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Abstract 
 
The aryl hydrocarbon receptor (AhR) is a ligand-activated transcription factor whose physiological 

function is poorly understood. The AhR is highly expressed in barrier organs such as the skin, 

intestine and lung. The lungs are continuously exposed to environmental pollutants such as 

cigarette smoke (CS) that can induce cell death mechanisms such as apoptosis, autophagy and 

endoplasmic reticulum (ER) stress. CS also contains toxicants that are AhR ligands. We have 

previously shown that the AhR protects against apoptosis, but whether the AhR also protects 

against autophagy or ER stress is not known. Using cigarette smoke extract (CSE) as our in vitro 

surrogate of environmental tobacco exposure, we first assessed the conversion of LC3I to LC3II, 

a classic feature of both autophagic and ER stress-mediated cell death pathways. LC3II was 

elevated in CSE-exposed lung structural cells (mouse lung fibroblasts [MLFs], MLE12 and A549 

cells) when AhR was absent. However, this heightened LC3II expression could not be explained 

by  increased expression of key autophagy genes (Gabarapl1, Beclin-1, Lc3b), upregulation of 

upstream autophagic machinery (Atg5-12, Atg3) or by impaired autophagic flux, suggesting that 

LC3II  may be autophagy-independent. This was further supported by the absence of 

autophagosomes in Ahr-/- lung cells. However, Ahr-/- lung cells had widespread ER-dilation, 

elevated expression of the ER stress markers CHOP and GADD34 and an accumulation of 

ubiquitinated proteins. These findings collectively illustrate a novel role for the AhR in attenuating 

ER stress by a mechanism that may be autophagy-independent. 
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INTRODUCTION 
 

The aryl hydrocarbon receptor (AhR) is a ligand-activated transcription factor that belongs 

to the basic helix loop helix PER-ARNT-SIM (bHLH/PAS) family of regulatory proteins (64). 

Although ubiquitously-expressed throughout the body, AhR expression is highest in first-line 

defense organs such as the lung, gut, skin, and liver (25). Historically, the AhR is best-known for 

its ability to mediate the detrimental effects of the man-made toxicant 2,3,7,8-tetrachlorodibenzo-

p-dioxin (TCDD; dioxin) (9, 26, 57). In the absence of ligand, the AhR is found in the cytoplasm 

complexed with chaperone proteins (72). After ligand binding, the AhR translocates to the nucleus 

and forms a heterodimer with the AhR nuclear transporter (ARNT). This AhR•ARNT complex 

binds to DNA sequences termed the dioxin response element (DRE), initiating the transcription of 

genes such as cytochrome P450 (CYP) CYP1A1. Persistent activation of the AhR pathway by 

dioxin is associated with toxic responses (12). There is also a second AhR pathway called the 

“non-genomic” or “DRE-independent” AhR pathway because there is little-to-no DRE binding 

following activation. This AhR pathway may contribute to non-xenobiotic functions of the AhR 

such as cholesterol biosynthesis (90), cell migration (93) and cell survival (33, 79). 

Thus, in recent years the AhR has emerged as an important regulator of cellular processes 

independent of dioxin exposure (8, 62, 84, 96). Perturbations in these processes can lead to 

prevalent diseases such as chronic obstructive pulmonary disease (COPD) and lung cancer, 

diseases that are largely caused by exposure to cigarette smoke (CS). CS is also a mixture of gases 

and particulate matter (PM) composed of metals (iron, nickel), gases, biological agents 

(endotoxins) and organic chemicals such as polychlorinated dibenzodioxins ([PCDDs] and 

polycyclic aromatic hydrocarbons [PAHs]) (21, 29, 65, 94). Many of these organic chemicals are 

ligands of the AhR (76, 95). We have previously shown that the AhR protects the lung against 
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some of the deleterious the effects of CS, including attenuation of apoptosis in lung structural cells 

(75). While it is postulated that loss of lung cells due to apoptosis contributes to diseases such as 

COPD, other cell death mechanisms are also important, and likely work in an inter-dependent 

manner. These other cell death mechanisms may include autophagy, cytoplasmic vacuolization 

death and paraptosis, all of which are associated with endoplasmic reticulum (ER) stress (20, 40, 

89, 97). ER stress is caused by the accumulation of misfolded protein aggregates in the ER lumen, 

leading to the initiation of a three-branched signaling cascade collectively referred to as the 

unfolded protein response (UPR). Exposure to toxicants such as CS can induce excessive or 

prolonged ER stress that may render the UPR insufficient to restore homeostasis, such that the 

‘pro-death’ arm of the ER stress response dominates (82). This pro-death arm depends on the 

upregulation of the transcription factor C/EBP homologous protein (CHOP) (46, 53, 108), which 

then induces apoptosis and/or autophagy (30, 50, 89). Autophagy involves the cytoplasmic uptake 

of damaged proteins, substrate and organelles by autophagic vesicles (autophagosomes) and their 

subsequent lysosomal degradation (28). Exposure to CS causes an accumulation of 

autophagosomes within lung structural cells, leading to cell death (19, 61).   

 Another feature common to both ER stress and autophagy is the processing of microtubule-

associated protein 1 light chain 3 (LC3), from the unconjugated isoform (LC3I) to the 

autophagosomal membrane-bound and phosphatidylethanolamine (PE)-conjugated isoform 

(LC3II). This post-translational processing of LC3 is critical for autophagosome maturation (63). 

Thus, LC3 is conventionally regarded as a  marker of autophagy (45). However, LC3 processing 

can also be autophagy-independent and can occur during ER stress-mediated cell death 

mechanisms such as cytoplasmic vacuolation death and paraptosis (40, 44, 88). These autophagy-

independent cell death mechanisms are characterized by the absence of autophagosomes and a 
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failure to increase the expression of other autophagy markers. 

Our knowledge of the mechanisms controlling these various forms cell death remains 

incompletely understood. We hypothesize that the AhR may be an important regulator of cell 

survival in the harsh environment of the lung, and thus be capable of attenuating alternative cell 

death mechanisms- including autophagy and ER stress- in lung structural cells. These lung 

structural cells include alveolar epithelial cells and fibroblasts, which are responsible for gas 

exchange and the synthesis of the extracellular matrix necessary to maintain lung structure, 

respectively. We have used CS as a relevant environmental toxicant to understand how the AhR 

controls lung structural cell death. Using an in vitro model of CS exposure together with AhR-

deficient/knock-down lung cells, we show that the AhR attenuates ER stress by a mechanism that 

is independent of autophagy, but one that involves LC3 processing. Our data support a critical role 

for the AhR in promoting lung structural cell survival. 
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MATERIALS AND METHODS 
 
Chemicals- All chemicals were purchased from Sigma-Aldrich (St. Louis, MO) unless otherwise 

indicated. Bafilomycin A1 was purchased from Enzo Life Sciences (Farmingdale, NY). 

Actinomycin D (ActD) was purchased from Biomol (Plymouth Meeting, PA). CH-223191 (1-

Methyl-N-[2-methyl-4-[2-(2-methylphenyl) diazenyl] phenyl-1H-pyrazole-5-carboxamide) is 

from Tocris Bioscience (Minneapolis, MN). 

 

Cell Culture- Primary lung fibroblasts were generated from Ahr wild-type (Ahr+/+), Ahr 

heterozygous (Ahr+/-) and Ahr-deficient (Ahr-/-) male and female C57BL/6 mice (Jackson 

Laboratory, Bar Harbor, ME) as previously described (6, 105). A breeding scheme of heterozygous 

Ahr+/- to Ahr-/- mice are used, rendering mice of the Ahr+/- genotype as littermate controls. Ahr+/- 

mice are phenotypically indistinguishable from wild-type (Ahr+/+) mice and are often used as 

controls when examining the physiological, pathophysiological and toxicological parameters of 

the AhR (14, 31, 81, 85, 87).  Moreover,  Ahr+/+ or Ahr+/- mice/cells do not exhibit any difference 

in the ability to be activated by AhR ligands or cigarette smoke and are used interchangeably as 

AhR-expressing mice/cells (5, 24, 91, 105), rendering cells derived from Ahr+/- mice as suitable 

controls for this study.  Therefore, Ahr+/- cells were utilized as control cells unless otherwise 

indicated. Verification of AhR protein levels in the Ahr+/- to Ahr-/- cells used for these experiments 

is in Fig. S1 (available at: 10.6084/m9.figshare.12830321). Lung fibroblasts were also generated 

from novel lineages of mice harboring either a mutant AhR that is incapable of translocating to the 

nucleus (Ahrnls/nls) or binding to DNA (referred to hereafter as Ahrdbd/dbd) (12, 13), both a kind gift 

of Dr. Chris Bradfield (University of Wisconsin); lung fibroblasts from littermate heterozygotes 

(AhrDBD/B6) are used as corresponding controls (105). MLE12 cells, a distal bronchiolar and 
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alveolar epithelial cell line (ATCC, Manassas, VA) (101), were cultured in DMEM-F12 as 

described (105). A549 cells were used to generate A549-AhRko cells using a zinc finger nuclease 

(ZFN) technology targeting the AhR; these cells were cultured in DMEM as described (1, 34). 

AhR deletion and lack of a functional response to TCDD were previously verified (34). All cells 

were maintained at 37°C, incubated in humidified 5% CO2, 95% air and all experiments were 

conducted following 12-24h in serum free media.  

 

Preclinical Cigarette Smoke (CS) Model- Age and gender-matched Ahr-/- and Ahr+/- mice were 

exposed to CS using a whole-body exposure system (InExpose; SCIREQ Inc., Montreal, Canada) 

(24, 91, 105). Briefly, mice were exposed to research cigarettes (3R4F; University of Kentucky, 

Lexington, KY) for two, 1-hr CS-exposures/day for 5 days/week. Experiments were performed in 

duplicate with 5-10 mice per group. All animal procedures were approved by the McGill 

University Animal Care Committee (Protocol Number 5933) and were carried out in accordance 

with the Canadian Council on Animal Care.  

 

Preparation of Cigarette Smoke Extract (CSE)- Research grade cigarettes (3R4F) with a filter were 

obtained from the Kentucky Tobacco Research Council (Lexington, KT) and CSE was generated 

as previously described (4, 5, 7, 16). Briefly, smoke from one cigarette was bubbled into 10 ml of 

serum free-media and subsequently passed through a 0.45 μm sterile filter (25-mm Acrodisc; Pall 

Corp., Ann Arbor, MI). An optical density of 0.65 (320 nm) was considered to represent 100% 

CSE. This CSE preparation was diluted to 2% in the appropriate serum free media.  

 

Imaging Flow Cytometry- Cells were fixed with 4% paraformaldehyde (PFA) for 20 min, washed 



 8 

and resuspended in PBS with 0.2% BSA (Fisher BioReagents) at 4 0C overnight. Cells were then 

permeabilized using 1:10 Perm/Wash buffer (BD Biosciences, Mississauga, Ontario). Anti-LC3B 

mAB (1:100; MBL International, Woburn MA) was then added to the samples for 30 min. Cells 

were next incubated with Alexa-Flour 488 goat anti-mouse (1:1000; Invitrogen) secondary 

antibody for 30 min. Cells were then washed and re-suspended in PBS. Images were acquired 

using the ImageStreamX (Amnis, Seattle, Washington). Samples were gated to remove debris, and 

at least 10,000 events per sample were then analyzed using the IDEAS 6.1 software. The bright 

detail intensity (BDI) was used to evaluate LC3 punctae.  

 

Transfection- MLE12 cells were transiently transfected with 60 nM siRNA against AhR (Santa 

Cruz) or non-targeting control siRNA (Santa Cruz) according to the manufacturer's instructions. 

Six hours after the transfection cells were switched to DMEM-F12 medium containing antibiotics/ 

antimycotics and treated with CSE for 3–24h.  

 

Western Blot- Total cellular protein was prepared using RIPA lysis buffer supplemented with a 

protease inhibitor cocktail (Roche Diagnostics, Germany) and protein quantitation performed with 

the bicinchoninic acid (BCA) method (Pierce, Rockford, IL). Five to forty μg of cellular proteins 

were fractionated on SDS-PAGE gels and electroblotted onto immunoblot polyvinylidene 

difluoride (PVDF) membrane (Bio-Rad Laboratories, St. Laurent, QC, Canada). Incubation with 

a primary antibody (Table 1) followed by the HRP-conjugated secondary antibody was used to 

assess changes in protein levels. Protein levels were visualized by enhanced chemiluminescence 

(ECL) and detected using a gel documentation system (Bio-Rad). Densitometry was performed 

using ImageJ. Images of uncropped blots are in Fig. S2. 



 9 

 

Analysis of Gene Expression- Total RNA was isolated from media or CSE-treated cultured cells 

using a Qiagen miRNeasy kit (Qiagen Inc., Hilden, Germany). RNA samples were diluted to a 

concentration of 10 ng/μl. Following dilution, reverse transcription of total RNA was carried out 

in a 25-μl reaction mixture by iScript IITM Reverse Transcription Supermix (Bio-Rad Laboratories, 

Mississauga, ON, Canada) at 25°C for 5 min, at 42°C for 30 min and at 85°C for 5 min. 

Quantitative PCR (qPCR) was performed with 1 μl cDNA from the media and CSE-treated 

cultured cells and 0.5μM primers added in SsofastTM Eva Green® Super-mix (Bio-Rad). PCR 

amplification was performed using a CFX96 Real-Time PCR Detection System (Bio-Rad) as 

described (105). Gene expression was analyzed using the ΔΔCt method following normalization to 

the housekeeping gene β-actin. Primer sequences utilized for qPCR are listed in Table 2. Xbp-1 

mRNA splicing was assessed by PCR, which was carried out in a 25μl reaction mixture consisting 

of 1μl of 10μM forward mouse Xbp-1 primer, 1μl of 10μM reverse mouse Xbp-1 primer, 2μl 

cDNA, 12.5μl 2x DreamTaq Green PCR Mastermix (Thermo Fisher Scientific) and 8.5μl of 

nuclease free water at 95°C for 15 sec, 50°C for 30 sec, and 72°C for 34 sec for a total of 35 cycles. 

Samples were then run using gel electrophoresis on a 3% agarose gel for 1.5h. The primers utilized 

for Xbp-1 PCR flank the 26-nucleotide intron that is removed following IRE1α activation to yield 

sXbp-1; the sequence was: (forward) CCT TGT GGT TGA GAA CCA and (reverse) GTG TCA 

GAG TCC ATG GGA(32). 

 

Transmission Electron Microscopy (TEM)- Following treatment with media or 2% CSE for 8h, 

Ahr-/- and Ahr+/- MLFs were trypsinized and centrifuged to form a pellet. Supernatant was removed 

and the pellets were fixed in 2.5% glutaraldehyde (Electron Microscopy Sciences, Hatfield, PA) 
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overnight at 40C followed by incubation with 1% osmium tetroxide (Mecalab, Montreal, QC, 

Canada) and 1.5% potassium ferrocyanide (Fisher Scientific, Ottawa, ON, Canada) for 1h at 40C. 

Cells were washed and dehydrated in a graded series of ethanol/deionized water, infiltrated with a 

1:1 and 3:1 Epon 812 (Mecalab, Montreal, QC, Canada) ethanol mixture for 30 min followed by 

100% Epon 812 for 1h. Finally, the cells were embedded in fresh 100% Epon 812 and left to 

polymerize overnight at 600C. Blocks were cut in 100 nm ultrathin sections with an Ultracut E 

ultramicrotome (Reichert Jung, Cambridge, UK) and transferred onto 200-mesh copper grids 

(Electron Microscopy Sciences, Hatfield, PA). Sections were post-stained first with 4% aqueous 

uranyl acetate (Electron Microscopy Sciences, Hatfield, PA) followed by Reynold’s lead citrate 

(Fisher Scientific, Ottawa, ON, Canada). Samples were imaged with a FEI Tecani-12 transmission 

electron microscope (FEI, Hillsboro, OR) operating at an accelerating voltage of 120 kV equipped 

with an XR-80C AMT, 8-megapixel CCD camera.  

 

Determination of Chop mRNA stability - Ahr-/- and Ahr+/- MLFs were treated with 2% CSE for 2h, 

followed by treatment with 1 μg/mL ActD for 0.5h, 2h and 6h. ActD treatment times were chosen 

based on the half-life of Chop mRNA, which ranges between 0.5h and 5h (11, 52, 77). Following 

treatments, Chop mRNA expression was assessing using qPCR as described above.  

 

Statistical Analyses- Statistical analysis was performed using Prism 6-1 (La Jolla, CA). A two-way 

analysis of variance (ANOVA) followed by a Newman-Keuls multiple comparisons test. In all 

cases, a p-value < 0.05 is considered statistically significant. 
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RESULTS 
 
The AhR attenuates LC3II in lung structural cells by a mechanism that requires AhR nuclear 

localization and DRE binding- Changes in LC3II is a feature of both autophagic and ER stress-

mediated cell death. Therefore, we first analyzed LC3II expression by western blot. In Ahr-/- MLFs, 

there was a significant increase in LC3II at the basal level and in response to CSE (Fig. 1A). 

Similarly, AhR knock-down MLE12 cells exhibited a significant increase in LC3II in response to 

CSE relative to cells transfected with the control siRNA (siCtrl) (Fig. 1B and 1C). Finally, we 

evaluated LC3II in the human alveolar epithelial cell line A549, whereby AhR expression was 

eliminated by zinc finger nuclease technology (1). In both untreated- and CSE-exposed A549-

AhRko cells, LC3II was significantly higher compared to the A549 Parent cells (Fig. 1D). Using 

ImageStream®, we analyzed cellular LC3 punctae using the bright detail intensity (BDI). In 

accordance with previously published findings, LC3BDI-high (defined as cells with a LC3 BDI 

greater than ~3e4) is reflective of cells with numerous, bright LC3 punctae, and thus  heightened 

LC3 expression (23). A549-AhRko cells had increased LC3 punctae as supported by a higher 

proportion of LC3 BDI-high cells (Fig. 1E). CSE-treated A549-AhRko also showed the highest 

proportion of LC3 BDI-high cells (70.3%; Fig. 1E). Finally, we analyzed LC3II by western blot 

in whole lung homogenates from Ahr-/- and Ahr+/- mice exposed to CS for 8 weeks. LC3II levels 

were elevated in the lungs of the CS-exposed Ahr-/- mice relative to CS-exposed Ahr+/- mice (Fig. 

1F).  

 

We next wondered whether the mechanism through which the AhR controlled LC3IIIIwould 

require translocation of AhR to the nucleus and subsequent binding to the DRE. To evaluate this, 

we utilized MLFs from Ahrnls/nls or Ahrdbd/dbd mice. There was an increase in LC3II in both Ahrnls/nls 
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(Fig. 2A) and Ahrdbd/dbd (Fig. 2B) MLFs at basal levels as well as after CSE exposure. Collectively, 

these data support that the AhR controls basal LC3II in lung structural cells by a mechanism that 

requires both nuclear localization and DRE binding. 

 

Upregulation of LC3II in AhR-deficient lung cells is not due to impaired autophagic flux- LC3II 

processing is well-recognized as a hallmark of autophagy. Therefore, we next sought to determine 

if the increased LC3II in CSE-treated AhR-deficient cells was due to impairment in autophagic 

flux. We first evaluated the expression of p62, which targets proteins for degradation through 

autophagy (49). Although CSE increased p62 protein expression in the Ahr+/- MLFs, there was no 

significant difference in p62 expression between CSE-exposed Ahr-/- and Ahr+/- cells (Fig. 3A). 

There was also no difference in p62 expression between CSE-treated A549-AhRko and AhR Parent 

cells (Fig. 3B). To more firmly establish whether the AhR regulates autophagic flux, we utilized 

Bafilomycin A1, an inhibitor of autophagosome-lysosome fusion (102). We assessed LC3II 

protein in A549-AhRko and AhR Parent cells treated with CSE in the presence or absence of 

Bafilomycin A1. Although Bafilomycin A1 induced a significant increase in LC3II expression, 

LC3II in the untreated and CSE-treated A549-AhRko cells was significantly less than when in the 

presence of Bafilomycin A1 (Fig. 3C). However, there was also no difference in LC3II expression 

between A549-AhRko and AhR Parent cells treated with Bafilomycin A1. Taken together, these 

results suggest that impairment in autophagic flux does not likely explain the heightened LC3II  in 

AhR-deficient cells.  

 

Increased LC3II in AhR-deficient lung structural cells is not due to an upregulation of upstream 

autophagy-related proteins- Given that LC3II was elevated in the absence of AhR, we reasoned 
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that this might be accompanied by an increase in the upstream autophagic markers ULK1, Atg5-

12 and Atg3. Of these, only ULK1 expression appeared to change in response to CSE in Ahr+/- 

MLFs (Fig. 4A- left panel) but this this not reach statistical significance. There was also no 

significant difference in the expression Atg5-12 or Atg3 (Fig. 4B-C- left panels). Similar results 

were obtained in A549 cells, where there was no significant difference in the expression of these 

autophagy-related proteins either in response to CSE or based on AhR expression (Fig. 4A-C- 

right panels). Collectively, elevated LC3II in AhR-deficient cells cannot be explained by changes 

in upstream autophagic machinery. 

 

The AhR does not control the expression of autophagic genes- The canonical AhR pathway 

involves the translocation of the AhR to the nucleus and subsequent alterations in gene expression 

due to DRE-dependent transcription (12, 57). We therefore reasoned that the AhR attenuation of 

LC3II  may be related to its functions as a transcription factor. Thus, we chose for analysis 

autophagic markers known to be regulated at the mRNA level, which included Gabarapl1, Beclin-

1 and Lc3b (58). However, there was no significant difference in expression of Gabarapl1 (Fig. 

5A), Beclin-1 (Becn1) (Fig. 5B) or Lc3b mRNA (Fig. 5C) between the Ahr-/- and Ahr+/- MLFs 

(Fig. 5- left panels) or between A549-AhRko and A549 Parent cells (Fig. 5- right panels). To ensure 

that the lack of induction in these autophagy genes was not due to impaired AhR activation, we 

assessed levels of Cyp1a1 mRNA, whose induction by CSE is dependent on the AhR (105). These 

data show that in both MLFs and A549 cells, there was significant upregulation in Cyp1a1 mRNA 

only in CSE-treated AhR-expressing cells (Fig. 5D). The lack of induction of Cyp1a1 mRNA also 

confirms absence of AhR protein in the Ahr-/- MLFs as well as the A549-AhRko cells. Therefore, 

we conclude that the AhR does not regulate the expression of these autophagy-related genes 
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despite strong activation of the AhR by CSE.  

 

AhR deficiency results in ER stress- In an attempt to determine if the elevated LC3 processing in 

Ahr-/- MLFs was indeed associated with autophagy, we assessed transmission electron micrographs 

(TEMs) for the presence of autophagosomes, a technique/read-out considered to be the gold 

standard for validating autophagy (42). However, there was a distinct absence of an accumulation 

of autophagosomes in the Ahr-/- MLFs, although some autophagosomes (black arrowheads) were 

observed (Fig. 6A and Fig. S3). What was striking was the existence of extensive dilation in the 

rough ER (white arrowheads) only in the Ahr-/- MLFs, which was further exacerbated following 

exposure of these cells to CSE (Fig. 6A). This is a morphological hallmark of ER stress that occurs 

in response to an accumulation of misfolded proteins (82). Other features of ER stress-mediated 

cell death include the accumulation of ubiquitinated proteins, UPR activation and the upregulation 

of UPR targets. We also observed a dramatic increase in ubiquitinated proteins in Ahr-/- MLFs that 

was further exacerbated following CSE exposure (Fig. 6B). These data were suggestive of 

alteration in ER stress that was aggravated by AhR deficiency. 

 Therefore, we next assessed the expression of upstream proteins involved in the three 

branches of the UPR signaling cascade. These included the phosphorylated form of the eukaryotic 

translation initiation factor 2α (p-eif2α), activating transcription factor 4 (ATF4), inositol-

requiring enzyme 1α (IRE1α) and activating transcription factor 6 (ATF6). In the first UPR branch, 

protein kinase RNA-like endoplasmic reticulum kinase (PERK) activation induces the 

phosphorylation of eif2α. This phosphorylation event results in the general inhibition of translation 

(60), while favoring the translation of the ATF4 (100). In the second UPR branch, IRE1α activation 

triggers the splicing of X-box binding 1 (sXBP-1) mRNA. In the third UPR branch, ATF6 
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activation results in its proteolytic cleavage at the Golgi apparatus, yielding a 50 kDa ATF6 subunit 

(C-ATF6). There was little difference in p-eIF2α or C-ATF6 in response to CSE or between Ahr-

/- and Ahr+/- MLFs (Fig. 6C). IRE1α showed a perceptible increase in Ahr+/- MLFs exposed to CSE 

(Fig. 6C) without change in sXBP-1 (Fig. 6D). However, ATF4 was higher in Ahr-/- MLFs (Fig. 

6C). ER stress-mediated cell death is dependent on the upregulation of CHOP and growth arrest 

and DNA damage-inducible gene 34 (GADD34) (46, 53, 77, 108). In line with this, CHOP and 

GADD34 expression were both significantly higher in the CSE-treated Ahr-/- MLFs compared to 

the CSE-treated Ahr+/- MLFs (Fig. 6E and 6F). Collectively, these data support that AhR 

deficiency is associated with heightened ER stress. 

 

Regulation of CHOP expression by AhR activation- We next sought to address the mechanism for 

the elevated CHOP expression. We first focused on mRNA expression, but there was no significant 

difference in Atf4 (Fig. 7A), Xbp (Fig. 7B), Chop (Fig. 7C), or Gadd34 (Fig. 7D) mRNA between 

the untreated or CSE-treated Ahr-/- and Ahr+/- MLFs. There was also no difference in the expression 

of these genes in response to the AhR agonists benzo[a]pyrene (B[a]P), a PAH present in cigarette 

smoke (39), and FICZ, an endogenous ligand (99), despite robust induction of Cyp1a1 mRNA 

(Figs. S4 and S5). We conclude that these genes are not under AhR control in lung cells. Because 

we have previously shown that the AhR controls cyclooxygenase-2 (COX-2) protein by 

destabilizing the mRNA (105), we next assessed if the lower CHOP protein expression in the Ahr+/- 

MLFs was a consequence of AhR-mediated Chop mRNA instability. Therefore, an Actinomycin 

D (ActD)-chase experiment was conducted whereby we treated cells with CSE followed by ActD 

for 0.5, 2 or 6 hours. ActD, at the concentrations used in this study, inhibited the induction of 

Cyp1a1 mRNA by CSE (Fig. 8A). Although there was significant Chop mRNA degradation by 6h 
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after ActD, there was no differences in the rate of Chop mRNA degradation observed between 

Ahr-/- and Ahr+/- MLFs (Fig. 8B). However, the attenuation of CHOP protein expression is 

dependent on basal AhR activation, as the selective AhR inhibitor CH-223191 (41, 105) (Fig. 8C) 

significantly increased CHOP mRNA and protein levels (Fig. S5, Fig. S6 and Fig. 8D). CH-223191 

inhibited basal Cyp1a1 mRNA but did not affect the other genes (e.g. Grp78, Gadd34, Atf4 or 

Atf6) investigated (Figs S4 and S5). Neither FICZ nor B[a]P affected the protein expression of 

CHOP (Fig. S6). Our data collectively show that AhR-deficiency results in autophagy-independent 

LC3II and ER stress that is characterized by ER dilation, elevated ubiquitinated proteins and 

increased CHOP and GADD34 protein expression.  
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DISCUSSION 

Although much is known about the toxicological response of the AhR to dioxin, considerably less 

is known about its physiological functions. Our lab has previously demonstrated that the AhR 

suppresses CS-induced apoptotic cell death in lung structural cells (75). Toxicant-induced cell 

death is mediated by a variety of inter-dependent cell death processes, including apoptosis, 

autophagy as well as ER stress. Herein, we show that the AhR controls LC3II in an autophagy-

independent manner. Given that LC3II processing is also critical for ER stress-mediated cell death, 

we evaluated the contribution of the AhR towards controlling the ER stress response. Consistent 

with classic features of ER stress, cellular absence of the AhR was characterized by ER dilation, 

the accumulation of ubiquitinated proteins and an increase in the downstream UPR targets CHOP 

and GADD34. These features are largely consistent with two ER stress-mediated cell death 

mechanisms termed cytoplasmic vacuolation death and paraptosis (40, 44, 88). These processes 

are also characterized by the absence of autophagosomes and elevated LC3II processing- but 

without changes in the expression of other autophagy-related proteins (40, 44), features that are 

also prevented by AhR expression. As a whole, we consider these to be compelling evidence that 

the AhR controls a novel cell death mechanism consistent with ER stress-induced cytoplasmic 

vacuolation death. We have however, not ruled out a role for the AhR in paraptosis. The major 

distinguishing feature between cytoplasmic vacuolation death and paraptosis is that paraptosis is 

also associated with swelling of the mitochondria (44). Although not evaluated in the present 

study, we have previously reported that Ahr-/- MLFs exhibit a significant reduction in 

mitochondrial membrane potential following treatment with CSE (75). One feature of both 

cytoplasmic vacuolation death and paraptosis that is not consistent with absence of AhR expression 

is that these mechanisms do not typically present with apoptotic-like changes or caspase activation 
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(40, 44). We have also previously reported that the CSE-treated Ahr-/- MLFs exhibit morphological 

hallmarks of apoptosis and caspase 3 activation (75). This suggests that CSE-treated Ahr-/- MLFs 

may be undergoing “paraptosis-like” cell death based on a phenotype that does not entirely fit all 

the hallmarks of either paraptosis or apoptosis. This should not be entirely surprising, however, as 

the AhR likely regulates multiple cell death mechanisms that could be occurring simultaneously 

(27). Overall, our results support that the AhR is a global regulator of cell death in lung structural 

cells. 

 The importance of homeostatic levels of AhR expression in the maintenance of lung health 

is underscored by the dichotomy between COPD and lung cancer. While both are diseases 

primarily caused by the inhalational exposure of CS, AHR overexpression is consistently observed 

in lung cancer (18, 48), while we have published that there is less AHR in COPD (79). In line with 

this, the AhR mediates pathogenic and pro-oncogenic effects in numerous cancer cell lines (78), 

while our data presented here (and that previous published) support a protective role for the AhR 

in attenuating pathogenic mechanisms associated with COPD development and progression (5, 24, 

79, 106). This raises the question as to how the AhR can be pathogenic in lung cancer and 

protective in emphysema/COPD. The answer to this question may involve homeostatic levels of 

AhR. COPD is largely a consequence of chronic inflammation together with reduced cell 

proliferation and excessive cell death, culminating in the loss of lung parenchyma. It has been 

previously reported that AhR-deficiency reduces cellular proliferation (34, 86), and our data 

support that AhR-deficiency exacerbates both CSE-induced lung structural cell death (75). This 

information collectively highlights the pathogenic nature of reduced AhR expression in the context 

of COPD. In contrast to emphysema, lung cancer is associated with increased AhR expression and 

is characterized by excessive cell proliferation and resistance to cell death. Moreover, AhR 
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overexpression or constitutive activation in cancer cell lines induces tumor growth, whereas AhR 

inhibition reduces cell proliferation and migration (78). Thus, too little AhR may cause excessive 

cell death and the concomitant development of emphysema/COPD, whereas too much AhR may 

promote excessive cell proliferation, thereby contributing to the development of lung cancer. 

These findings collectively provide a foundation to support a the notion of a homeostatic role of 

the AhR in the maintenance of lung health, a notion recently proposed for the AhR in control over 

immune function in the gut (71). 

On the more mechanistic side, it was intriguing that ULK1 expression was lower in the 

CSE-treated Ahr-/- MLFs. ULK1 is important for the initiation of the early autophagosomal 

membrane (51). Therefore, we thought that ULK1 expression would be higher in the CSE-treated 

Ahr-/- MLFs because of heightened autophagy. Recently, a noncanonical- and autophagy-

independent role for ULK1 in the trafficking of proteins from the ER to the golgi has been 

described (38). Here, ULK1/2 was necessary for the formation of the coatomer protein complex II 

(COPII). This complex functions to bundle and transport newly synthesized proteins from the ER 

to the golgi apparatus. Thus, ULK1/2 deficiency may cause ER stress through the impairment of 

ER-to-golgi trafficking. Lower ULK1 in Ahr-/- MLFs is therefore consistent with ER stress. It is 

also intriguing that CHOP protein expression was significantly higher after inhibition of AhR 

activation by the antagonist CH-223191 (105). This suggests that the AhR attenuation of CHOP 

requires the nuclear presence of the AhR or some other form of classic AhR activity. Our data also 

support that basal AhR activity (i.e. in the absence of exogenous stimuli) plays an important 

housekeeping role in the lung by controlling cell death mechanisms. Along these lines, it is 

noteworthy that CSE decreased AhR protein levels in control (AhR-expressing) lung cells to a 

level similar to those when siRNA was used to target the AhR. Why residual AhR levels in siAhR 
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cells were unaffected by CSE in not clear but could reflect the level of receptor activation. 

Regardless, this reduction in AhR protein levels in response to CSE is not surprising, as we have 

previously shown AhR protein loss in response to cigarette smoke/CSE both in vitro and in vivo 

(24, 55). Ligand-induced AhR degradation is a well-described event in AhR-mediated signaling, 

where there is prolonged AhR protein loss following ligand stimulation (73, 74). While it is 

thought that this down-regulation serves to terminate the ligand-induced response, it could also be 

that this decrease in AhR also renders cells unable to respond to endogenous ligands. This loss of 

AhR protein also offers an explanation to observations where there is a similar outcome with AhR 

deficiency as well as treatment with TCDD (43). There is also emerging evidence that the AhR 

plays an important physiological in part because of evidence that the AhR shuttles between the 

cytoplasm and nucleus even in the absence of exogenous ligand (37). In an in vitro setting this 

could be due to ligands present in cell culture media (66). Our findings demonstrate that there is 

higher LC3II along with increased markers of ER stress in Ahr-deficient cells- independent of AhR 

activation by exogenously-added ligands, including CSE. Moreover, inhibition of basal AhR 

activity with CH-223191 also increased levels of CHOP. It is possible that AhR ligands present at 

low concentrations in culture media are responsible for basal AhR activation (34). Therefore, the 

ability of the AhR to control cell death/survival pathways is lost when AhR levels decrease/are 

absent or when basal AhR activity is pharmacologically-inhibited, supporting an import 

physiological role for the AhR in pulmonary cells.    

Currently we are not sure how the AhR controls CHOP expression, as this was not 

associated with transcriptional control of Chop mRNA or alterations in Chop mRNA stability. 

Many autophagy and ER-stress related genes contain putative DREs containing the core consensus 

sequences of 5'-CACGCNA-3' or 3'-GTGCGNT-5' (98) but CHOP did not (Fig. S7). However, we 
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speculate that the AhR regulation of CHOP may be occurring via a non-canonical signaling 

mechanism that requires AhR nuclear localization but may be independent of AhR transcriptional 

activities that involve the core sequence of the DRE. In line with this observation, it has been 

previously reported that the AhR regulation of the antioxidant sulfiredoxin1 (Srx1) (79) and the 

acute phase response gene serum amyloid A (SAA) (70) require AhR nuclear translocation but are 

independent of classic DNA-binding. A non-canonical AhR-mediated regulatory mechanism is 

also supported by our own data, particularly those that show elevated CHOP expression in the Ahr-

/- MLFs. It is possible that the AhR may attenuate CHOP expression via miRNA. We have shown 

that the AhR attenuation of CS-induced apoptosis is via its regulation of miR-196a (34). Similarly, 

CHOP expression can be non-canonically regulated by miR-183-5p-mediated binding to the 3’-

untranslated region (UTR) of Chop mRNA (103). An alternative possibility is that elevated CHOP 

expression is a consequence of increased translation. GADD34 forms a complex with protein 

phosphatase 1c (PP1c) to dephosphorylate eif2α, which drives the resumption of protein synthesis 

(82). Consistent with this, we observed elevated GADD34 expression in the Ahr-/- MLFs. Increased 

protein synthesis results in the production of reactive oxygen species (ROS) due to oxidative 

protein folding in the ER (3). The pathogenic effects of increased protein synthesis in ER stressed 

cells is also illustrated by the finding that inhibition of translation with cyclohexamide protects 

against ER stress induced cell death (40).  

However, these findings do not explain why inhibition of AhR activity by CH-223191 

increased CHOP protein whereas there was no significant increase in basal CHOP in Ahr-/- MLFs. 

This is one in a growing list of paradoxical examples as it relates to AhR effects on cellular, 

physiological and toxicological processes. For instance, in the four different strains of Ahr-/- mice 

that currently exist, they have different phenotypes with respect to immune function despite being 
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refractory to the toxic effects of dioxin (10). Also, not all high-affinity AhR ligands cause dioxin-

like toxicity (67) and different ligands can activate distinct AhR signaling pathways (68). There 

are also significant alterations in gene expression caused by AhR deficiency independent (and 

different) of/from exogenous ligand (dioxin), with over 300 genes being differentially regulated 

based solely on AhR expression (92). The AhR also regulates non-coding RNA, including miRNA 

(34). Further to this, cigarette smoke differentially regulates several miRNA in an AhR-dependent 

manner (76), some of which are putative targets for Chop (Ddit3) (www.Targetscan.org) and as 

indicated above. Thus, it could be that regulation of miRNA caused by AhR-deficiency only 

manifests upon cigarette smoke exposure, thereby allowing an increase in CHOP protein levels. 

This may be a different mechanism compared to inhibition of basal AhR activity. It is also possible 

that this differential regulation of CHOP (GADD153) found here is due to alterations in oxidative 

stress (17, 107). We and others have previously shown that the AhR controls oxidative stress (54, 

79), whereby there is an increase in ROS production in Ahr-/- MLFs only after CSE exposure, with 

little difference between Ahr-/- and Ahr+/+ MLFs at baseline (79). It has recently been shown that 

inhibition of AhR activity by CH-223191 also induces mitochondrial dysfunction and ROS 

formation (59). Thus, the reason we found an increase in CHOP protein in CSE-exposed Ahr-/- 

MLFs as well as after inhibition of endogenous AhR activity with CH-223191 could be due to 

changes in the redox status of the cell. Further studies to mechanistically evaluate how the AhR 

controls CHOP are ongoing. 

One potential complicating factor in our manuscript is the choice of cell models used to 

assess cell death in relation to AhR expression. For this study we utilized different cell types from 

both mice and humans, as well as employed different methods of AhR knock-down/knock out. We 

chose this approach deliberately, as this allows for a more complete picture for the role of the AhR 
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in regulating cell death within the complex environment of the lung (i.e. multiple lung structural 

cell types). Utilizing these different models, our collective data highlight an important role for the 

AhR in maintaining physiological control over cell death processes involving autophagy and ER 

stress, regardless of the cell type or methodology employed. It was interesting to note however 

that using siRNA to reduce AhR protein in MLE12 cells did not impact basal LC3II levels. This 

was different compared to MLFs from Ahr-deficient mice as well as A549 cells whereby in the 

latter AhR expression was eliminated using zinc finger nuclease technology (34). In these two 

AhR-deficient cells (MLFs and A549s), elimination of AhR expression resulted in an increase in 

basal LC3II. This suggests that some AhR expression is necessary to maintain control over LC3. 

It is also interesting to note that CSE increased LC3II in Ahr-/- MLFs cells but not in A549-AhRKO 

cells. We have previously shown that reduced AhR levels in primary human lung fibroblasts as 

well as A549-AhRKO cells increased the basal expression of cyclooxygenase-2 (COX-2) but that 

there was no increase in COX-2 in CSE-exposed A549-AhRKO cells (106), despite cigarette 

smoke/CSE being a well-known inducer of COX-2 in many types of cells (47, 56, 105). This likely 

reflects the inherent insensitivity of A549 cells to CSE (80, 106), with higher concentrations 

needed to evoke a more robust response. This led us to utilize primary MLFs for the majority of 

our studies. Although there may be differences in cell type (epithelial versus fibroblast) or species 

(mouse versus human), our data highlight that the AhR controls cell survival in lung structural 

cells in part by regulating autophagy and ER-stress related processes. 

Although we have performed select studies with individual AhR ligands present in 

cigarette smoke (i.e. B[a]P), we have also chosen to perform the majority of our studies using 

CSE, a treatment regime that has both advantages as well as limitations in evaluating the 

mechanistic basis of cell survival. CSE is widely-used as a model system to study in vitro effects 
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of tobacco smoke (4, 5, 15, 34, 36, 104). Although CSE contains many components inhaled by 

smokers (83), this feature makes it difficult to determine which of the thousands of component(s) 

in cigarette smoke are mediating its toxicological effects (7). Additionally, the generation of CSE 

in aqueous solutions (such as cell culture media) results in the collection of the water-soluble 

(particulate) components of whole cigarette smoke (7). However, in vivo smoke exposure mimics 

many of the same features of in vitro CSE challenge (22, 69), making this a relevant exposure 

system. Another limitation is the difficulty in predicting whether the concentrations of CSE used 

in our studies are physiologically relevant. On the basis of nicotine levels present in CSE (36), we 

speculate that exposure to the percentages of CSE used in our studies approximates what 

pulmonary cells might encounter in a regular smoker (2, 35). Thus, the use of CSE is relevant for 

studies designed to decipher the molecular mechanisms associated with perturbations in cell death 

mechanisms caused by cigarette smoking.  

In conclusion, our data support that the AhR is a regulator of lung structural cell survival 

by regulating various cell death mechanisms. We report for the first time that AhR deficiency 

predisposes cells to ER stress and autophagy-independent LC3II. It seems that subsequent 

exposure of AhR-deficient cells to an environmental toxicant such as CS overwhelms the clearing 

capacity of the ER, which ultimately results in heightened expression of the pro-death ER stress 

mediator CHOP, further accumulation of ubiquinitated protein aggregates and ultimately cell 

death. These findings illustrate that the AhR maintains lung health by attenuating toxicant-induced 

death of lung structural cells. These findings could provide the foundation for the therapeutic 

targeting of the AhR for the treatment of toxicant-induced lung diseases characterized by excessive 

cell death, such as COPD. 
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Figure Legends 
 
Fig. 1. AhR attenuates LC3II in lung structural cells. A: MLF-LC3II: There was significantly more 

LC3II in CSE-treated Ahr-/- MLFs relative to the CSE-treated Ahr+/- MLFs. Representative western 

blot is shown (n=14 replicate experiments). B: AhR siRNA-LC3: AhR knockdown in the MLE12 

cells leads to higher LC3II expression following treatment with CSE. Representative western blot 

is shown (n=4-6). C: AhR siRNA: Representative western blot of AhR knock-down in MLE12 

cells. D: A549-AhRko- LC3II: There is significantly more LC3II in the A549-AhRko both at 

baseline and upon treatment with CSE for 8h. Representative western blot is shown (n=4 replicate 

experiments). Results are expressed as mean ± SEM. E: A549-AhRko-ImageStream®: . A 

representative cellular image is shown. CSE-treated A549-AhRko cells exhibit a markedly elevated 

proportion of LC3 BDI High cells relative to the CSE-treated A549 Parent cells (70.3% and 36.2% 

of population with LC3 BDI High, respectively). The y-axis is frequency (cell count) and the x-

axis is cells that exhibit a BDI greater than or equal to the cut-off threshold of ~3e4. F: Mouse 

lung-LC3II: There is more LC3II in Ahr-/- lungs exposed to CS.   

 

Fig. 2. Control of LC3II by the AhR requires nuclear localization and DRE binding. MLFs from 

Ahrnls/nls (A) or AhRdbd/dbd (B) mice were exposed to CSE and LC3B determined by western blot. . 

Representative western blot is shown. Results are expressed as mean ± SEM; n = 5 independent 

experiments. 

 

Fig. 3. Increased LC3II in AhR-deficient lung structural cells is not due to impaired autophagic 

flux. A: p62- MLFs: There was no difference in p62 expression between CSE-treated Ahr+/- and 

Ahr-/- MLFs. Representative western blot of 5 independent experiments is shown. B: p62-A549-
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AhRko: There was no difference in p62 expression between the CSE-treated A549-AhRko and A549 

Parent cells. Representative western blot of 4 independent experiments is shown. C: Flux: A549-

AhRko and A549 Parent cells were treated with 2% CSE for 8h with or without Bafilomycin A1 

for an additional 2h. For both the A549-AhRko and A549 Parent cells, there was a significant 

increase in LC3II upon the addition of Bafilomycin A1. . Western blot is representative of n=8 

independent experiments. Results are expressed as mean ± SEM. 

 

Fig. 4. Increased LC3II in AhR-deficient lung structural cells is not due to increases in upstream 

autophagic machinery. A: ULK1 expression was higher in the CSE-treated Ahr+/- MLFs relative 

to the CSE-treated Ahr-/- MLFs (left panel), although there was no difference in ULK1 expression 

between the CSE-treated A549-AhRko and A549 Parent cells (right panel). There was no 

significant difference in the autophagy proteins Atg5-12 (B) or Atg3 (C) in Ahr+/- and Ahr-/- MLFs 

(left panels) or A549-AhRko and A549 Parent cells (right panels) exposed to 2% CSE for 8h. 

Results are expressed as mean ± SEM of 5-10 independent experiments. 

 

Fig 5. AhR does not alter the  upregulation of genes associated with autophagy. mRNA expression 

of (A) Gabarapl1, (B) Beclin-1 (Becn1) and (C) Lc3b were assessed in Ahr+/- and Ahr-/- MLFs (left 

panels) and A549-AhRko and A549 Parent cells (right panels) following treatment with 2% CSE 

for 2, 4, and 6h.. D: Cyp1a1 mRNA: There was a significant increase in Cyp1a1 mRNA expression 

in response to treatment with CSE only in Ahr+/- MLFs and A549 Parent cells. Results are 

expressed as mean ± SEM of n=4-7 independent experiments. 

 

Fig 6. AhR deficiency causes ER stress and an accumulation of ubiquitinated proteins in lung 
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fibroblasts. A: TEM: Both untreated and CSE-treated Ahr-/- MLFs exhibit extensively dilated ER 

(white arrow heads) throughout the cytoplasm (6800x magnification). B: Ubiquitinated proteins 

were higher in the untreated and 2% CSE-treated Ahr-/- MLFs (n=4). C: ER Stress Proteins: Protein 

expression of p-eIF2α, ATF4, Full (F) and cleaved (C)-ATF6 and IRE1α were assessed by western 

blot following treatment with 2% CSE for 8h. Representative western blots are of at least 4 

independent experiments. D: Xpb-1: Xpb-1 mRNA splicing was assessed in the Ahr-/- and Ahr+/- 

following treatment with 2% CSE for 2, 4 and 6h. Xbp-1 image is representative of 4 independent 

experiments. E: CHOP protein expression was significantly higher in CSE-treated Ahr-/- cells. F: 

GADD34 expression was significantly higher in both the untreated and CSE-treated Ahr-/- MLFs.  

 

Fig. 7. Elevated CHOP protein expression is not due to an upregulation of Chop mRNA. There 

was no change in the mRNA levels of Atf4 (A), Xbp (B), Chop (C) or GADD34 (D) in response to 

CSE. Results are expressed as mean ± SEM of n=9 independent experiments.  

 

Fig. 8. Inhibition of the AhR augments CHOP levels independent of mRNA stability, A: ActD-

Cyp1a1 mRNA: Pretreatment with ActD significantly attenuated the ability of CSE to increase 

Cyp1a1 mRNA in AhR-expressing MLFs (n = 3 independent experiments). B: Chop mRNA 

stability- ActD Chase Experiment: Ahr+/- and Ahr-/- MLFs were pre-treated with 2% CSE for 2h 

(time 0) followed by treatment with 1μg/mL of ActD for 0.5h, 2h and 6h.. Results are expressed 

as mean ± SEM of n=4 independent experiments. C: AhR Inhibition- Cyp1a1 mRNA: CH-223191 

inhibited basal Cyp1a1 mRNA expression. Results are expressed as mean ± SEM of n=4 

independent experiments. D: AhR Inhibition- CHOP: CH-223191 inhibited CHOP protein 

expression in Ahr+/- MLFs. Results are expressed as mean ± SEM of n=6 independent experiments. 
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Figure Legends 
 
Figure S1. AhR protein expression. Whole cell lysates from mouse lung fibroblasts cultured 
under standard culture conditions and western blot analysis performed for verification of AhR 
protein levels.  
 
Figure S2. Full length blots of antibodies used for quantification. Representative, full-length 
blot are shown. The approximate molecular weight is indicated.  
 
Figure S3. Transmission electron micrograph (TEM) images of CSE-exposed control and 
Ahr-deficient MLFs. Whole TEM images of cells in the presence of absence of CSE. The white 
box indicated the portion of the cell that was digitally enlarged and presented in Figure 6A.  
 
Figure S4. Effect of AhR ligands on gene expression- 2 hrs. AhR-expressing MLFs were treated 
with 2% CSE, 1 μM B[a]P, 5nM FICZ or 10 μM CH-223191 for 2 hours and qRT-PCR performed 
for Cyp1A1 (A), Grp787 (B) GADD34 (C) Atf4 (D), Atf6 (E) and Chop (F) mRNA expression. 
Results are expressed as the mean ± SEM of 4 independent experiments. 
 
Figure S5. Effect of AhR ligands on gene expression- 6 hrs. AhR-expressing MLFs were treated 
with 2% CSE, 1 μM B[a]P, 5nM FICZ or 10 μM CH-223191 for 6 hours and qRT-PCR performed 
for Cyp1A1 (A), Grp787 (B) GADD34 (C) Atf4 (D), Atf6 (E) and Chop (F) mRNA expression. 
Results are expressed as the mean ± SEM of 4 independent experiments. 
 
Figure S6. AhR agonists have no effect on CHOP protein expression. AhR-expressing MLFs 
were treated with 2% CSE, 1 μM B[a]P, 5nM FICZ or 10 μM CH-223191 for 8 or 24 hours and 
western blot analysis performed for CHOP expression. Representative western blot shown of 3 
independent experiments. 
 
Figure S7. Putative dioxin responsive element (DREs) in key autophagy and ER-stress 
related genes. The sequence of potential DREs (5'-TNGCGTG-3') and (5'-CACGCNA-3') sites in 
the promoter region (up to -5 kb) of mouse Becn1, human Becn1 and human LC3 are shown. The 
promoter of CYP1A1 is presented as the classical AhR target gene containing several known DRE. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

Figure S4
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