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Abstract

Polycyclic aromatic hydrocarbons (PAHs) are ubiquitous in the environment as components of

fossil fuels and by-products of combustion. These multi-ring chemicals differentially activate the

Aryl Hydrocarbon Receptor (AHR) in a structurally dependent manner, and induce toxicity via

both AHR-dependent and-independent mechanisms. PAH exposure is known to induce

developmental malformations in zebrafish embryos, and recent studies have shown cardiac

toxicity induced by compounds with low AHR affinity. Unraveling the potentially diverse

molecular mechanisms of PAH toxicity is essential for understanding the hazard posed by

complex PAH mixtures present in the environment. We analyzed transcriptional responses to PAH

exposure in zebrafish embryos exposed to benz(a)anthracene (BAA), dibenzothiophene (DBT)

and pyrene (PYR) at concentrations that induced developmental malformations by 120 hours post-

fertilization (hpf). Whole genome microarray analysis of mRNA expression at 24 and 48 hpf

identified genes that were differentially regulated over time and in response to the three PAH

structures. PAH body burdens were analyzed at both time points using GC-MS, and demonstrated

differences in PAH uptake into the embryos. This was important for discerning dose-related

differences from those that represented unique molecular mechanisms. While BAA misregulated

the least number of transcripts, it caused strong induction of cyp1a and other genes known to be

downstream of the AHR, which were not induced by the other two PAHs. Analysis of functional

roles of misregulated genes and their predicted regulatory transcription factors also distinguished

the BAA response from regulatory networks disrupted by DBT and PYR exposure. These results

indicate that systems approaches can be used to classify the toxicity of PAHs based on the

networks perturbed following exposure, and may provide a path for unraveling the toxicity of

complex PAH mixtures.
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Introduction

Polycyclic aromatic hydrocarbons (PAHs) are a diverse class of chemicals, comprised of at

least two fused benzene rings, which are of concern to human health due to their ubiquity in

the environment and toxicological effects. Both petrogenic and pyrogenic sources contribute

to PAHs in the environment, but increasing concentrations, particularly in urban areas, have

been attributed to anthropogenic activity such as fossil fuel burning, automobile exhaust, oil

refining and coal tar seal coating (Van Metre and Mahler, 2005; Polidori et al., 2010; Van

Metre and Mahler, 2010). PAHs are present in the ultrafine particulate fraction as well as the

gas phase of ambient air and are considered carcinogenic components of cigarette smoke,

vehicle exhaust, wood smoke and other emissions (Bostrom et al., 2002; Ramirez et al.,

2011). The primary routes of human exposure are inhalation and ingestion. PAHs associated

with ultrafine particulate matter can accumulate in the bronchial epithelium, while more

volatile PAHs are readily absorbed through the alveolar epithelium (Ramirez et al., 2011).

For non-smoking individuals, ingestion via foods and unintentional consumption of

household dust (of particular concern for young children) is a primary contributor to PAH

exposure (Menzie et al., 1992; Ramesh et al., 2004; Williams et al., 2012). PAH-containing

coal tar mixtures are carcinogenic in humans (International Agency for Research on Cancer)

(Collins et al., 1998). Seven non-substituted PAHs are considered possible carcinogens

(group 2B) by the US EPA, and 16 PAHs are listed as priority pollutants because of their

prevalence in urban and suburban air (EPA, 2012). Human exposure to PAHs almost always

occurs within complex mixtures, which may contain multiple PAHs and often include other

chemicals such as halogenated hydrocarbons and metals. Because of complex exposure

patterns, it is difficult to associate health effects in human populations with individual

PAHs.

While the bulk of research on PAHs has focused on mutagenic and carcinogenic properties,

exposure to PAH mixtures and ultrafine particulate matter is associated with a diverse array

of other health effects in humans, including immune system deficiency, cardiovascular

disease and impaired development (Burstyn et al., 2005; Choi et al., 2006; Hertz-Picciotto et

al., 2008; Lee et al., 2011; Ren et al.). Activation of the aryl hydrocarbon receptor (AHR)

and generation of reactive oxygen species (ROS) are key modes of action initiated by some

PAHs, but the full extent of the molecular responses that result from exposure to this diverse

set of compounds has not been characterized. A number of PAHs, including benzo(a)pyrene

(BaP) and dimethylbenz(a)anthracene (DMBA) , bind the AHR and induce expression of

phase I and II metabolizing genes, such CYP1A1, GSTA1, NQO1 and UGT1A6, along with

many other downstream transcripts (Guengerich, 2000; Nebert et al., 2000). Activation of

the AHR pathway and metabolism of PAHs can result in a protective effect against PAH

toxicity. In many cases, however, AHR activation and metabolism by CYP enzymes

increases PAH reactivity and toxicity, which is consequential to the PAH, route of exposure,

and exposure concentration (Nebert et al., 2004; Shi et al., 2010; Kerley-Hamilton et al.,

2012). The low molecular weight PAHs (2–3 rings) are generally poor AHR ligands and less

potent carcinogens, but are often detected at higher levels in environmental samples and

human urine than their higher molecular weight counterparts (Durant et al., 1996; Naumova

et al., 2002; Ciganek et al., 2004; Hecht et al., 2010).
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Several studies have associated PAH exposure during pregnancy with adverse birth

outcomes such as reduced fetal growth and neural tube defects (Choi et al., 2006; Ren et al.,

2011). In rodents, exposure to BaP and DMBA induces abnormal vasculature in the placenta

and interferes with fetal growth (Detmar et al., 2008; Rennie et al., 2011). Developmental

exposure to BaP also impairs cardiac function later in life (Jules et al., 2012).

In zebrafish embryos, BaP-induced cardiac toxicity is mediated by the aryl hydrocarbon

receptor (AHR2) (Incardona et al., 2011). However, other PAH structures induce cardiac

toxicity and developmental effects via distinct mechanisms that are not AHR-dependent

(Incardona et al., 2005). Analyses of global mRNA transcriptional responses to individual

PAH exposures demonstrate that structurally-distinct PAHs induce unique gene expression

patterns in both human macrophage leukemia (THP-1) cells and circulating leukocytes of

rats (Wan et al., 2008; Jung et al., 2011). Little is known, however, about the toxicity

pathways and molecular signatures of these diverse exposures during embryonic

development.

We used whole genome mRNA microarrays to investigate transcriptional responses that lead

to developmental toxicity of three distinct PAHs in developing zebrafish. Dibenzothiophene

(DBT), pyrene (PYR) and benz(a)anthracene (BAA) all induce developmental abnormalities

by 5 days post fertilization, but have different proposed toxicity mechanisms. DBT (3 rings)

induces cardiac toxicity that is independent of the Ahr (Incardona et al., 2004). BAA (4

rings) induces Cyp1a expression and developmental toxicity via activation of AHR2, while

PYR (4 rings) toxicity was shown to be metabolism-dependent (Incardona et al., 2006). We

determined PAH body burden and corresponding transcriptional profiles in PAH-exposed

zebrafish embryos at 24 and 48 hours post-fertilization, before toxicity could be visibly

identified. We found that DBT, PYR and BAA induce mRNA expression profiles that

differentially implicate AHR activity, and highlight multiple pathways that can be disrupted

by exposure to PAHs over the course of development.

Methods

Zebrafish lines and embryos

Adult wild type 5D zebrafish were housed at the Sinnhuber Aquatic Research Laboratory on

a recirculating system maintained at 28±1°C with a 14 h light/10 h dark schedule. Embryos

were collected from group spawns of adult zebrafish as described previously (Reimers et al.,

2006) and all experiments were conducted with fertilized embryos according to Oregon

State University Institutional Animal Care and Use Protocols.

Chemical Exposures and Developmental Toxicity Assessment

Dibenzothiophene (>99%), pyrene (99%) and 1,2-benzanthracene (99%), were purchased

from Sigma-Aldrich and dissolved in DMSO (J.T. Baker) at 50 mM, 50 mM and 25 mM

concentrations, respectively. Embryos were cleaned, developmentally staged, and batch-

exposed in glass vials at 6 hours post fertilization (hpf) (chorions intact) to PAHs or vehicle

control with 1% final DMSO concentration in E2 embryo medium (Kimmel et al., 1995).

For all experiments, exposures were conducted on a rocker and embryos were protected
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from light until experimental time points. For developmental toxicity experiments, PAH

solutions were removed at 48 hpf and embryos were rinsed 4× and incubated in fresh

embryo medium until 120 hpf, when they were assessed visually for malformations as

previously described (Truong et al., 2011). Preliminary range-finding studies were

conducted with each PAH and all further developmental toxicity assessments were

conducted at 25 µM with 20 embryos per vial in 2 ml exposure solution. Microarray and

uptake exposures were conducted with 40 embryos per vial in 4 ml solution.

Analysis of Developmental Toxicity Endpoints

Embryos were anesthetized with tricaine methanesulfonate and visually assessed at 120 hpf

for yolk sac, axis, trunk, somite, fin, cardiac, eye, snout, jaw, otic vesicle, brain and pigment

malformations. Mortality and the percentage of embryos with each malformation were

calculated for each treatment group with the vial (20 embryos) as the experimental unit. The

experiment was repeated 3 times. A generalized linear model (binomial distribution, logit

link) one-way ANOVA was performed for the 8 endpoints which were observed in at least 3

embryos across all treatment groups. If the overall p-value indicated differences among the

treatment percentages, individual comparisons were conducted using Tukey’s all pairwise

post hoc test in R version 2.12.

Detection of PAH uptake in zebrafish embryos

Embryos were exposed to 0, 1, 5, 10 and 25 µM PAH (1% DMSO) solutions in glass vials as

described previously, with 40 embryos per vial in 4 mL exposure solution. As with all

exposures in this study, embryos were exposed at 6 hpf with chorions intact and incubated at

28°C on a rocker. Control embryos hatched just before 48 hpf; exposure to 10 and 25 µM

PAH delayed hatching by 3–4 hours, but all treatment groups hatched on their own by 72

hpf. Because several exposure concentrations are above solubility for PAHs in embryo

medium, PAH precipitate accumulated on the outside of the chorion. In order to measure the

amount of PAH internalized by the embryos, chorions were removed immediately following

exposure and before analysis as described below. For each biological replicate, 2 vials were

combined after exposure.

For analysis at 24 hpf, embryos were rinsed with fish water and transferred to a clean glass

petri dish. They were incubated in 82 µg/mL pronase (Sigma-Aldrich) at room temperature,

gently agitated for 3 min, then rinsed thoroughly using an automated dechorionating system

as previously described (Mandrell et al., 2012). Following rinsing, embryos were placed in a

28°C incubator for 20 minutes, after which >95% of chorions were removed by gentle

agitation of the dish.

At 48 hpf, the majority of embryos had hatched and did not require batch dechorionation.

They were chilled on ice to reduce activity, PAH solution was removed, and embryos were

transferred to a clean glass petri dish with cold fish water. Chorions were removed from any

remaining embryos with forceps, and embryos were gently agitated and rinsed 4X with fish

water.
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Immediately following dechorionation, 50 embryos from each treatment group were loaded

into microcentrifuge tubes with approximately 80 mg 1 mm glass beads and placed on ice

for at least 10 min. Embryos were homogenized in 500 µl ethyl acetate with a bullet blender

(Next Advance, Averill Park, NY). Samples were then vortexed and incubated 15 min

before centrifuging for 5 min at 16,000 RCF. 400 µl of supernatant was stored in amber vials

at 4°C until analysis.

Percent PAH recovery for this method was calculated from 4 replicates of unexposed 24 and

48 hpf embryo samples loaded into microcentrifuge tubes as above and spiked with 12.5 µl

PAH stock in DMSO. Samples were processed identically to experimental samples.

Zebrafish extracts were analyzed using an Agilent 5975B Gas Chromatograph-Mass

Spectrometer (GC-MS) with a DB-5MS column (30 m × 0.25 mm × 0.25 µm) in electron

impact mode (70 eV) using selective ion monitoring (SIM). The GC parameters were as

follows: injection port maintained at 300 °C, 1.0 mL min−1 helium flow, 70 °C initial

temperature, 1 min hold, 10 °C min−1 ramp to 300 °C, 4 min hold, 10 °C min−1 ramp to 310

°C, 4 min hold. The MS temperatures were operated at 150, 230 and 280 °C for the

quadrupole, source and transfer line respectively. Standards for BAA, DBT and PYR (>97%

purity) were purchased from Accustandard (New Haven, CT). Isotopically labeled chrysene-

D12 and acenaphthylene-D8 were purchased from C/D/N incorporated (Quebec, Canada). A

nine point calibration curve (10 pg/ µl to 10 ng/µl) was conducted to determine relative

response ratios of PAHs to deuterated surrogate standards; chrysene-D12 was used as the

deuterated surrogate for PYR (r2 = 0.9992) and BAA (r2 = 0.9982), acenaphthylene-D8 was

used for DBT (r2 = 0.9991).

Calibration verification standards for target analytes, surrogates were analyzed at least every

22 samples and reported values within ±20% of the true value were considered to meet our

data quality objectives (DQO). Only results from samples run between two calibration

verifications that met the DQO were accepted; the majority were within ±10% of the true

value. PAHs in all laboratory blanks (solvent-exposed embryos) were below detection

except for 5 samples in which DBT and BAA were detected. This possible contamination

was < 10% of the levels detected in our lowest exposure sample groups, and deemed

negligible. Body burden (µmol/g embryo) was calculated using average embryo weights of

0.4 mg at 24 hpf and 0.3 mg at 48 hpf.

Pairwise comparisons were conducted between PAH-exposed samples and time-matched

controls, as well between 24 and 48 hpf at each exposure concentration with Mann-Whitney

Rank Sum tests using Sigmaplot software.

Microarray analysis of mRNA expression

Embryos batch-exposed in groups of 40 to 25 µM DBT, PYR, BAA or 1% DMSO control

were homogenized in TriReagent (Molecular Research Center, Cincinnati, OH) at 24 and 48

hpf for RNA isolation. Four independent biological replicates were prepared for each

treatment. Total RNA was isolated with phenol-chloroform extraction, and RNA was

quantified and quality confirmed with a Nanodrop ND-1000 UV-Vis spectrophotometer and

Agilent Bioanalyzer 2100. Microarray analysis was performed by the University of
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Wisconsin McArdle Laboratory of Cancer Research Microarray Facility. Briefly, cDNA was

synthesized from 1.2 µg of total RNA from each sample and labeled with cy3 (experimental

samples) or cy5 (pooled control sample) according to the Agilent protocol with minor

modifications. Equal amounts of cy3 and cy5 labeled samples were mixed, fragmented, and

hybridized to Agilent Zebrafish V2 array chips. Slides were scanned immediately with an

Agilent microarray scanner (Agilent Technologies, Santa Clara, CA). Microarray files were

submitted to the NCBI Gene Expression Omnibus, accession number GSE44130 http://

www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE44130.

Microarray analysis

Raw intensity data were processed by Agilent Feature Extraction software using Lowess

normalization. Quality control analysis was performed on preprocessed data in GeneSpring

v.11 (Silicon Genetics, Redwood City, CA) software using feature intensity distributions

from Box-whisker plots to determine interquartile range span and median intensity value

across the experiment. The intra-group versus between-group comparisons were made using

correlation matrix plots, followed with principle components analysis to determine potential

outliers. One biological replicate from the DBT 48 hpf treatment group was removed as an

outlier, resulting in an N=3 for that treatment group. Normalized data were transformed to

time-specific controls and analyzed by one-way ANOVA for unequal variances (Welch’s

ANOVA) with Tukey’s posthoc test and 5% false discovery rate calculation (Benjamini and

Hochberg, 1995). Values are reported as fold change (log2) in each treatment group

compared to time-matched control. Correlation analysis between treatment groups was

performed by linear regression of log2 fold change values, using the union of significant

genes from both groups. Based on the significant correlation between DBT and PYR

treatments at both time points, these datasets were further filtered to identify the subset of

genes that were significantly different between them (p<0.05, 1.5-fold change). Genes that

did not meet these criteria were considered similar between the DBT and PYR treatments

for functional and transcription factor analysis.

Bioinformatic analysis

Unsupervised hierarchical clustering of microarray data was performed using Euclidean

distance metric and centroid linkage clustering to group gene expression patterns by

similarity. The clustering algorithms, heat map visualizations and centroid calculations were

performed with Multi-Experiment Viewer (Saeed et al., 2003) software based on log2

expression ratio values. For downstream bioinformatic analysis, zebrafish identifiers on the

Agilent platform were converted to human orthologs using Bioinformatics Resource

Manager v. 2.3 (Tilton et al., 2012). Genes that did not have human orthologs were still

included in the bioinformatic analysis using their zebrafish identifier. Both Metacore

(GeneGO) and DAVID software recognize mixed identifiers (Entrez Gene ID) from human

and zebrafish. Significant targets from the microarray and genes of interest are referred to by

zebrafish gene identifiers, where zebrafish-derived information was available in the

literature. Functional annotation and network information, however, was primarily derived

from other species, and data for many genes of interest were only available in the

mammalian literature; we present this information with human gene identifiers throughout

the results and discussion. Functional enrichment statistics were determined using the

Goodale et al. Page 6

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2014 July 15.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE44130
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE44130


DAVID functional annotation tool (Huang da et al., 2009), which utilizes the Fisher Exact

test to measure gene enrichment in biological process Gene Ontology (GO) category terms

for significant genes compared to background, which consisted of all genes on the Agilent

platform. GO biological process categories from levels 3, 4, and 5 were included for

enrichment calculation with a statistical cut-off of p<0.05. Since the DAVID functional

annotation tool clusters GO terms by similarity to reduce redundancy, the biological

processes are presented in the results with a representative process (p<0.05) from each

significant cluster. To identify major transcriptional regulators of gene expression by PAHs,

the Statistical Interactome tool was used in MetaCore to measure the interconnectedness of

genes in the experimental dataset relative to all known interactions in the background

dataset. Statistical significance of over-connected interactions was calculated using a

hypergeometric distribution, where the p value represents the probability of a particular

mapping arising by chance for experimental data compared to the background (Nikolsky et

al., 2009). Networks were constructed in MetaCore for experimental data using an algorithm

that identifies the shortest path to directly connect nodes in the dataset to transcription

factors. Network visualizations were generated in Cytoscape (Shannon et al., 2003).

Quantitative RT-PCR

Validation of gene expression changes identified in the microarray analysis was conducted

for a group of transcripts selected to represent differential regulation patterns by the three

PAHs at 24 and 48 hpf. Gene-specific primers (MWG Operon) for qRT-PCR amplification

are listed in Table S1. Sub aliquots of 10 µg total RNA from the microarray analysis were

reverse transcribed using Superscript III (Invitrogen) according to manufacturer instructions.

All qRT-PCR assays were performed in 20 µl reactions consisting of 10 µl Power SYBR

Green PCR master mix (Applied Biosystems), 0.4 µl each primer, 9.2 µl H2O and 50 ng

equivalents of cDNA. Amplification (Step One Plus, Applied Biosystems) was performed

with cycling parameters as follows: 95°C for 10 min; 40 cycles of 95°C for 15 s, 60°C for 1

min; 95°C for 15 sec and 60°C for 1 min. A melt curve was performed at 3° increments to

assess for multiple products. Relative fold change values in PAH-treated samples compared

to vehicle controls were calculated for genes of interest, normalized to β-actin, by the

method described by Pfaffl (Pfaffl, 2001). Three independent biological replicates were

assessed and statistically analyzed by One-way ANOVA with Tukey’s post-hoc test using

Sigmaplot software.

Results and Discussion

Dibenzothiophene, pyrene, and benz(a)anthracene induce developmental toxicity in
zebrafish embryos

Exposure to DBT, PYR or BAA caused a significant increase in the incidence of abnormal

embryos compared to the vehicle control exposure at 120 hpf. All three compounds induced

pericardial edema, snout and jaw malformations (Figure 1). PYR and BAA exposures

caused significant increases in yolk sac edema, while DBT did not. DBT, however, induced

distinct axis malformations (Figure 1B) which were not present in BAA- or PYR-exposed

embryos (Tables 1, 2). Interestingly, the 25 µM concentration of all three PAHs induced

malformations in >80% of embryos by 120 hpf, while mortality was < 10%, not
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significantly different from control (Table 1). The phenotypes induced by these PAHs

suggested different underlying pathologies. BAA induced more severe edema, while

necrotic tissue was observed in PYR-exposed embryos, particularly in the anterior yolk sac,

liver and digestive tract (Figure 1C); these embryos did not survive more than a couple

hours past 120 hpf. This was observed previously by Incardona et al, who demonstrated that

DBT, PYR and BAA induced malformations in zebrafish that were differentially dependent

on activation of the AHR and metabolism by Cyp1a (Incardona et al., 2004; Incardona et al.,

2005). The differential proposed mechanisms of these PAHs presented an ideal opportunity

to investigate the diversity of molecular pathways that lead to developmental effects of PAH

exposure. The objective of this study was not to mimic environmental exposures, but rather

to identify molecular pathways that precede morphological changes induced by different

PAH structures. Based on our developmental toxicity data, 25 µM was identified as an

appropriate concentration for microarray analysis of early gene expression changes elicited

by DBT, PYR and BAA exposure.

Zebrafish exposed to dibenzothiophene, pyrene and benz(a)anthracene in embryo medium
accumulate differential PAH body burdens

The internal body burden of PAH in embryos was measured after exposures as described for

the microarray analysis. To allow for structure-toxicity comparisons between the three

compounds, as well as to relate gene expression data to other model systems, DBT, PYR

and BAA were detected by GC-MS in zebrafish embryos exposed to a range of

concentrations (1–25 µM). PAH recovery averaged between 80–125% (Table S2). Measured

PAH values were therefore reported as detected in experimental samples, unadjusted for

recovery. The amount of PAH detected in embryos revealed stark differences between the

three PAH structures. At all concentrations and time points, DBT body burden in embryos

was the highest, averaging 3.4 and 5.3 µmol/g at 24 and 48 hpf, respectively, following

exposure to 25 µM DBT (Figure 2A). DBT had the highest solubility in water, and uptake

did not plateau in the range of concentrations tested here. PAH body burden of embryos

exposed to 25 µM PYR averaged 1.0 and 2.9 µmol/g at 24 hpf and 48 hpf, respectively, and

uptake appeared to reach a plateau, likely because of low compound solubility in embryo

medium (Figure 2B). BAA body burden was markedly lower than the other two PAHs at all

exposure concentrations. An apparent saturation was reached at 0.10 µmol/g embryo at 24

hpf, an order of magnitude lower than PYR (Figure 2C). Water solubility of BAA was the

lowest of these PAHs, and the high concentrations employed in this study were above

solubility with 1% DMSO in embryo medium. At 48 hpf, BAA concentrations averaged

0.19 µmol/g in embryos from the 25 µM exposure group.

Log Kow values of these compounds are 4.38 (DBT), 4.88 (PYR) and 5.79 (BAA) (Hansch,

1995). Studies of early-life exposure to PAHs showed that the bioconcentration factor (BCF)

in fish embryos correlated with Kow (Mathew et al., 2008). BAA would therefore be

predicted to have the highest BCF of the PAHs in our study. BCFs have primarily been

calculated for larvae (post-hatch), however, and the short duration of acute exposures

employed in our study did not allow steady-states to be achieved. Steady-state PAH

concentrations were similarly not attained in zebrafish eggs in a study reported by Petersen

and colleagues (Petersen and Kristensen, 1998). Metabolism could also explain differences
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in parent PAH concentration, but is expected to be low during the developmental stages

chosen for gene expression analysis in this study (Petersen and Kristensen, 1998).

Metabolism increases upon hatching in Atlantic killifish embryos, and zebrafish exhibit

greater inducibility of cyp1a starting at 48 hpf, the approximate time of hatching in our

laboratory (Binder and Stegeman, 1984; Andreasen et al., 2002). While some metabolism

could potentially explain the small decrease in BAA concentration between 24 and 48 hpf at

the lower concentrations, it is unlikely to explain the large difference in body burdens

observed between PAH structures. Differences between PAHs in this study appear to be

driven by their solubility in embryo medium, rather than their BCFs or metabolism. The 25

µM exposures for the microarray study represent an acute, relatively high-dose exposure

intended to identify mRNA expression changes that precede appearance of morphological

abnormalities. While total dose and maximum exposure calculations were beyond the scope

of this study, the measurement of parent PAH in the embryos at the time of gene expression

analysis provided important information for mechanistic comparison between the PAHs.

mRNA expression profiles induced by PAH exposure are different at 24 and 48 hours post
fertilization

Pairwise analysis of variance across all exposure groups identified significant expression

changes in 1079 transcripts compared to time-matched controls (Table S3). Entrez or

Ensdart IDs were identified for 935 of these in the Ensembl zebrafish genome assembly

(Zv9). Unsupervised bidirectional clustering of all experimental groups indicated a strong

developmental time point effect, and revealed unique gene expression patterns in response to

the three PAHs. At 24 hpf, DBT and PYR exposure groups clustered closely, while BAA

induced a strikingly different expression pattern (Figure 3A, D). DBT and PYR exposure

groups also clustered at 48 hpf, but with distinct separation from the 24 hpf samples and

with a notably larger group of down-regulated transcripts. The expression profile induced by

BAA at 48 hpf clustered more closely with 24 hpf BAA than with the other 48 hpf PAH

samples (Figure 3A). At 24 hpf, DBT, PYR and BAA exposures induced significant changes

in 357, 67 and 38 transcripts, respectively. As reflected in the heatmap, more transcripts

were differentially expressed at 48 hpf, but relative quantities of differentially expressed

transcripts were maintained; DBT induced changes in 656, PYR in 191 and BAA in 107

transcripts (Figure 3B–D). Fifteen genes that were significantly differentially regulated by at

least one of the PAHs were selected for QPCR validation of the differential regulatory

patterns observed in the array. PAH- and time-dependent expression changes were

confirmed for the majority of genes examined (Table 3). Fold change values were similar

between the microarray and QPCR for most genes, demonstrating good reliability of the

microarray for identifying meaningful changes in gene expression induced by PAH

exposure. mstnb, which was identified as a significantly decreased transcript at 24 hpf, was

not decreased in BAA-exposed samples analyzed by QPCR. Upon further investigation,

however, we identified 5 probes on the Agilent array that target mstnb, only one of which

identified a significant expression difference (p value 0.04). This suggested nonspecificity of

that probe for mstnb, or potentially differential splicing. As others have reported previously,

we observed lower correlation between the microarray and QPCR for down-regulated

transcripts; QPCR identified fewer changes that met statistical significance (p < 0.05), but

trends in regulation were consistent (Morey et al., 2006).
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For each PAH, we compared transcripts significantly differentially expressed at 24 hpf with

transcripts that were significant at 48 hpf. These experimental time points encompass a

period of rapid development in zebrafish, during which fin morphogenesis begins, the

circulatory system forms, tactile sensitivity and swimming behavior are initiated, and

pigment develops (Kimmel et al., 1995). Developmental progression is reflected in broad

changes in endogenous gene expression between the time points, unrelated to chemical

exposure, and by the stronger influence of time points than the different PAH structures in

the bidirectional clustering (Figure 3A).

While 95 transcripts were misregulated by DBT at both 24 and 48 hpf, they represented only

27% of the 24 hpf significant gene set, and did not include the most highly misexpressed

transcripts from either time point. The most differentially expressed transcripts across both

time points were acana, ankrd1b and hspb11 (Figure 3B). ankrd1b and hspb11 are both

involved in myogenesis; hspb11 is specifically expressed in muscle pioneers, up-regulated

by intracellular calcium, and involved in muscle fiber organization in developing zebrafish

(Kluver et al., 2011; Kojic et al., 2011). Expression of three genes, hspb11, lama2, and lft1,

was reduced at 24 hpf, but significantly elevated at 48 hpf.

PYR induced a modest transcriptional response which, similar to DBT, had a low percentage

of transcripts conserved between 24 and 48 hpf. The two significant genes that were

differentially expressed >2 fold were zgc:153258 (uncharacterized transcript) and tnfb, a

member of the tumor necrosis factor family of proinflammatory cytokines (Figure 3C).

These robust responses, conserved over time, represent potential biomarkers of exposure to

the individual PAHs. The transcripts with the largest fold changes were different at 24 and

48 hpf, however, which suggested that separate analysis of the time points could provide

better insight into mechanisms driving the DBT-PYR response.

The BAA transcriptional response is consistent from 24 to 48 hpf, and distinct from
responses induced by DBT and PYR

In contrast to DBT and PYR, 45% of transcripts differentially expressed by BAA at 24 hpf

were also significant at 48 hpf, and those with the largest fold changes were conserved

between time points (Figure 3D). The most highly misexpressed genes at 24 hpf were cyp1a,

cyp1b1, cyp1c1, cyp1c2, ahrra and foxq1. All of these genes were elevated and, along with

sult6b1 and ctgfb, remained elevated at 48 hpf. The cyp1 genes and aryl-hydrocarbon

receptor repressor (ahrra) are well-known targets of AHR. sult6b1 is a recently identified

sulfotransferase with unknown specific function, and ctgfb is a member of the CCN family

of intercellular signaling proteins, hypothesized to antagonize WNT signaling when

overexpressed (Fernando et al., 2010). Together, these genes represent a consistent signature

of the transcriptional response to BAA exposure in zebrafish embryos from 24 to 48 hpf.

We conducted between-PAH comparisons separately at 24 and 48 hpf to identify significant

transcripts unique to each PAH exposure. Though BAA exposures induced the smallest

number of significant transcriptional changes, they were highly induced and formed a

distinct cluster (Figure 3D) that overlapped minimally with the DBT and PYR

transcriptional profiles. Only 7 of the significant genes in the 24 hpf BAA exposure group

were similarly differentially expressed in response to DBT or PYR. At 48 hpf, the BAA
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expression pattern remained distinct, where only 27 of the 107 differentially expressed

transcripts were similarly regulated by another PAH. The entire set of significant BAA

transcripts was therefore used for analysis of pathways and biological functions disrupted by

BAA exposure at 24 and 48 hpf (discussed below).

DBT and PYR induce a similar dose-dependent transcriptional profile

Common patterns in gene expression between DBT and PYR exposure groups are apparent

in the heatmap in Figure 3A at both time points; however, the magnitude of the PYR-

induced transcriptional response is visibly lower. This trend was reflected in linear

regression analysis of PYR vs. DBT log2 expression values for all genes significantly

misregulated by either compound at 24 hpf (Figure 4A). A strong positive correlation was

observed between PYR and DBT log2 expression values (r2 = 0.77, p < 0.001). The

regression slope, however, demonstrated that DBT-induced expression changes were on

average 1.6 fold greater than PYR-induced changes in these transcripts. This apparent dose-

effect suggested that solubility and uptake may have been the primary drivers of differential

transcriptional responses between these compounds rather than unique molecular targets.

Exaggerated differences in response were inferred from the ANOVA analysis because many

PYR-induced transcriptional changes did not reach statistical significance (p< 0.05

compared to control). The dose-effect is supported by the uptake data, which showed that

following the 25 µM exposure, DBT body burdens were 3.4 times higher than PYR body

burdens at 24 hpf. This trend persisted with a similar correlation at 48 hpf (r2 = 0.647, p<

0.001), wherein DBT on average induced 1.75-fold greater expression changes than PYR

(Figure 4B). DBT body burdens were 1.8 times greater than PYR at that time point. Because

of this correlation, we employed a direct statistical comparison of DBT and PYR to better

define the conserved transcriptional response, as well as identify transcripts with meaningful

expression differences between the two groups.

Direct pairwise comparison of DBT and PYR log2 FC values at 24 hpf identified 343

similarly expressed transcripts, and only 42 that were significantly different (p< 0.05). At 48

hpf, 139 were significantly different, while 572 transcripts were similar between the two

PAHs. Because of the overwhelming conservation of response, functional analysis was

performed using the set of similarly expressed genes at each time point to identify biological

processes disrupted by DBT and PYR exposure. We focused further mechanistic analysis on

the DBT-PYR vs. the BAA responses.

Disruption of ion transport, muscle function, and metabolism by DBT and PYR at 24 hpf

Of the 343 transcripts representing the conserved DBT and PYR responses at 24 hpf,

approximately 70% were under-expressed compared to control. 308 had sufficient

annotation, which translated to 256 unique DAVID IDs. Fatty acid biosynthesis, ion

transport, skeletal muscle contraction, steroid biosynthesis and oxoacid metabolism were the

most enriched of the 12 significant biological processes identified by DAVID functional

analysis, which together depict wide disruption of molecular signaling by 24 hpf (Table 4).

We used the MetaCore Statistical Interactome tool to identify major transcription factors

predicted to regulate significant genes in this dataset. JUN, RELA, SP1, PPARA, RXRA,

ESR1, ESR2, and NR3C1 (glucocorticoid receptor) were predicted to regulate the largest
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sets of differentially expressed transcripts (Table S4). There was considerable overlap of the

predicted targets of these transcription factors, which included approximately equal numbers

of up and down-regulated transcripts. The extensive molecular responses to these PAHs

highlighted a complex network of regulatory processes involved in normal embryo

development that were unlikely to be mediated through one primary transcription factor but

rather were responsive to chemical-induced perturbations such as oxidative stress,

inflammation, altered metabolism and disruption of ion balance and cardiac function.

The ion transport biological process contained the largest number of misregulated transcripts

at 24 hpf, and was composed of a diversity of both under- and over-expressed transporters

(Table 4). These are discussed further below, as disrupted ion transport was common to all

PAH exposures in this study. Ion balance is important for muscle development and function,

which was also significantly affected by DBT and PYR at 24 hpf. Deficiency in the Ca2+

transporter atp2a1, for example, causes zebrafish to develop abnormal musculature (Gleason

et al., 2004). Transcripts in the skeletal muscle contraction and muscle cell development

biological processes were primarily under-expressed, and included myoglobin, which is also

required for angiogenesis in zebrafish (Table 4)(Vlecken et al., 2009). Members of the ion

transport cluster may interact with these transcripts or themselves be important for muscle

and cardiac function in the context of zebrafish development.

Down-regulated genes similarly predominated in the significant fatty acid biosynthesis,

steroid biosynthesis and oxoacid metabolism biological processes (Table 4). A notable

exception was cholesterol 25-hydroxylase (ch25h), which encodes a cholesterol

metabolizing enzyme involved in the inflammatory response, and was elevated > 4 fold by

both DBT and PYR (Park and Scott, 2010). The functions of these genes and their roles

during development have yet to be characterized in zebrafish, but together they highlight

disruption of metabolic processes.

Transcription factors RELA and JUN are predicted to regulate renin-angiotensin system-
related genes misexpressed in DBT and PYR exposed embryos

In contrast to the previously-discussed biological processes, the majority of genes in the

negative regulation of cell proliferation process (Table 4) have known roles in zebrafish

development, and many are predicted downstream targets of the NF-κB family member

RELA (Table S4; bdnf, tnfrsf9a, zgc:114127, agt, msxe, tnfb) as well as JUN (Table S4;

cx43, smad3b, tnfrsf9a, agt, tnfb) (Rutenberg et al., 2006; Jia et al., 2008; Jiang et al., 2010;

Mueller et al., 2010; Zuniga et al., 2011). These processes are likely mediated through

multiple interacting transcription factors. Of the 15 transcription factors that were significant

at 24 hpf, RELA and JUN were predicted to regulate the most highly induced genes in the

DBT-PYR dataset agt and tnfb, as well as many other genes involved in the significant

biological processes. The inflammatory cytokine tnfb (also known as tnf2) is one of two

TNF homologs in zebrafish, both of which are highly induced in larvae in response to LPS

stimulation (Wiens and Glenney, 2011). Angiotensinogen (AGT) is the precursor of

angiotensin (ANG II), a potent regulator of blood pressure and water homeostasis in the

Renin-Angiotensin (RAS) signaling network (Wu et al., 2011a). Transcription of AGT is

induced by glucocorticoids through the glucocorticoid receptor, as well as by TNF and other
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inflammatory cytokines via activation of NF-κB (Brasier and Li, 1996). ANG II induces

AGT transcription in a positive feedback loop involving NF-κB, and also induces JUN

activation via JNK signaling in cardiac myocytes and vascular smooth muscle cells (Brasier

et al., 2000) (Brasier and Li, 1996). As an initiator of tissue inflammation, TNF activates

NF-κB, induces inflammatory and anti-apoptotic gene expression in a cell-type dependent

manner, and also activates JUN via JNK (Tian et al., 2005). In this study, DBT and PYR

exposure led to increased expression of tnfb and complement component 7, along with

macrophage-related genes mpeg1 and mst1, all of which are involved in innate inflammatory

response. Both Tnf and Agt are expressed in the myocardium of rats following ischemia,

remodel ATP-dependent calcium channels, and have been implicated in atherosclerosis and

hypertension (Isidoro Tavares et al., 2009). In developing rat embryos, activation of

angiotensin receptors with exogenous ANG II disrupts cardiac looping (Price et al., 1997).

These two genes, in combination with the significant enrichment of other genes downstream

of RELA, JUN, and the glucocorticoid receptor, suggest that inflammatory response and

RAS signaling may play a role in the cascade of effects observed in response to DBT and

PYR exposure. Cardiovascular functions of the RAS system are conserved in teleosts, and

agt was similarly increased along with acute phase response genes in 24 hpf zebrafish

exposed to mercury (Le Mevel et al., 2008; Ung et al., 2010). Though not yet explored in

zebrafish embryos, the RAS system has been identified as important for fetal cardiovascular

response, body fluid balance, and neuroendocrine regulation, and may be involved in fetal

programming of hypertension later in life (Mao et al., 2009).

We created a map of key predicted transcription factors, including RELA and JUN, and their

downstream targets that were significantly misregulated in the three PAH exposure groups

at 24 or 48 hpf (Figure 5). A substantial number of transcripts, including TNF and AGT, are

predicted to be regulated by both transcription factors, but RELA is predicted to regulate the

largest number of genes that were induced by DBT/PYR exposure at 24 or 48 hpf. While

RELA was also identified as a significant transcriptional regulator of BAA genes (discussed

below), only 10 of its targets overlapped between the DBT-PYR and BAA exposure

networks (Figure 5, purple). Figure 5 therefore highlights the distinct nature of RELA

regulatory roles in the toxicity pathways of different PAH structures.

Developmental processes in DBT and PYR-exposed embryos are widely misregulated at
48 hpf

By 48 hpf, 572 transcripts were differentially expressed in DBT and PYR embryos

compared to controls, 478 of which were annotated. DAVID functional analysis identified

25 biological processes that were significantly affected by DBT and PYR exposure; oxoacid

metabolic process was again significant and the most enriched functional cluster, but was

composed of different genes than at 24 hpf (Table 5). Many of the most significant

processes misregulated at 48 hpf were directly related to embryonic development.

Embryonic development ending in birth or egg hatching consisted primarily of elevated

transcripts, and was the second most enriched process. The regionalization, neurogenesis

and central nervous system development functions together highlight widespread disruption

of central nervous system development (Table 5). Thirty-five transcription factors were

predicted to regulate significantly enriched groups of genes within this dataset; JUN,
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PPARA, RELA, RXRAa and SP1 were significant at both 24 and 48 hpf (Table S4). NR3C1

and ER, which were significant at 24 hpf, were no longer enriched at 48 hpf, whereas

CREB1, P53, YY1 and TBP became significant with the largest numbers of misregulated

downstream targets. The breadth of changes that occurred by 48 hpf lack specificity to a

singular toxicity pathway but rather represent a profile of development gone awry. These

and the many other misexpressed transcripts may result from a cascade of processes

downstream of the genes disrupted at 24 hpf, but also reflect the vast molecular changes that

occur in a normally developing zebrafish between these two time points.

Biological functions of BAA-misregulated genes are consistent with AHR-dependent
toxicity

Human or mouse homologues were available for 29 of the 38 transcripts significantly

misregulated by BAA at 24 hpf, which translated to 19 unique DAVID IDs. Several genes,

including cyp1a, were represented by multiple probes within this significant transcript set.

Functional analysis of genes misregulated by BAA at 24 hpf identified two biological

processes, hormone metabolism and tissue development, that were significantly enriched

within this dataset (Table 4). Metabolic process genes were up-regulated, and included well-

known biomarkers of AHR activation such as cyp1a, as well as si:dkey-94e7.2, a predicted

homolog of retinol dehydrogenase 11 (RDH11). Expression of genes involved in tissue

development was also primarily increased (Table 4), likely via AHR signaling. Two

homologues of foxq1 have been identified in zebrafish, and Entrez and Ensembl annotation

were not in agreement as to the identity of the transcript in our dataset. We determined the

Agilent probe, however, to be the same as was reported by Planchart et al. to target foxq1b,

an AHR-dependent TCDD-inducible gene expressed in zebrafish jaw primordium (Planchart

and Mattingly, 2010). Tissue development genes ptn and ctgfb (Table 4) are not known to be

directly regulated by the AHR, but may be important mediators of AHR-dependent

developmental toxicity; ctgfb is expressed in notochord, cartilage and retina of zebrafish

larvae, and was also induced in developing jaws of zebrafish exposed to TCDD (Xiong et

al., 2008; Fernando et al., 2010).

Transcription factor prediction identified AHR as significant at 24 hpf, along with its

dimerization partner, ARNT, and C/EBPδ (Table S4). The large fold changes in a relatively

small number of significant transcripts suggest BAA interacts with one primary transcription

factor at 24 hpf, and the transcriptional profile supports previous demonstration of AHR-

dependent toxicity induced by BAA (Incardona et al., 2006).

BAA transcriptional response indicates oxidative and metabolic stress at 48 hpf

The BAA transcriptional response expanded to 107 misexpressed transcripts at 48 hpf, 99 of

which were sufficiently annotated. Though the cyp1 genes remained the most strongly

elevated, they were joined by ahrra, wfikkn1, and cathepsin L.1 (ctsl.1), which was elevated

4-fold. Ctsl.1 encodes a widely expressed protease important for blood pressure regulation,

and was recently identified as dioxin-responsive (Szlama et al., 2010; Mbewe-Campbell et

al., 2012). DAVID functional annotation clustering of the 70 unique targets identified eight

significantly enriched biological functions (Table 5). Hormone metabolic process was again

significant, and included two phase 2 metabolizing enzymes, ugt1b5 and ugt1b7, along with
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the cyp1 transcripts. Transcripts in the cation transport process, in contrast, were not known

AHR targets, and are discussed further within the ion transport response common to all three

PAHs. Known AHR targets were similarly scarce in the enriched biological process, cellular

homeostasis, which was composed of antioxidant-related genes (gsr, prdx1, and zgc:92066,

a homolog of FTMT), and transcripts involved in blood pressure regulation and chemokine

signaling (Table 5). Homologs of slc30a1 and edn2 (elevated and reduced, respectively) are

involved in blood pressure regulation in other species, and atp2a2a (reduced expression) is

required for heart looping in zebrafish (Saida et al., 2000; Ebert et al., 2005; Aguilar-Alonso

et al., 2008).

Vascular development genes are misexpressed in BAA-exposed embryos

Genes involved in vasculature development were over-represented amongst transcripts

affected by BAA at 48 hpf. They included chemokine receptor cxcr4a, which had increased

expression, and its ligand, cxcl12b, which was under-expressed. Interestingly, this

expression pattern was also observed in a microarray analysis of TCDD-induced

transcriptional changes in zebrafish jaw, suggesting misregulated chemokine signaling may

indeed be involved in AHR-mediated toxicity in the developing embryo (Xiong et al.,

2008). cxcr4a is required for arterial-venous network formation, development of the trunk

lymph system, and is expressed in response to low blood flow and in unperfused blood

vessels in developing zebrafish (Bussmann et al., 2011; Cha et al., 2012). Other vasculature

development genes included connexin 39.4 (cx39.4), connective tissue growth factor b

(ctgfb), c-fos induced growth factor (figf, previously vegf-d) and TCDD-inducible

poly(ADP-ribose) polymerase (tiparp) (Table 5). Together these transcriptional changes

convey disruption of vascular development and circulatory system function. This is in

agreement with blood pressure misregulation and endothelial dysfunction in rats

developmentally exposed to benzo(a)pyrene, another PAH known to induce AHR signaling

(Jules et al., 2012).

The previously-demonstrated dependence of BAA toxicity on the AHR suggests vascular

development genes in our study are downstream of the receptor. The molecular signaling

that precipitates reduced expression of transcripts, however, is not yet defined. An intriguing

study of AHR binding sites using chip-seq in hepatoma cells found that AHR targets in

unexposed cells were significantly enriched for angiogenesis, blood vessel patterning, and

other developmental functions (Sartor et al., 2009). Upon exposure to AHR ligands, the

targets of the AHR changed dramatically to favor genes involved in metabolism (Sartor et

al., 2009). Reduced expression of some transcripts within our dataset could reflect the

absence of AHR at endogenous transcription sites in BAA-treated embryos.

RELA is a significant transcription factor in the BAA regulatory network

Transcription factor analysis at 48 hpf predicted involvement of multiple transcription

factors (Table S4). AHR was interestingly no longer significant, though its dimerization

partner ARNT was predicted to regulate a significantly enriched cluster of genes. SP1,

TP53, CREB1 and RELA were upstream of the largest number of genes misregulated by

BAA at 48 hpf (Table S4). RELA interacts directly with AHR and is an important regulator

of inflammatory immune and oxidative stress responses (Tian et al., 1999; Tian, 2009). The
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RELA and AHR regulatory networks are displayed in Figure 5, which shows that the AHR

regulates a set of genes that were distinct to the BAA exposures and were not predicted to be

under direct regulation by RELA. The large number of genes downstream of RELA,

however, which includes some of the most highly misexpressed genes such as CTGF and

CTSL.1, suggests RELA may play an important role in the BAA toxicity pathway (Figure 5).

Differential affinities for the AHR result in few transcripts common to PAH exposure

The few genes similarly misregulated by all three PAHs represent potential general

biomarkers of PAH exposure. At 24 hpf, only 5 transcripts were similarly affected by all 3

PAHs. The most highly elevated probes (approximately 3-fold for all PAHs),

A_15_P477220 and A_15_P247256, both target ESTs that are not yet annotated in the

zebrafish V9 genome. Decreased transcripts at 24 hpf included slco5a1, a solute carrier

organic transporter family member, and a non-specific probe. By 48 hpf, 23 transcripts were

similarly expressed in response to all three PAHs. The most elevated genes across all three

PAHs were cyp1a, cyp1b1, wfikkn1, LOC794658 (similar to chrm3), s100z and cxcr4a. The

largest decreases were observed in g0s2, kif20a, cfdl, and two uncharacterized genes, zgc:

171318 and zgc:153311. Though the molecular toxicity pathways of BAA and DBT/PYR

are, on the whole, very different, these genes highlight some commonalities.

The most commonly used biomarker of AHR activation, cyp1a, was elevated by all three

PAHs at 48 hpf. However, DBT and PYR only induced 1.2 and 2.1 fold changes,

respectively, whereas BAA induced cyp1a 34.5-fold. The minimal and delayed cyp1a

induction suggests that it occurs via metabolites or very weak AHR activation by DBT and

PYR. Barron and colleagues reported the potency of BAA as an AHR agonist as 519 times

greater than PYR, and though DBT was not analyzed, 3-ring PAHs included in the study

were less potent than PYR or were inactive in assay systems (Barron et al., 2004). Though

Cyp1a protein expression is induced by PYR exposure in zebrafish embryos, Incardona et al.

reported a markedly different expression pattern than was observed with BAA, and

suggested Cyp1a metabolism and hepatic toxicity were drivers of the developmental effects

(Incardona et al., 2006). DBT, in contrast, has been reported to induce developmental

toxicity via disruption of early cardiac function, as well as act as a Cyp1a inhibitor

(Incardona et al., 2004; Wassenberg et al., 2005). In light of these proposed different

mechanisms of action, the overlap of transcripts misregulated by DBT and PYR at both 24

and 48 hpf in this study is striking. Indeed, the different malformations observed in DBT and

PYR-treated embryos, despite similar molecular response profiles, may be a result of

metabolic processes that are more active after the 48 hpf time point employed in this study.

The marked effects of DBT exposure on axis formation, which were not observed in

response to PYR, could also be explained by the dramatic differences in PAH body burden

at these equivalent exposure concentrations. Signaling that directs axis formation occurs

early in development; the uptake of DBT was relatively rapid, whereas the lower solubility

and uptake of PYR potentially did not achieve a threshold concentration to induce such

effects.
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Disruption of ion transport and calcium signaling is common across all PAHs

Ion transport and homeostatic processes were misregulated by all three PAHs in this study,

though the significant transcripts in the DBT-PYR response are largely different from those

affected by BAA. All three exposures induced differential expression of genes involved in

calcium homeostasis, suggesting that calcium signaling plays a role in PAH-induced

developmental toxicity, as has been shown previously in dioxin-exposed zebrafish at 48 hpf

(Alexeyenko et al., 2010). In a separate study of TCDD effects on heart development,

transcriptional changes related to calcium homeostasis preceded the development of cardiac

malformations in zebrafish, suggesting that they may be causal for malformations rather

than simply a result of reduced blood flow (Carney et al., 2006). Though early calcium

influx is a well-known response to several AHR ligands, the dependence of this response on

AHR binding and the consequence within the developmental context is unknown.

PAHs have previously been shown to increase intracellular calcium through protein tyrosine

kinases, inhibiting SERCA activity, and activating RYR receptors, though the intensity and

duration of the response is dependent on PAH and cell type (Archuleta et al., 1993; Krieger

et al., 1995; Gao et al., 2005). BaP induces a Ca2+ increases in endothelial cells, which is

independent of the AHR but required for CYP1B1 induction (Mayati et al., 2012). Common

mechanisms that do not require AHR signaling have also been observed with CYP1B1 and

TGFB-related genes in AHR-null vascular smooth muscle cells exposed to BaP and TCDD

(Karyala et al., 2004). All three PAHs in our study increased transcription of wfikkn1, which

binds TGFB (Szlama et al., 2010), as well as calcium binding protein s100z. The S100

family of EF-hand calcium binding proteins regulates a diverse range of cellular functions in

a calcium-dependent manner, and is associated with many pathological conditions including

inflammation, atherosclerosis, diabetes, and neurodegeneration (Hermann et al., 2012).

Future investigation of the dependence of these transcriptional changes on AHR signaling

will provide insight into whether they represent a common mechanism, or are induced via

different molecular responses to the PAHs in our study

Differential AHR activation and uptake result in distinct RELA regulatory responses to
PAH exposures

RELA was a predicted transcriptional regulator of both the BAA and DBT-PYR

toxicological responses. Despite this, there was little overlap in the transcriptional networks

(Figure 5). Differential AHR activation can explain the AHR gene battery that was uniquely

induced by BAA at 24 hpf. However, a large portion of the RELA network expressed in

response to DBT and PYR was not affected by BAA exposure (Figure 5). This difference

could potentially be explained by uptake. BAA is the least soluble in water, and uptake was

an order of magnitude lower that the other PAHs. We therefore cannot exclude the

possibility that BAA would activate the DBT-PYR transcriptional network at an equivalent

internal concentration. Body burdens of DBT and PYR-exposed embryos are within the

range reported to induce toxicity through mechanisms classified under “nonpolar narcosis”,

such as interference with lipid fluidity and membrane function (Vanwezel and Opperhuizen,

1995). The general pattern of narcotic response, including lost sense of balance, response to

stimuli, and reduced ventilation frequency, is not applicable to the early developmental

stages of embryos analyzed in this study. However, DBT concentrations in embryos
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averaged 3.4 µmol/g at 24 hpf, and PYR reached 2.9 µmol/g by 48 hpf following exposure to

25 µM waterborne concentrations. Toxicity from nonpolar narcosis has been reported to

occur at 2–8 µmol/g body weight, depending on the compound and organism (Vanwezel and

Opperhuizen, 1995). The data presented here characterize the extensive molecular response

to these relatively high internal concentrations, and our analysis identified RELA as a

significant mediator in the DBT-PYR transcriptional network. Interestingly, though BAA

toxicity was induced by a lower body burden concentration of 0.12 µmol/g at 48 hpf,

network analysis also identified RELA as a significant regulator of BAA-induced

transcriptional changes. This suggests that RELA involvement in PAH toxicity is modulated

by both AHR activation and PAH concentration. Future studies with multiple PAHs would

be useful for identifying whether transcriptional networks identified here are differentially

induced by diverse PAH structures.

Transcriptional responses to PAH exposures are conserved across species

We compared the profiles of genes differentially regulated by three PAHs in the developing

zebrafish embryo and found disrupted biological processes with surprising overlap with

studies in other model systems. The genes differentially regulated by BAA were consistent

with previous reports of AHR activation by this PAH, and many of them were identified in

array studies with other known AHR ligands in zebrafish. All three PAHs misregulated

genes important in vasculature development and cardiac function. This has been observed in

BaP-exposed rats, as well as in previous studies of fish exposed to a number of PAHs

(Incardona et al., 2009; Incardona et al., 2011; Huang et al., 2012; Jules et al., 2012).

Oxidative stress was a component of the toxic response, as has also been reported

previously, and we observed differential regulation of immune-related genes, particularly by

DBT and PYR. Though fewer studies have examined PAHs that are not strong AHR

agonists, PAHs that do not induce CYP1A have similarly been observed to induce

inflammatory cytokines in cells in culture (Suresh et al., 2009; Ovrevik et al., 2010). PAHs

are known immunotoxicants in fish, with well-established effects on lymphocytes (Krieger

et al., 1994; Reynaud and Deschaux, 2006). The gene expression changes observed in this

study, however, primarily represent innate immune responses, as the adaptive immune

system is not mature until weeks 4–6 of development (Meeker and Trede, 2008). We

therefore would not expect to see substantial overlap between the genes observed in this

study and others conducted with tissues from adult organisms. Nevertheless, calcium

binding and immune response were identified as important differentially expressed gene

clusters in human macrophage leukemia cells exposed to diverse PAHs in vitro, and metal

ion binding and transport was the most significant biological process associated with

occupational PAH exposure in peripheral blood of coke-oven workers (Wan et al., 2008;

Wu et al., 2011b). Chronic PAH exposure in coke-oven workers has also been associated

with altered immunological parameters, including increased TNFα in serum, as well

increased markers of lipid peroxidation and oxidative stress (Jeng et al., 2011). Increased

malondialdehyde and decreased reduced glutathione were similarly observed in bronchial

asthma patients, and correlated with blood phenanthrene levels, providing further evidence

of PAH-induced oxidative stress in human populations (Suresh et al., 2009).
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We identified multiple potential biomarkers of individual PAHs over time, as well as genes

commonly misregulated by PAHs with differential AHR affinity. Many of the significant

biological processes disrupted in this study, such as ion homeostasis, have been observed

previously in other models, and provide insight into fundamental molecular pathways that

are sensitive to PAH exposure and conserved between organ systems and species. Further

investigation of these pathways in response to more structurally diverse PAHs in the

environment will be invaluable to understanding the hazard potential of PAH exposure

during development.
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Highlights

• We compared global mRNA expression changes induced by developmental

exposure to PAHs

• PAH body burden was determined to discern molecular vs. uptake-driven

toxicity differences

• Genes uniquely induced by benz(a)anthracene included known targets of the

AHR and RELA

• Dibenzothiophene and pyrene perturbed a RELA network distinct from

benz(a)anthracene

• Transcriptional networks reveal differential mechanisms of PAH toxicity in

zebrafish
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Figure 1.
Representative images of 120 hpf larvae after exposure to (A) 1% DMSO control, (B) 25

µM DBT, (C) 25 µM PYR, and (D) 25 µM BAA from 6–48 hpf.
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Figure 2.
PAH detected in embryos exposed to (A) DBT, (B) PYR, and (C) BAA from 6 until 24

(solid lines) or 48 (dashed lines) hpf. *Significantly different than time-matched DMSO

control (Mann-Whitney rank sum test, p < 0.05). aSignificant difference between 48 and 24

hpf samples at the same exposure concentration (Mann-Whitney rank sum test, p < 0.05).
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Figure 3.
A) Bidirectional hierarchical clustering heatmap of log2 fold change (FC) values of all 1079

genes significantly differentially expressed compared to control (ANOVA, p < 0.05).

Comparison of significant genes (p<0.05) between 24 and 48 hpf for (B) DBT, (C) PYR and

(D) BAA exposure groups are shown by Venn diagram. Heatmap enlargements show

transcripts differentially expressed (p<0.05, >2-FC) at both time points for each PAH.
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Figure 4.
Comparison of gene expression between PYR and DBT treatment groups at 24 and 48 hpf.

Linear regressions of log2 FC values for the union of transcripts significantly (p<0.05)

misregulated by DBT or PYR compared to control (n = 712). Linear associations at (A) 24

hpf and (B) 48 hpf were both significant (p < 0.001).
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Figure 5.
Networks of transcripts under regulatory control of AHR, RELA and JUN, that were

misregulated in response to BAA (red), or DBT/PYR (blue) exposure. Transcripts that

overlapped between the two PAH networks are represented in purple. Significant transcripts

(p<0.05) from both the 24 and 48 hpf time points were combined to create the regulatory

network.
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