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Abstract

Objective: Previous work demonstrated that deployment to sites with open burn pits altered 

serum microRNA (miRNA) levels. Here, we determined if identified deployment-related 

exposures alter miRNA expression in primary human lung fibroblasts (HLFs).

Methods: Benzo(ghi)perylene (BghiP) and 1,2,3,4,6,7,8-Heptachlorodibenzo-p-dioxin (HpCDD) 

were tested for their ability to activate the aryl hydrocarbon receptor (AHR) and induce changes in 

miRNA. AHR knockdown determined if changes were AHR-dependent.

Results: HpCDD induced AHR activity in a dose-dependent manner. Four miRNAs linked to 

occupational open burn pit exposure were altered by HpCDD in HLFs. Knockdown of AHR 

attenuated changes in miRNA levels.

Conclusions: These studies confirm that specific miRNAs, previously identified as different in 

sera from personnel deployed to sites with open burn pits, are altered by HpCDD exposure in 

human lung cells. HpCDD alters miRNA levels in an AHR dependent manner.
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Introduction

The health consequences of occupational exposure to hazardous environments can be 

difficult to quantify, especially when environmental monitoring and medical assessments are 

not readily available or possible. Polycyclic aromatic hydrocarbons (PAHs), polychlorinated 

dibenzo-p-dioxins (PCDDs), and polychlorinated dibenzofurans (PCDFs) are some of the 

hazardous chemicals that are released into the air when occupational wastes are burned in 

open burn pits (1,2). Ambient particulate matter containing PAHs from aircraft and diesel 

fuel combustion are also major occupational hazards on active military bases (3).

The long-term goal of our study is to determine whether post-deployment serum samples 

contain biomarker signatures of deployment-related exposures to environmental hazards, 

such as open burn pits (3–6). We previously identified numerous PAHs, PCDDs and PCDFs 

present in serum samples from both control (not stationed at sites with open burn pits) and 

case samples (deployed to sites with open burn pits). Serum samples were available for both 

pre and post deployment times, yielding 4 groups (control pre, control post, case pre and 

case post) for analysis. Comparisons across the groups yielded some interesting differences 

and noticed some similarities. Naphthalene, a bicyclic PAH with a relatively short half-life 

(12 hours), was detected in 83% of all serum samples analyzed (similar number of 

detections across all 4 groups). Benzo(ghi)perylene (BghiP), a more complex PAH, was 

detectable in 21% of serum samples. BghiP levels were significantly higher in case post 

samples compared to control post and case pre samples suggesting BghiP levels provide 

evidence of deployment-related exposure. With regards to polychlorinated hydrocarbons, 

1,2,3,4,6,7,8-Heptachloro-dibenzo-p-dioxin (HpCDD) was found at significantly higher 

levels in the case post group compared to the control post group (4). No other 

polychlorinated compounds or PAHs were significantly increased in case post serum 

samples.

While serum BghiP and HpCDD levels may be markers of occupational exposure, it is 

unclear if these are truly representative of total exposure to hydrocarbon-based air pollution 

as PAHs and dioxins are lipophilic compounds that bioaccumulate in lipid rich tissues such 

as fat (7,8). Occupational exposure to dioxins and PAHs maybe underrepresented by serum 

values as many of these compounds may have been sequestered in lipid rich tissues where 

they can reside for years (8). To gain a more complete understanding of the action of these 

chemicals, it is critical to investigate their effects on human cells to determine what 

biological pathways they may alter and cause a health burden.

The aryl hydrocarbon receptor (AHR) is a ligand-activated transcription factor that binds 

structurally diverse polyromantic hydrocarbons (9). The AHR is most widely recognized as 

the receptor for 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), a toxic component of Agent 

Orange (10). TCDD is an extremely stable molecule that binds the AHR with high affinity to 

drive constitutive activation of AHR, thus contributing to TCDD-induced toxicological 

effects (8). Other dioxins and PAHs can also bind the AHR however, the dose and duration 

of activation can vary significantly (11). AHR-dependent genes include numerous 

cytochrome P450 enzymes, such as CYP1B1 and CYP1A1, which are involved in 

metabolism and clearance of xenobiotic PAHs. Recent work has revealed that in addition to 

Woeller et al. Page 2

J Occup Environ Med. Author manuscript; available in PMC 2021 April 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



traditional messenger RNA (mRNA) target genes, the AHR can alter expression of 

microRNAs (miRNAs) as well (12). Benzo(a)pyrene, another PAH that serves as an AHR 

ligand, can influence expression of miRNA in exposed animal lungs (13). Interestingly, liver 

miRNA levels were unchanged in similar studies by the same group, indicating the lung may 

function as the key miRNA responsive environmental sensor (14).

The use of miRNA levels for biomarker discovery or diagnostic purposes is a swiftly rising 

field. Several studies have identified serum miRNAs that correlate with diseases such as 

Alzheimer’s disease, Type 2 diabetes and COPD (15–17). Previous work by us demonstrated 

that case post deployment serum samples have altered expression of several miRNAs (5). 

Additionally, we observed that the serum levels of specific miRNAs correlated with serum 

PCDD/PCDFs. However, it is unclear if the relationship between deployment, serum 

miRNA and serum occupational hazard levels are merely correlative or a direct result of 

occupational exposure. Thus, taken together, the objectives of the current study were the 

following: 1) to further understand if miRNAs are directly responsive to occupational hazard 

related chemical exposure, 2) to determine if primary human lung cells are capable of 

expressing miRNAs in response to occupational chemical exposure, and 3) to determine if 

these chemicals alter miRNA expression through their ability to activate the AHR. To 

accomplish these objectives, we determined if putative deployment-related exposures (BghiP 

and HpCDD) alter miRNA expression in primary human lung fibroblasts (HLFs).

Materials and Methods

Detailed methods are provided in an online supplement. Briefly, primary human lung 

fibroblasts (HLFs) were derived and grown from human tissue explants as previously 

described (18,19). Control or “normal” tissues represented surgical waste tissue obtained 

from patients undergoing diagnostic biopsy and cell lines were established by explant 

technique from tissue. All patient tissue explants were obtained with written informed 

consent under the approval of the University of Rochester Medical Center Institutional 

Review Board (IRB).

To test if compounds activate the AHR, HEK293FT cells were co-transfected with an AHR 

overexpressing plasmid and an AHR reporter plasmid using Lipofectamine 2000 

(Invitrogen) following the manufacturer’s instructions as reported previously (20). AHR 

knockdown was accomplished using small interfering RNA (siRNA) as described (21). 

Western Blotting and quantitative PCR were performed as described previously (21–23) and 

further details are in the online supplement. All values are presented as mean ± SEM. 

Experiments were conducted in biological triplicate or quadruplicate wells. Student’s t-test, 

One-way analysis of variance (ANOVA) and Two-way ANOVA were used for statistical 

analysis using GraphPad Prism6. P-values of p< 0.05 (*); p< 0.01 (**); and p< 0.001(***); 

were considered significant.
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Results

1,2,3,4,6,7,8-heptachlorodibenzo-p-dioxin and benzo(ghi)perylene induce AHR activity in 
human cells

1,2,3,4,6,7,8-heptachlorodibenzo-p-dioxin (HpCDD), benzo(ghi)perylene (BghiP) and 

naphthalene were previously identified in serum samples from the Department of Defense 

Serum Repository (DoDSR) . BghiP and naphthalene are polycyclic aromatic hydrocarbons 

(PAHs) whereas HpCDD is in the class of polychlorinated dibenzo-p-dioxin compounds 

exemplified by 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), a component of Agent Orange. 

One mechanism whereby PAHs and dioxins invoke a physiological response is that they may 

serve as ligands for the aryl hydrocarbon receptor (AHR). Their structures are shown in 

Figure 1A.

A luciferase reporter gene with two, tandem AHR response elements (termed dioxin 

response elements or DREs) was used to investigate if these compounds can activate the 

AHR in human cells (Figure 1B)(24). 6-formylindolo[3,2-b]carbazole (FICZ), an 

endogenous AHR ligand produced as a byproduct of the tryptophan biosynthetic pathway, 

was used as a positive control. HEK293FT cells containing the DRE-luciferase reporter and 

human AHR cDNA were exposed to compounds for 20 hours before luciferase activity was 

measured. FICZ induced a robust increase in luciferase activity at both 100 nM and 1 μM 

concentrations. TCDD, the most potent dioxin AHR ligand, significantly induced luciferase 

activity at 100 pM. HpCDD induced a dose-responsive increase in luciferase activity where 

1 and 5 nM HpCDD elicited a comparable response as 100 pM TCDD. Thus, HpCDD can 

promote activation of the AHR in human cells; however, the dose required appears to be ~10 

times higher that of the effective TCDD dose. The PAH, BghiP induced a significant 

induction in DRE-luc at 2 μM but not at lower doses of 1 or 0.2 μM. Higher concentrations 

of BghiP resulted in poor cell viability and thus were not used (data not shown). 

Naphthalene failed to elicit an increase in DRE-luciferase levels even at 2 μM (Figure 1B). 

Taken together, these data reveal that HpCDD is a robust AHR ligand while BghiP is less 

responsive in this AHR reporter system.

Induction of CYP1B1 by HpCDD is AHR-dependent

CYP1B1 (cytochrome P450 family 1 subfamily B member 1) is a canonical AHR-dependent 

gene and acts as the first step in the metabolic breakdown of hydrocarbon pollutants (25,26). 

To further investigate if HpCDD and BghiP could activate AHR-dependent pathways, we 

measured induction of CYP1B1. Primary human lung fibroblasts (HLFs) were used for these 

tests as the likely route of chemical exposure near open burn pits is inhalation of airborne 

materials. Lung Fibroblasts act as sentinel cells that respond robustly to external stimuli and 

are the most numerous cell type in the lung (27–30). Short interfering RNAs (siRNAs) that 

specifically target AHR to reduce its protein expression were used to test whether or not 

CYP1B1 induction was indeed AHR dependent in HLFs as demonstrated in other fibroblasts 

by our group previously (21). HLFs were treated with two different siRNAs targeting the 

AHR or a non-specific control siRNA for 48 hours to allow significant depletion of AHR 

protein levels. Afterwards, cells were harvested and analyzed for AHR and actin (loading 

control) protein levels (Figure 2A). HEK293FT cells with or without an AHR 
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overexpressing plasmid were included as a control for the Western blot. In the presence of 

control siRNA, HLFs robustly express the AHR. HLFs treated with either AHR siRNA # 1 

or AHR siRNA # 2 show a dramatic reduction in AHR protein levels (~less than 10% of 

control siRNA samples) demonstrating effective siRNA mediated depletion.

Next, control or AHR siRNA treated HLFs were exposed to vehicle (DMSO), BghiP (0.2 or 

1 μM) or HpCDD (200 pM or 1 nM) for 24 hours. After exposure, RNA was collected and 

analyzed by RT-qPCR for CYP1B1 mRNA levels and the reference mRNAs, HPRT1 and 

TBP. CYP1B1 levels were normalized to reference mRNA levels and graphed as a fold 

induction from vehicle exposed cells (Figure 2B). CYP1B1 levels were not significantly 

upregulated by 0.2 µM BghiP in control siRNA or AHR siRNA treated cells. BghiP at 1 µM 

slightly elevated CYP1B1 levels (~1.2) in control siRNA treated samples suggesting some 

AHR-dependent activity. Experiments performed with exposure to higher doses of BghiP (2 

µM or more) reduced HLF viability and were excluded. HpCDD exposure at 200 pM and 1 

nM significantly increased CYP1B1 mRNA levels, with 200 pM inducing CYP1B1 levels 

~2.1 fold and ~5.6 fold for 1 nM. The effects of HpCDD on CYP1B1 mRNA were 

dependent upon AHR expression as AHR siRNA #1 and #2 significantly attenuated 

induction of CYP1B1 mRNA.

HpCDD induces expression of miRNA in HLFs

Having established that HpCDD and, to a lesser extent, BghiP activate the AHR in HLFs, we 

asked whether or not these compounds could alter specific miRNA that were previously 

identified as potential biomarkers of deployment-related exposures. Let-7d was increased in 

case-post deployment serum samples compared to control serum samples and was correlated 

with dioxin/dibenzofuran serum levels (5). miR-103 showed a strong correlation with serum 

levels of HpCDD and the related dioxin, octachlorodibenzo-p-dioxin (OCDD) (5). Let-7d 

and miR-103 were also identified as potential biomarkers of exposure in a machine learning 

approach (Thatcher et al, JOEM this issue). HLFs were treated with vehicle (DMSO), BghiP 

(0.2 or 1 µM) or HpCDD (200 pM or 1 nM) for 24 hours. Afterwards, total RNA was 

isolated and miRNA expression evaluated by RT-qPCR. MiRNA levels were normalized to 

U6 snRNA, HPRT1, TBP and RNU66 (reference RNAs) levels. Both Let-7d and miR-103 

were moderately upregulated by 1 µM BghiP (~1.5 and ~1.1 fold, respectively, compared to 

vehicle) however, the inductions were not statistically significant (Figure 3). Let-7d and 

miR-103 levels were significantly induced with HpCDD exposure in a dose dependent 

manner, where at 1 nM HpCDD, Let-7d was upregulated ~3-fold compared to vehicle and 

miR-103 was upregulated ~1.6-fold (Figure 3).

In addition to analyzing Let-7d and miR-103 levels, we analyzed several other miRNAs that 

were of interest to us based on our previous findings in this study population; miR-144–3p, 

miR-107–3p, miR-16–5p, miR-34a-5p, miR-17–5p, miR-145–5p, miR-146a-5p and 

miR-32–5p. These miRNAs are correlated with serum dioxin levels or deployment status or 

both ((5) and Thatcher et. al., this issue). Here, experiments were performed in HLFs from 3 

different donors. MiRNA levels were normalized as described above. Interestingly, miR-107, 

which is closely related to miR-103, was significantly induced with HpCDD treatment 

where 1 nM HpCDD led to a ~2.4 fold increase in miR-107(Figure 4A). In contrast, 
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miR-144–3p was decreased by HpCDD in a dose dependent manner where 1 nM HpCDD 

decrease miR-144–3p by ~80% (Figure 4B). The other miRNAs analyzed (miR-16–5p, 

miR-34a-5p, miR-17–5p, miR-146a-5p, miR-145–5p and miR-32–5p) were expressed by 

HLFs but did not change with HpCDD exposure.

HpCDD-mediated changes in Let-7d, miR-103 and miR-144–3p are AHR-dependent

To determine if changes in the three miRNAs that were most influenced by HpCDD in vitro 
and associated with case-post deployment samples, HLFs were treated with control or AHR 

specific siRNA for 48 hours as described above. Next, control and AHR depleted HLFs were 

exposed to DMSO or HpCDD at 100 pM or 1 nM for 24 hours. After treatments, total RNA 

was isolated and analyzed by qPCR. In control siRNA treated samples, Let-7d (Figure 5A) 

and miR-103 (Figure 5B) levels were significantly induced by HpCDD. In AHR siRNA 

treated samples, however, HpCDD failed to significantly induce expression of these 

miRNAs. MiR-144–3p, which was decreased by HpCDD exposure was again dose 

dependently reduced in control siRNA treated samples (Figure 5C). Interestingly, AHR 

siRNA significantly attenuated the reduction of miR-144–3p in both 200 pM and 1 nM 

HpCDD exposed HLFs. Taken together, these results demonstrate that these miRNAs are 

regulated by HpCDD in an AHR-dependent manner.

Discussion

In previous reports, we have identified several miRNAs as potential biomarkers of 

deployment or of exposure to hydrocarbons including PAHs and polychlorinated dibenzo-p-

dioxins and dibenzo furans (5). Here, we sought to validate these miRNAs as biomarkers of 

exposure by examining whether their expression was directly affected by dioxin and PAHs 

in a culture model of primary human lung cells. We used HpCDD and BghiP, two chemicals 

with elevated levels in post-deployment serum samples. Four miRNAs (Let-7d, miR-103, 

miR-107 and miR-144–3p) showed a significant difference in expression upon exposure to 

HpCDD. Additionally, the ability of HpCDD to induce changes in miRNA is dependent 

upon expression of the AHR, a ligand activated transcription factor capable of mediating 

genome-wide changes in gene expression. These studies provide in vitro validation for 

previously documented associations between serum miRNA levels, serum PCDD/PCDF 

levels, and occupational deployment to sites with open burn pits. Additionally, this work 

supports the concept that these miRNAs can serve as biomarkers or possibly a sensor panel 

for establishing occupational exposure to hazardous environmental agents. Indeed, others 

have suggested plasma miRNA levels as markers for PAH exposure (31,32). Novel 

biomarkers are urgently needed as real-time exposures are difficult to quantify and evaluate, 

especially when environmental monitoring and medical assessments are not readily available 

or possible (6,33). Changes in miRNA expression can persist long after exposure is over and 

therefore may serve as effective gauges for previous exposure related incidents (34,35). For 

example, a panel of 12 miRNAs was able to distinguish control and benzene poisoned 

individuals (36). Another study used genome wide miRNA profiling from the placenta to 

show that miR-146a was upregulated with previous BPA exposure (37).
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HpCDD is closely related to the most well studied dioxin and potent AHR ligand, TCDD. 

Many studies have revealed that a multitude of toxic effects brought about by TCDD are 

mediated through its ability to sustain activation of the AHR (38–40). HpCDD most likely 

drives many of the same toxic effects however, the dose and duration may be different 

between the two chemicals. In our studies, the concentration of HpCDD required to reach a 

similar activation of the AHR luciferase reporter as achieved through TCDD was ~10 times 

that of TCDD (1 nM vs 100 pM). The WHO 2005 toxic equivalency factor (TEF) value for 

HpCDD is 0.01 compared to the reference value of 1.0 for TCDD (41). However, recent 

studies show a consensus toxicity factor of HpCDD to be 0.2 in human cells (42). This is 

more consistent with our results (Figure 1). We noted significant changes in miRNA 

expression with HLF exposure to 200 pM and 1 nM HpCDD. These doses were chosen as 

representative of occupational exposure levels and are readily detectable in vivo (4). HpCDD 

was detected in 291 out of 800 serum samples (36%) and had a mean detection of 100 pM 

with some serum samples showing up to 1 nM HpCDD (4). Additionally, serum samples did 

not just contain HpCDD, rather, many other dioxin and dibenzofuran congeners were 

identified. Thus, the total dioxin burden in some of the samples was likely well over 1 nM 

HpCDD. Thus, miRNA levels can be altered by biologically detected human serum doses.

AHR is an essential mediator of the biological response to environmental exposures, as it 

regulates several important genes and pathways involved in detoxifying hydrocarbon 

pollutants. Here, we are able to map the effect of HpCDD on miRNA expression to an AHR 

dependent role. In addition to miRNA, many metabolites were also significantly different in 

case post deployed serum samples (Thatcher et al this Issue, and (43)). Several metabolites 

in the tryptophan pathway were significantly different including: kynurenine, indoleacrylic 

acid, and tryptophan itself. Several reports reveal that TCDD disrupts tryptophan 

homeostasis in animal models (44–46). Increased AHR activation by TCDD or other ligands 

can lead to perturbations in tryptophan metabolism and it is likely that some of the 

tryptophan metabolic differences observed in case post serum samples are due to increased 

activation of the AHR (by HpCDD or other exposure related AHR ligands) (46). For 

example, indoleamine 2,3-dioxygenase 2 (IDO2), an enzyme that catabolizes tryptophan 

into kynurenine, is a direct transcriptional target of AHR (47). Interestingly, kynurenine is an 

endogenous ligand of the AHR. FICZ, the powerful AHR ligand we used as a control for 

AHR activation, is another tryptophan metabolism product (48,49). Kynurenine and FICZ 

have been shown to alter many AHR-dependent pathways involved in immune suppression 

and autoimmune disease (50–52).

We used lung fibroblasts as an effector cell to measure miRNA responses to environmental 

exposure. Lung fibroblasts are sentinel cells that make up a large fraction of the total cells in 

the lung and robustly respond to numerous stimuli (18,27,28). An emerging concept is that 

sentinel cells can produce extracellular vesicles termed exosomes that communicate with 

other cells, either in close proximity or distally through blood circulation. Lung fibroblasts 

are capable of producing exosomes (22). Indeed, lung derived miRNAs have recently been 

shown to be packaged into extracellular exosomes (53) that could be released into the blood. 

Therefore, the lung is the possible source of these specific serum miRNAs. In support of 

this, recent studies showed that benzo(a)pyrene exposure led to significant changes in lung 

miRNA expression but not liver miRNA expression (13). Future studies aimed at purifying 
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serum exosomes and measuring purified miRNA and lung specific markers will answer this 

central question.

We did not see significant changes in HLF miRNA levels using BghiP exposure. BghiP 

levels in case post samples were around 100 nM with a max detection of 2.8 µM (4). We 

used only up to 1 µM BghiP as doses of 2 µM and above showed overt toxic effects (loss of 

viability and signs of cell death) in HLFs. HLFs may be very sensitive to BghiP and it is 

possible other cell types could more readily manage higher exposure levels. The half-life of 

BghiP is approximately24–72 hours (4). In this initial validation study, we decided to 

analyze miRNA expression after 24 hours of exposure since transcription and miRNA 

processing based mechanisms could occur in this time frame. However, future studies should 

include shorter or longer exposure times to determine if a more robust response to BghiP can 

be obtained. A previous report showed that, like us, BghiP was able to stimulate an AHR 

dependent reporter (54). Interestingly, BghiP was only a partial agonist and showed 

preferential activation at 6 hours compared to a 24 hour time point in the rat hepatoma cell 

line used (54).

Some of the miRNAs we analyzed did not change in response to HpCDD. While these 

miRNAs were found to be significantly different in case post samples, it is probable that 

other occupationally relevant stimuli are responsible for mediating these changes. Exposures 

to different stress environments, microbiomes, flora and fauna, climate differences and 

weather patterns for example could be responsible for altering these miRNAs (3,6,43). It 

will be difficult to dissect these pathways without further samples and studies. Alternatively, 

HLFs may not be the cell type responsible for mediating these effects. Other cell and tissue 

types also produce miRNA, for example: mesenchymal stem cells, adipocytes, hepatocytes 

and keratinocytes are all capable of producing miRNA and releasing them into the blood 

stream via exosome release (55–58). Further studies testing the cell types described above 

may address this question. Taken together, the miRNAs altered by HpCDD exposure in this 

report, namely Let-7d, miR-103, miR-107 and miR-144–3p could potentially make or be 

part of an environmental sensor/biomarker panel. MiRNA levels may persist in serum longer 

than PAHs (with half-lives of hours to days) and PCDD/PCDFs (longer half-lives but 

bioaccumulate in lipid rich tissues, thus serum levels may not be representative).

While these miRNAs are interesting as a biomarker panel, they also have the potential to 

regulate gene expression of a host on key pathways involved in health and disease 

(Supplemental Figure 1). For example, Let-7d regulates genes involved in mediating cell 

stress, cell proliferation and differentiation and carcinogenesis (59–61). MiR-103 and 

miR-107, which share the same seed sequence and many of the same target genes, play a 

role in insulin signaling, diabetes, lipid accumulation and obesity (23,62–64). Interestingly, 

miR-144–3p is involved in regulating inflammatory genes and is a putative tumor suppressor 

miRNA in lung adenocarcinoma (65–67). Given the broad impact that these miRNAs may 

play in health and disease, future follow-up studies of case post deployed personnel are 

warranted and indeed may provide additional evidence of miRNA biomarkers and future 

disease risk.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: HpCDD and BghiP induce AHR-driven luciferase activity.
(A) Chemical structures of polycyclic aromatic hydrocarbons (PAHs) and dibenzo-p-dioxins 

used in this study. The compounds are: 6-formylindolo[3,2-b]carbazole (FICZ), 2,3,7,8-

tetrachlorodibenzo-p-dioxin (TCDD), 1,2,3,4,6,7,8-Heptachlorodibenzo-p-doxin (HpCDD), 

Benzo(ghi)perylene (BghiP) and Naphthalene. (B) HEK293FT cells were used to test if the 

chemicals affect AHR activity. The DRE-luciferase reporter construct (which harbors 2 

dioxin response elements (DRE) upstream of the firefly luciferase gene) and the pCMV-

AHR plasmid (which constitutively expresses human AHR) were introduced into cells as 

described in the online supplement. After 20 hours of exposure to the chemicals, cells were 

collected and luciferase activity measured. FICZ induced a robust increase in luciferase 

activity at both 100 nM and 1 µM. TCDD induced luciferase activity at 100 pM. HpCDD 

induced a dose-responsive increase in luciferase activity where 1–5 nM HpCDD elicited a 

similar response as 100 pM TCDD. BghiP induced a significant induction in DRE-luc at 2 
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µM. Naphthalene at 2 µM did not induce DRE-luciferase. The experiment was repeated two 

times in quadruplicate with a representative experiment shown and data presented as means 

+ standard error., * = p < 0.05, ** = p < 0.01, *** = p < 0.001, One-way-ANOVA.
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Figure 2: AHR siRNA reduces AHR protein levels and HpCDD-mediated induction of CYP1B1 
mRNA.
(A) Control or pCMV-AHR plasmid DNA were introduced into HEK293FT cells (left 

panels) and human lung fibroblasts (right panels) were treated with control or AHR specific 

siRNA (2 different target sequences) for 72 hours. Then, protein was prepared and analyzed 

by Western blot for AHR and total actin (loading control). 293FT cells show robust 

expression of AHR with pCMV-AHR. In HLFs, AHR siRNA #1 reduced AHR protein 

levels to less than 10% of control siRNA levels and AHR siRNA #2 reduced AHR protein 

levels to less than 5% of control. (B) HLFs treated with the siRNAs as described in (A) were 

then exposed to vehicle (DMSO) or BghiP or HpCDD at the doses listed. After 24 hours, 

total RNA was collected and analyzed by RT-qPCR for the AHR-dependent mRNA, 

CYP1B1 and reference mRNAs, HPRT1 and TBP. With control siRNA treated cells, 

CYP1B1 levels were not significantly altered by either 0.2 or 1 µM BghiP, however, both 

200 pM and 1 nM HpCDD led to a significant increase in CYP1B1 levels. In samples treated 
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with either AHR siRNA, CYP1B1 induction was dramatically attenuated. The experiment 

was performed in 2 different HLF strains in triplicate with similar results in both strains. 

Representative data from 1 strain presented as means ± standard error, ** = p < 0.01, Two-

way-ANOVA.
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Figure 3: Exposure to BghiP and HpCDD upregulate Let-7d and miR-103 levels.
Primary human lung fibroblasts (HLFs) were treated with vehicle (DMSO), BghiP or 

HpCDD with the doses listed for 24 hours and total RNA was isolated. Let-7d (A), and 

miR-103 (B) were detected by RT-qPCR. At 1 µM BghiP treatment both Let-7d and 

miR-103 were upregulated but the induction was not significant. Let-7d and miR-103 levels 

were significantly induced with HpCDD exposure. The experiment was performed in 4 

different HLF strains with similar results in all strains. Representative data from 1 strain 

presented as means ± standard error, ** = p < 0.01, One-way-ANOVA.
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Figure 4: HpCDD regulates expression of miR-107 and miR-144–3p in HLFs.
Primary human lung fibroblasts (HLFs) were treated with vehicle (DMSO) or 200 pM or 1 

nM HpCDD for 24 hours and total RNA was isolated. MiR-107 (A), miR-144–3p (B) were 

detected by RT-qPCR. miR-107 was induced with HpCDD treatment whereas miR-144–3p 

expression was decreased by HpCDD. The experiment was performed in 4 different HLF 

strains in quadruplicate with similar results in all strains. Representative data from 1 strain 

presented as means ± standard error, * = p < 0.05, ** = p < 0.01, One-way-ANOVA.
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Figure 5: HpCDD changes in miRNA expression are mediated by the AHR.
HLFs were treated with control or AHR specific siRNA #2 for 48 hours and then exposed to 

DMSO or HpCDD at doses indicated for 24 hours. After treatments, Let-7d (A), miR-103 

(B), and miR-144–3p (C) were detected by RT-qPCR. AHR siRNA significantly attenuated 

the effect of 1 nM HpCDD for all 3 miRNAs. At 200 pM HpCDD, AhR siRNA significantly 

attenuated the reduction in miR-144–3p. The experiment was performed in 2 different HLF 

strains in quadruplicate with similar results in both strains. Representative data from 1 strain 

presented as means ± standard error, * = p < 0.05, ** = p < 0.01, Two-way-ANOVA.
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