion that began 

after the adenine in the protein start codon (Fig 2A). So, without the start signal present, no 

translation at all of the AHR protein would be expected to occur. The TSPO−/− cells had 

a single cytosine incorrectly inserted into the sequence (Fig 2A). This caused a frame shift 

mutation that caused an early termination so that only a 35 amino acid protein would be 

translated.

3.3 Characterization of AHR and TSPO knockout cell lines

To explore the possibility that the presence of either AHR or TSPO could affect the 

expression of the other, RNA-seq data was examined. Tspo mRNA was increased 1.30-
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fold in AHR−/− cells compared to wild-type (padj = 9.58E-07) (Fig. 2B). This increased 

expression was not altered upon exposure to the AHR ligand, TCDD (10 nM, 6 hrs) in either 

wild-type or AHR−/− cells (data not shown). The level of Tspo mRNA decreased 1.88-fold 

in the TSPO−/− cells when compared to the AHR−/− cells (padj = 1.52E-29). It was also 

decreased 1.45-fold in TSPO−/− cells compared to wild-type cells (padj = 5.74E-10) (Fig. 

2B). So, while the CRISPR process prevented whole TSPO protein synthesis, transcripts 

were still synthesized but at a lower level than non-transfected cells. Loss of TSPO did not 

change the expression of Ahr mRNA (Fig. 2B).

Since the level of mRNA does not always match actual protein concentration, the level of 

AHR and TSPO was analyzed through western blots (Fig. 2C). The level of TSPO increased 

about 2-fold in AHR−/− cells when compared to wild-type as calculated when using β-actin 

as a loading control (p <0.05) (Fig. 2D). This significant increase agrees with the increase 

in mRNA described above. The level of AHR in TSPO −/− cells was not significantly 

different when compared to wild-type parental cells (Fig. 2D). On average the AHR protein 

amount in TSPO −/− cells was about 90% of the wild-type. This result also agrees with 

the RNA-seq data which did not show a difference at the transcript level. The mRNA and 

protein expression data indicates that AHR pathways exhibit signaling crosstalk with TSPO, 

but AHR expression is not influenced by TSPO abundance.

To determine if the absence of either AHR or TSPO caused a change in proliferation, cell 

viability was analyzed using trypan blue cell counting and MTT viability assays. For trypan 

blue measurements, cells were plated at density of 40,000 cells per well in 6-well dishes and 

then live cells were counted over a period of three days. The growth for all cell lines was 

essentially the same between initial plating and 71 hours with no significant differences (Fig. 

3A). For the MTT assay cells were plated at a density of 1,334 cells per well in 96-well 

dishes and MTT assays were individually run for three days after plating. There was no 

significant difference in the conversion of MTT at any of the time points assayed (Fig. 3B).

3.4 Differential expression of nuclear genes in AHR−/− and TSPO−/− MLE-12 cell lines

The change in TSPO protein levels in the AHR−/− knockout cells suggests some level 

of crosstalk exists between the two proteins. To determine if this crosstalk has functional 

significance, RNA-seq was performed on RNA extracted from the three cell lines (i.e. 

WT, AHR−/−, and TSPO−/−) following treatment (6 hrs) of DMSO (0.003%) and ethanol 

(0.005%), TCDD (10 nM), PK11195 (100 nM), or TCDD + PK11195 (10 nM + 100 nM 

respectively). Globally, loss of AHR led to 1,125 differentially expressed genes (DEGs) 

when compared to WT cells (Fig. 4). In comparison, loss of TSPO led to 2,757 DEGs 

when compared to wild-type cells. Interestingly, there were 567 DEGs shared between 

these two groups. When AHR−/− cells were compared to TSPO−/− cells there were 3,041 

DEGs. Of these, 729 were shared with the AHR−/− vs WT DEGs and 1,801 were shared 

with the TSPO−/− vs WT DEGs. Finally, a core set of 333 genes were different between 

all three comparisons. Included in this core set of genes was Glutathione S-transferase 
kappa 1 (Gstk1) with expression that increased 3.88-fold in AHR−/− cells (padj=6.1E-12) 

compared to WT cells but decreased 171.29-fold in TSPO−/− cells when compared to WT 

cells (padj=1.9E-7). The Gstk1 mRNA was decreased 664.43-fold (padj=3.12E-13) when 
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TSPO−/− cells were compared to AHR−/− cells. Gstk1 is a phase II drug-metabolizing 

enzyme that can localize to mitochondria. Another of these genes, ATP binding cassette 
subfamily A member 1 (Abca1), is used to transport cholesterol (which can be a ligand 

for both proteins) across the plasma membrane. It was increased 1.96-fold in AHR−/− 

cells (padj=3.6E-15) when compared to WT cells but decreased 1.57-fold in TSPO−/− cells 

(padj=4.0E-4) when compared to WT cells. It was decreased 3.07-fold when TSPO−/− cells 

were compared to AHR−/− cells (padj=2.15E-33). These data support the hypothesis that 

loss of AHR or TSPO affects a set of genes with functions that could imply crosstalk exists 

between the two proteins.

3.5 Identifying AHR target genes that are susceptible to TSPO-mediated alterations in 
expression

The AHR regulates the expression of a core battery of genes. This group includes 

approximately 100 genes, including Cytochrome P450 1A1 (Cyp1a1), Cyp1a2, Cyp1b1, 

AHR repressor (Ahrr), and NAD(P)H quinone dehydrogenase 1 (Nqo1) [36,10,37, 38,39]. 

To determine if loss of TSPO could impact the expression of these genes, the RNA-seq data 

were analyzed in the three cells lines following exposure to TCDD (10 nM), PK11195 (100 

nM) or TCDD + PK11195 (10 nM, 100 nM, respectively) for 6 hours. All five of these core 

AHR battery genes displayed increased expression in the wild type cells following exposure 

to TCDD; however, only Cyp1b1 and Nqo1 reached the level of significance (Table 1). Their 

expression was not altered by PK11195 alone. Three of the five genes showed an increased 

expression in wild-type cells following co-exposure to TCDD and PK11195, with Cyp1b1 
and Nqo1 again being significant but not when compared to cells just treated with TCDD. 

As expected, none of the genes displayed a change in expression following any treatment 

in the AHR−/− cells (Table 1) providing another layer of validation for AHR knockout. 

Finally, in the TSPO−/− cells, three of the five genes were significantly upregulated when 

treated with TCDD or TCDD + PK11195 when compared to control treated cells within cell 

type (Table 1). Interestingly, the loss of TSPO led to a significant increase in Cyp1a1 and 

Cyp1b1 when treated with TCDD or TCDD + PK11195 when compared to wild-type cells 

within respective treatment group (Table 1). These results suggest that TSPO plays a role in 

modulating the level of induction of some key AHR target genes.

To determine the extent of TSPO’s ability to modulate AHR-mediated transcription, global 

changes in expression were analyzed. To identify genes most susceptible to TSPO influence, 

TCDD-induced DEGs in wild type cells were analyzed for influence of loss of TSPO and/or 

co-treatment with PK11195. Treatment with TCDD led to 91 DEGs in wild-type cells, 132 

DEGs in the TSPO−/− cells, and 1 DEG in the AHR−/− cells (Fig. 5A and data not shown). 

Treatment with PK11195 led to 0 DEGs in the wild-type cells, 1 DEG in the TSPO−/− 

cells, and 7 DEGs in the AHR−/− cells (Data not shown). Exposing the cells to both 

chemicals concurrently led to 120 DEGs in the wild-type cells, 114 DEGs in the TSPO− /− 

cells, and zero DEGs in the AHR−/− cells (Fig. 5A and data not shown). Of the 91 DEGs 

identified in TCDD-treated WT cells, 29 of them were no longer significantly changed in the 

TCDD-treated TSPO−/− when compared to control TSPO−/− cells (Fig. 5A). There were 

70 additional genes that were significantly changed in the TCDD-treated TSPO−/− when 

compared to control TSPO−/− cells that were not in the TCDD-treated WT cells. These data 
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suggest that approximately a third of AHR target genes are susceptible to TSPO-mediated 

crosstalk. To limit the number of false positives, the original 91 DEGs were also compared 

to the DEGs following TCDD+PK11195 co-treatment in WT cells. Co-treatment led to 32 

of the 91 genes no longer being significantly altered. When this set is compared to the 

29 impacted by the loss of TSPO, there are 13 genes that overlap (Fig. 5A and B). These 

genes represent the core genes regulated by the AHR that are susceptible to TSPO-mediated 

activity. Included in this group was Dhrs3, which is a short-chain dehydrogenase/reductase, 

which can catalyze reactions involving steroids and retinoids. This is of note since these 

compounds are predicted to be ligands for TSPO. Dhrs3 expression had been previously 

noted to be altered upon TCDD exposure, and its promoter region contains DREs [40].

3.6 Differential expression of mitochondrial genes in WT, AHR−/−, and TSPO−/− MLE-12 
cells

Of the over 50,000 genes used in the RNA-seq dataset, 0.647% of the gene descriptions 

contained the word mitochondria. This percentage significantly increased to 1.33% for the 

list of DEGs when wild-type and AHR−/− cells were compared and to 1.92% for the list 

of DEGs between wild-type and TSPO−/− cells. This enrichment is not unexpected for a 

protein located in the outer mitochondrial membrane, such as TSPO, but it is for a nuclear 

transcription factor like AHR. The enrichment following loss of AHR supports the notion 

that the pool of AHR found within the mitochondria has functional significance [16].

The RNA-seq data was also used to analyze changes in genes located in the mitochondrial 

genome. Out of the 13 protein-encoding mitochondrial genes, seven were slightly but 

significantly upregulated in TSPO−/− cells and two were upregulated in AHR−/− cells 

(Fig. 6). Nd3, Nd4l, Nd6, Co3, and Atp8 were the five genes that were not significantly 

altered in either of the knockout cell lines. NADH dehydrogenase 4 (Nd4), a subunit of 

respiratory complex I, was the one gene that was upregulated by the loss of both genes. Loss 

of TSPO had a larger impact on mitochondrial-encoded genes than loss of AHR, however 

both demonstrated the ability to alter the expression of genes that encode key subunits of the 

electron transport system.

3.7 Mitochondrial calcium transport alterations in AHR and TSPO knockout cell lines

Mitochondrial-involved calcium homeostasis and signaling is essential for all cells and is 

tightly controlled. One way that calcium can enter the mitochondrial matrix is via the 

mitochondrial calcium uniporter (MCU). The MCU is a multisubunit protein and loss of 

both AHR and TSPO altered the expression of MCU components. For example, loss of 

both proteins led to a drastic decrease of Micu2 expression. Micu2 expression was repressed 

94.88-fold in the AHR−/− cells (padj=3.5E-05) and 94.08-fold in the TSPO −/− cells 

(padj=2.2E-05) compared to wild-type cells (Table 2). Loss of AHR caused an increase in 

expression of Micu1 (1.17-fold, padj=1.7E-03) but this did not occur in TSPO−/− cells. Loss 

of TSPO caused a 1.3-fold (padj=3.0 E-02) increase in expression of Micu3 but this did 

not occur in AHR−/− cells. Mcu was significantly decreased 1.28-fold (padj=4.2E-04) in 

TSPO−/− and non-significantly increased 1.16-fold (padj=6.0E-02) in AHR−/−. The gene 

for the SMDT1 (aka EMRE) subunit was not significantly altered in either of the mutant 

cell lines. It is unclear how much loss of AHR or TSPO affects total calcium within the 
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mitochondria, but it should be noted that there are mitochondrial exchangers that were not 

altered in either mutant cell line. Letm1, for example, encodes a Ca2+/H+ antiporter located 

in the inner mitochondrial membrane that was not significantly changed in either AHR−/− 

or TSPO−/− mutants. Finally, treatment of WT, AHR−/− or TSPO−/− cells with TCDD, 

PK11195, or the combination of both did not alter the expression of any gene that encodes 

an MCU subunit.

3.8 Variation between cell types for RNA-seq differentially expressed genes

To determine if the changes in gene expression due to loss of AHR or TSPO was lung 

cell specific, CRISPR knockouts of AHR and TSPO were created in a mouse liver cell line 

(Hepa1c1c7, Fig. 7A–B). RNA was then collected from the MLE-12 and Hepa1c1c7 cells 

and analyzed using SYBR Green PCR protocol. Six DEGs from the MLE-12 RNA-seq data 

were compared: Abca1, Gpr39, Gstk1, Micu2, Mt1, and Nfatc2 (Fig. 7C–H). None of the 

genes were significantly altered in the Hepa1c1c7 cells while Abca1, Gpr39, Gstk1, Micu2, 

and Nfatc2 were significantly altered in the MLE-12 in at least one cell type. Gpr39 had a 

similar trend between cell types with a decrease of 1.4-fold (p=0.4106) in the AHR−/− and 

1.5-fold (p=0.3293) in the TSPO−/− Hepa1c1c7 cells and a significant decrease of 16.4-fold 

(p<0.0001) in the AHR−/− and 12.6-fold (p<0.0001) in the TSPO−/− MLE-12 cells (Fig. 

7D). Metallothionein 1 (Mt1) expression also followed a similar trend in the TSPO−/− 

cells, decreasing increased a nonsignificant 2.4-fold (p=0.2790) in Hepa1c1c7 AHR−/− but 

decreased a nonsignificant 2.0-fold (p=0.1137) in MLE-12 AHR−/− cells (Fig. 7G).

4. Discussion

The proper maintenance and growth of biological cells is a complex process requiring 

multiple proteins and various signaling pathways. The cell needs to be able to respond 

quickly to both endogenous and exogenous signals to alter activity for survival. The AHR 

and TSPO are two ligand-binding proteins that influence many pathways. The goal of 

this research was to explore the possibility that these two previously unlinked proteins 

might participate in crosstalk. This postulation was based on the discovery that there is 

considerable overlap between putative ligands for AHR and TSPO, raising the potential 

for these proteins to work together in response to those ligands or to respond to similar 

microenvironments.

Through analysis of gene expression, it was determined that there were categories of 

genes that were influenced by loss of the proteins and/or exposure to known ligands, 

that implied an overlap of functionality of the AHR and TSPO. For example, the level 

of TSPO mRNA and protein was increased in untreated AHR−/− cells compared to their 

wild-type counterparts. The increase in TSPO protein following the loss of AHR could 

be a mechanism to either compensate for a specific function of the AHR that needs to 

be maintained or to react to environment with more unbound AHR ligands. The exact 

mechanism that explains this link between AHR and TSPO levels is unknown; however, 

the AHR could modulate TSPO transcription directly or indirectly though activating 

another signaling pathway, such as mitochondria-to-nucleus stress signaling. Loss of TSPO, 

however, does not cause a similar increase in AHR mRNA or protein. This might provide 

Steidemann et al. Page 11

Exp Cell Res. Author manuscript; available in PMC 2024 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



evidence against the AHR and TSPO working in the same physical pathway because the cell 

would normally be expected to try to make up for the loss of one step by altering expression 

of others. The protein analysis supports TSPO somehow being involved downstream of 

AHR activity.

The AHR is classically associated with enhancing drug metabolizing enzymes to protect 

the cell from foreign toxicants. The alteration in TSPO expression after AHR elimination 

suggests that TSPO also acts in those processes. To examine this, RNA expression of the 

two major AHR-linked Cytochrome P450s, Cyp1a1 and Cyp1b1, was measured after TCDD 

(AHR ligand) treatment. It was found that the expression of both increased more in the 

TSPO−/− cells compared to the wild-type cells after 6 hours of TCDD exposure. This result 

indicates that either TSPO normally functions to dampen the expression of these P450 genes 

or its loss indirectly allows for increased AHR activity. Interestingly, this TSPO-dependent 

increase in Cyp1a1 and 1b1 did not occur for all known AHR target genes suggesting that 

the signaling interaction between the AHR and TSPO might be context or cell-type specific.

CYP1B1 metabolizes many endogenous molecules including estradiol [41] and retinol [42]. 

These substrates for CYP1B1 might offer some clues as to why TSPO could dampen its 

AHR-mediated expression. Both estradiol and retinoic acid can modulate TSPO expression 

and retinoic acid can bind TSPO [43,44], directly linking their intracellular concentration 

to TSPO signaling. The ability of TSPO to modulate TCDD-induced Cyp1a1 and 1b1 
expression might also involve heme homeostasis. TSPO has been linked to regulating the 

concentration of other heme-dependent enzymes by acting as a source of heme for these 

molecules, such as NOX2 [45], so it could also provide this function for P450s. The fact 

that other cytochrome P450s were not influenced by loss of TSPO (i.e. Cyp1a2) does not 

support this model, meaning that the Cyp1a1 and 1b1 expression increase could be specific. 

The level of Cyp1A2, however, is much lower in MLE-12s and might not act as the same 

heme sink as the other two isoforms.

The current model of AHR biology has the receptor only in the cytosol of the cell when 

unbound or in the nucleus when bound by a ligand. Tappenden et al. [17] and Hwang et al. 

[16] have suggested that a portion of the AHR can be located in mitochondria, allowing for 

the hypothesis that the receptor could influence mitochondrial activity. The RNA-sequencing 

data also show that loss of either TSPO or AHR impacted a significantly larger number 

of mitochondrial-associated genes than would be expected just by chance. The AHR−/− 

cells having an enrichment of mitochondrial DEGs similar to a known mitochondrial protein 

strengthens the possibility of mitoAHR. Some of these genes were nuclear-encoded genes 

but some were mitochondrial-encoded. Of the mitochondrial-encoded genes altered by AHR 

and TSPO loss, all of them exhibited increased expression. The reason for this increase is 

unknown; however, the AHR can induce mitochondrial stress and decrease the organelle’s 

oxidative phosphorylation efficiency [17]. Directly linking AHR to maintenance of the 

expression of genes necessary for mitochondrial function, such as Nd1 and Nd4, might be 

evidence of a way for the cell to maintain proper cellular energetics following modulation of 

the receptor’s activity.
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The link between mitochondrial function and calcium signaling provides clues to the 

possible role of crosstalk between TSPO and AHR for cellular homeostasis. There are 

multiple calcium channels in mitochondria and the mitochondrial calcium uniporter (MCU) 

is a major entrance for calcium into the mitochondrial matrix from the intermembrane space. 

The MCU is a 480 kDa transmembrane protein complex that varies in protein composition 

between species, but the core MCU protein is highly conserved [46,47]. The other proteins 

comprising the murine MCU are the mitochondrial calcium uptake 1 (MICU1) [48], the 

mitochondrial calcium uptake 2 (MICU2) [49], and the single-pass membrane protein with 

aspartate rich tail 1 (SMDT1, aka EMRE) [47]. The MCU and SMDT1 proteins make 

up the transmembrane portion of complex and MICU1 and MICU2 are located on the 

intermembrane space side to control calcium entry [50]. It is currently proposed that at 

low intermembrane calcium levels, the MICU proteins act to prevent the entry of calcium 

ions into the matrix [51]. At high intermembrane calcium levels, this inhibition is removed 

and allows for the increase of the matrix calcium level. The data showed that loss of both 

AHR and TSPO caused the expression of Micu2 to decrease to an undetectable level within 

untreated MLE-12 cells. The predicted location of AHR and TSPO could provide some 

clues as to why they influence expression of components in the MCU. Hwang et al. [16] 

showed that a portion of the cellular pool of AHR is located within the intermembrane 

space, so it is possible that the receptor could physically interact with the MICU2 protein 

projecting into that region. TSPO is known to interact with VDAC in the outer membrane of 

mitochondria [52], which functions to allow transport of molecules into the intermembrane 

space including calcium. These calcium ions could then be funneled into the mitochondrial 

matrix through the MCU. Gatliff et al. [32] found that loss of TSPO caused an elevation of 

calcium uptake into mitochondria after ATP stimulation. This would match the proposal that 

TSPO limits calcium uptake through VDAC and supports the observation of the decrease 

in Micu2 expression in TSPO−/− cells. The cells could be trying to remove the inhibition 

of calcium flow into the MCU as a reaction to the higher concentration of calcium in 

the intermembrane space. The ability of AHR and TSPO to modulate the gene expression 

of components of the MCU is a possible mechanism for the two proteins to modulate 

mitochondrial function by regulating the entry of calcium into the matrix.

Most functions of the AHR have been attributed to nuclear DNA binding but a growing 

number of AHR-dependent outcomes have suggested that this might not be the only utility 

of the receptor. Independent of DNA binding, agonists of the receptor can still elicit effects 

including altering cholesterol synthesis proteins [53] and cell cycle progress [54]. The AHR 

would also not be the first transcription factor receptor to be proposed to be located in 

mitochondria as the estrogen receptor [18,19], glucocorticoid receptor [20,21], and thyroid 

receptor [22,23] have all been detected there. There is even evidence that certain hormones 

have the ability to influence mitochondrial RNA synthesis including thyroid hormone [55] 

and glucocorticoids [56]. The AHR could similarly act to modulate mitochondrial activity.

In an attempt to determine the level of cell-type specificity of these results, two additional 

CRISPR cell lines were created for AHR and TSPO knockouts in a mouse liver 

line (Hepa1c1c7). The RNA gene expression experiments comparing the MLE-12 and 

Hepa1c1c7 indicated that the functions of AHR and TSPO tend to vary between cell 

types. While cell lines have been immortalized, they still retain characteristics of their 
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tissue of origin. It is possible that AHR and TSPO have different functions in lung cells 

versus liver cells due to the interaction with other cell-type specific protein expression. 

For example, ABCA1 is used to transport cholesterol out of the cell across the plasma 

membrane and cholesterol regulation is most likely very different be very different in the 

two tissues [57]. For example, the liver is primarily a cholesterol producing organ, while this 

is not the case for the lung and, therefore, the different expression patterns observed in the 

MLE12 vs. Hepa1c1c7 is understandable. Gpr39 was the only gene analyzed that showed 

similar expression pattern in both cell types. G-Protein Coupled Receptor 39 (GPR39) is 

classified as an orphan receptor, but zinc has been proposed to be an endogenous ligand 

[58]. Currently no direct link has been established between AHR or TSPO and GPR39. 

GRP39, when overexpressed, has been found to prevent lipid accumulation and reduce 

mitochondrial stress in a liver cell model of non-alcoholic fatty liver disease (NAFLD) [59]. 

Taken together, these finding might suggest that GPR39 is regulated in at AHR- and/or 

TSPO-dependent manner to maintain mitochondrial homeostasis. More studies across cell 

types will be needed to understand the complex relationship between AHR and TSPO.

5. Conclusions

This report has collected evidence to show that the AHR and TSPO respond to similar 

ligands and are involved in related cellular processes in MLE-12 cells. The AHR was 

shown to alter TSPO concentration in MLE-12s at both the mRNA and protein level. 

Treatment with the AHR ligand, TCDD, demonstrated that TSPO could alter expression of 

AHR battery genes. Both genes were found to alter mitochondrial genes that are involved 

in oxidative phosphorylation and calcium transport. Further study is required to fully 

understand the role this crosstalk plays in cellular function and, specifically, mitochondrial 

homeostasis.
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ABCA1 ATP binding cassette subfamily A member 1

AHR aryl hydrocarbon receptor

AIP AHR interacting protein

AHRR AHR repressor
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ARNT aryl hydrocarbon nuclear translocator

CRISPR Clustered regularly interspaced short palindromic repeats

Cas9 CRISPR associated protein 9

CYP1A1 Cytochrome P450 Family 1 Subfamily A Member 1

CYP1B1 Cytochrome P450 Family 1 Subfamily B Member 1

DHRS3 Dehydrogenase/Reductase 3

DREs dioxin response elements

FICZ 6-formylindolo[3,2-b]carbazole

GPR39 G-protein coupled receptor 39

GSTK1 Glutathione S-transferase kappa 1

MCU mitochondrial calcium uniporter

MICU mitochondrial calcium uptake

mitoAHR mitochondrial localized AHR

MLE-12 murine lung epithelial cell line 12

MT1 metallothionein 1

NFATC2 nuclear factor of activated t cells 2

PBR peripheral-type benzodiazepine receptor

NQO1 NAD(P)H quinone dehydrogenase 1

PK11195 1-(2-chlorophenyl)-N-methyl-N-(1-methylpropyl)-3-

isoquinolinecarboxamide

RsTSPO Rhodobacter spheroids TSPO

SMDT1 single-pass membrane protein with aspartate rich tail 1

TCDD 2,3,7,8-tetrachlorodibenzo-ρ-dioxin

TSPO translocator protein

VDAC voltage-dependent anion channel
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Highlights:

• The aryl hydrocarbon receptor and translocator protein exhibit crosstalk

• This crosstalk is exhibited through gene expression and AHR and TSPO 

protein

• Transcriptionally, the crosstalk disproportionally affects mitochondrial genes.

• The two proteins play a major role in basal regulation of MICU2.
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Fig. 1. Binding curve of Kynurenine with WT RsTSPO.
Kynurenine binding affinity to TSPO was determined via tryptophan fluorescent quenching 

as described in Material and Methods. The dissociation constant Kd=0.172±0.011 (mM) is 

calculated from three repeated experiments
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Fig. 2. Genomic, mRNA, and protein expression of AHR and TSPO in wild-type (WT), AHR−/−, 
and TSPO−/− MLE-12 cells.
Genomic DNA was extracted from MLE-12 cells using Qiagen DNeasy Blood & Tissue 

Kit, respective CRISPR region PCR amplified, and analyzed using Sanger Sequencing. Red 

boxes indicate region of change in knockout mutant (A). RNAseq data were analyzed for 

the expression AHR and TSPO in wild type (WT), AHR−/−, and TSPO−/− cells and shown 

relative to WT cells. a=significance from WT padj<0.05. b=significance from AHR−/− 

padj<0.05. n=3 (B). MLE-12s were grown to exponential growth phase and then collected 

in RIPA buffer. Whole cell protein (200 μg for AHR and 150 μg for TSPO) was separated 

by SDS-PAGE and protein was transferred to nitrocellulose and probed for AHR, TSPO, or 

β-actin (loading control) (C). Protein levels were normalized with loading control and then 

compared to WT levels. a=significance from WT padj<0.05. b=significance from AHR−/− 

padj<0.05. n≥3 (D).
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Fig. 3. Growth curves of wild-type (WT), AHR−/−, and TSPO−/− MLE-12 cells.
Cells were plated at an initial density of 40,000 cells per well in 6-well dishes. Two technical 

replicates were examined at each time point. Cells were removed from the well using 0.25% 

trypsin-1 mM EDTA, stained with 0.4% trypan blue, and counted using a hemacytometer. 

A total of four independent experiments were conducted. Error bars represent standard error 

(A) Cell were plated at an initial density of 1,334 cells per well in 96-well dish in technical 

triplicates. At each time point, media was removed and replaced with 0.5 mg/ml MTT 

media. After 1 hour incubation, MTT media was removed and replaced with 100% DMSO. 

Absorbance was read at 570 nm. A total of three independent experiments were conducted. 

Error bars represent standard error (B).
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Fig. 4. Differentially expressed genes between untreated wild-type (WT), AHR−/−, and TSPO−/− 
MLE-12 cells.
RNA was isolated from cells using TRIzol protocol and sequenced by Novogene. Genes 

were considered significantly changed if padj value was <0.05. n=3
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Fig. 5. Differentially expressed genes between control, TCDD-treated, or TCDD+PK11195-
treated wild-type (WT) and TSPO−/− MLE-12 cells.
RNAseq was performed on wild type (WT) and TSPO−/− cells following treatment with 

TCDD or TCDD + PK11195 as described in materials and methods. Differentially expressed 

genes (padj < 0.05, n = 3) in the three groups were compared (A). There were 13 genes 

that were significantly changed following TCDD treatment in WT cells that were not 

significantly altered in the TSPO−/− cells following similar treatment nor in the WT cells 

following co-treatment with TCDD + PK11195 (B).
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Fig. 6. Mitochondrial encoded genes were upregulated in AHR−/− and TSPO−/− MLE-12 cells.
Graphical representation of the 13 genes within the murine mitochondrial genome. RNA was 

isolated from untreated MLE-12 wild-type (WT), AHR−/−, and TSPO−/− cells using TRIzol 

protocol and sequenced by Novogene. Genes were designated as significantly upregulated or 

downregulated compared to WT if the padj < 0.05. n=3
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Fig. 7. Confirmation of AHR and TSPO CRISPR knockout in Hepa1c1c7 cells and comparison 
of select DEGs in Hepa1c1c7 and MLE-12.
Genomic DNA was extracted from 1c1c7 cells using Qiagen DNeasy Blood & Tissue 

Kit. CRISPR regions were amplified using specific primers and Q5 Polymerase PCR. 

PCR fragments were verified for size using gel electrophoresis and analyzed using Sanger 

Sequencing (A). Hepa1c1c7 were grown to exponential growth phase and then collected in 

RIPA buffer. Whole cell protein (37.5 μg for AHR and 150 μg for TSPO) was separated 

by SDS-PAGE and protein was transferred to nitrocellulose and probed for AHR, TSPO, 

or β-actin (loading control) (B) Hepa1c1c7 and MLE-12 cells were grown in 6 well dishes 

in triplicates, collected in TRIzol, and RNA isolated according to manufacturer’s protocol. 

cDNA was created using GoScript Reverse Transcriptase per manufacter’s protocol. qRT-

PCR was performed using SYBR Green MasterMix. Gene expression was normalized using 

the geometric mean of housekeeping genes, Hprt, Actb, and 18s, and calculated using 

ΔΔCT method. Final comparisons were made as fold change to the wild-type control. 

a=significance from WT p<0.05. b=significance from AHR−/− p<0.05. (n=3) (C-H)
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Table 1.

The impact of Ahr and Tspo knockout on the expression of five AHR target genes in MLE-12 cells.

Wild Type

Control TCDD PK11195 TCDD+PK

Cyp1A1 0.0000 0.0943 0.0000 0.0471

Cyp1A2 0.0000 0.0288 0.0000 0.0000

Cyp1B1 43.6353 150.4421 45.3969 156.8090

AHRR 0.0016 0.0048 0.0000 0.0000

Nqo1 11.8222 25.3125 11.2235 24.6279

AHR−/−

Control TCDD PK11195 TCDD+PK

Cyp1A1 0.0000 0.0000 0.0000 0.0000

Cyp1A2 0.0000 0.0233 0.0070 0.0000

Cyp1B1 40.8458 40.7283 40.2986 40.1564

AHRR 0.0015 0.0021 0.0000 0.0000

Nqo1 9.9061 10.0269 9.8448 9.6662

TSPO−/−

Control TCDD PK11195 TCDD+PK

Cyp1A1 0.0000 0.5584 0.0000 0.5360

Cyp1A2 0.0000 0.0000 0.0000 0.0000

Cyp1B1 36.7047 216.0881 37.6043 218.0877

AHRR 0.0039 0.0000 0.0034 0.0121

Nqo1 11.0459 23.7388 11.0096 23.9986

Data were normalized and represented as fragments per kilobase per million mapped reads (fpkm). Green = padj < 0.05 compared to controls 
within the same cell type. Red = padj < 0.05 compared to control within cell type and compared to wild type cells within treatment.
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Table 2.

Differential expression of mitochondrial calcium importer genes in CRISPR knockout AHR−/− and TSPO−/− 

MLE-12 cells.

AHR−/− TSPO−/−

Mcu 1.16 −1.28

Micu1 1.17 1.08

Micu2 −94.88 −94.08

Micu3 1.05 1.30

Smdt1 1.02 −1.06

Red= increase padj < 0.05 compared to WT, Green=decrease padj <0.05 compared to WT
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