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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 mecha-
nisms. 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 mo-
Keywords: lecular mechanisms of PAH toxicity is essential for understanding the hazard posed by complex PAH mixtures
AHR present in the environment. We analyzed transcriptional responses to PAH exposure in zebrafish embryos ex-

Microarray posed to benz(a)anthracene (BAA), dibenzothiophene (DBT) and pyrene (PYR) at concentrations that induced de-
Dibenzothiophene velopmental malformations by 120 h post-fertilization (hpf). Whole genome microarray analysis of mRNA
Pyrene expression at 24 and 48 hpf identified genes that were differentially regulated over time and in response to the
Benz(a)anthracene three PAH structures. PAH body burdens were analyzed at both time points using GC-MS, and demonstrated dif-

Systems toxicology ferences 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 transcrip-
tion 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.

© 2013 Published by Elsevier Inc.

inhalation and ingestion. PAHs associated with ultrafine particulate mat-
ter can accumulate in the bronchial epithelium, while volatile PAHs are

Introduction

Polycyclic aromatic hydrocarbons (PAHs) are a diverse class of
chemicals composed of multiple fused benzene rings, which originate
from both petrogenic and pyrogenic sources and are ubiquitous in the
environment. Many PAHs are biologically active, cause toxicity in a
variety of organisms, and can adversely affect human health. Increasing
PAH concentrations in the environment, particularly in urban areas, has
been attributed to anthropogenic activities such as fossil fuel burning,
automobile exhaust, oil refining and coal tar seal coating (Polidori et
al., 2010; Van Metre and Mahler, 2005, 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, vehi-
cle exhaust, wood smoke and other emissions (Bostrom et al., 2002;
Ramirez et al, 2011). The primary routes of human exposure are
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readily absorbed through the alveolar epithelium (Ramirez et al,, 2011).
For non-smoking individuals, ingestion via foods and unintentional con-
sumption of household dust (of particular concern for young children) is
a primary contributor to PAH exposure (Menzie et al., 1992; Ramesh
etal, 2004). Seven non-substituted PAHs are considered possible carcin-
ogens (group 2B) by the US EPA, and 16 PAHs are listed as priority pollut-
ants because of their prevalence in urban and suburban air (EPA, 2012).
PAH-containing coal tar mixtures are known to be carcinogenic in
humans (International Agency for Research on Cancer) (Collins et al.,
1998). 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 car-
cinogenic properties, exposure to PAH mixtures and ultrafine particulate
matter is associated with an array of other health effects in humans, in-
cluding immune system deficiency, cardiovascular disease and impaired
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development (Burstyn et al., 2005; Choi et al., 2006; Hertz-Picciotto et al.,
2008; Lee et al., 2011; Ren et al., 2011). Activation of the aryl hydrocar-
bon receptor (AHR) and generation of reactive oxygen species (ROS)
are key modes of action initiated by some PAHSs, 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 Il metabolizing genes,
such as CYP1A1, GSTA1, NQO1 and UGT1A6, along with many other down-
stream 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 increase PAH reactivity and toxicity,
which is consequential to the PAH, route of exposure, and exposure con-
centration (Nebert et al., 2004; Shi et al., 2010). 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 counter-
parts (Ciganek et al., 2004; Durant et al, 1996; Hecht et al, 2010;
Naumova et al., 2002).

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 (Jung et al, 2011; Wan et al,
2008). 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 transcrip-
tional 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 mecha-
nisms. DBT (3 rings) induces cardiac toxicity that is independent of the
AHR (Incardona et al., 2004). BAA (4 rings) induces Cypla 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 transcrip-
tional profiles in PAH-exposed zebrafish embryos at 24 and 48 h
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 vertebrate 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 de-
scribed 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.  Dibenzo-
thiophene (>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 h 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 from light until the experimen-
tal time points. For developmental toxicity experiments, PAH solutions
were removed at 48 hpf and embryos were rinsed 4 x and incubated in
fresh embryo medium until 120 hpf, when they were assessed visually
for malformations as previously described (Truong et al., 2011). Prelim-
inary range-finding studies were conducted with each PAH and all
further developmental toxicity assessments were conducted at 25 pM
with 20 embryos per vial in 2 ml exposure solution. Microarray and
body burden exposures were conducted with 40 embryos per vial in
4 ml solution.

Analysis of developmental toxicity endpoints. ~Embryos were anes-
thetized 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 per-
centage 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 (bino-
mial distribution, logit link) one-way ANOVA was performed for the 8
endpoints which were observed in at least 3 embryos across all treat-
ment 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 body burden in zebrafish embryos. ~ Embryos were
exposed to 0, 1, 5, 10 and 25 pM PAH (1% DMSO) solutions in glass
vials as described previously, with 40 embryos per vial in 4 ml expo-
sure solution. As with all exposures in this study, embryos were ex-
posed 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 uM PAH delayed hatching by 3-4 h, but all treatment groups
hatched on their own by 72 hpf. Because several exposure concentra-
tions are above solubility for PAHs in embryo medium, PAH precipi-
tate accumulated on the outside of the chorion. In order to measure
the amount of PAH internalized by the embryos, chorions were re-
moved immediately following exposure and before analysis as de-
scribed below. For each biological replicate, 2 vials were combined
after exposure.

For analysis at 24 hpf, embryos were rinsed with fish water and trans-
ferred to a clean glass Petri dish. They were incubated in 82 pig/ml pronase
(Sigma-Aldrich) at room temperature, gently agitated for 3 min, then
rinsed thoroughly using an automated dechorionating system as previ-
ously described (Mandrell et al.,, 2012). Following rinsing, embryos were
placed in a 28 °C incubator for 20 min, 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 4 x with fish water.

Immediately following dechorionation, 50 embryos from each
treatment group were loaded into microcentrifuge tubes with ap-
proximately 80 mg 1 mm glass beads and placed on ice for at least
10 min. Embryos were homogenized in 500 pl 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 pl 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



658 B.C. Goodale et al. / Toxicology and Applied Pharmacology 272 (2013) 656-670

tubes as above and spiked with 12.5 pl 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 x 0.25 mm x 0.25 pm) 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~! helium flow, 70 °C
initial temperature, 1 min hold, 10 °C min~! ramp to 300 °C, 4 min
hold, and 10 °C min~—! ramp to 310 °C, 4 min hold. The MS tempera-
tures were operated at 150, 230 and 280 °C for the quadrupole, source
and transfer line respectively. Standards for BAA, DBT and PYR (>97% pu-
rity) 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/ul to 10 ng/ul) was conducted to determine relative response
ratios of PAHs to deuterated surrogate standards; chrysene-D12 was
used as the deuterated surrogate for PYR (r?> = 0.9992) and BAA
(r? = 0.9982), acenaphthylene-D8 was used for DBT (r? = 0.9991).

Calibration verification standards for target analytes and surro-
gates 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 4 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 expo-
sure sample groups, and deemed negligible. Body burden (umol/g
embryo) was calculated using average embryo weights of 0.4 mg at
24 hpfand 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 uM DBT, PYR, BAA or 1% DMSO control were ho-
mogenized in TRI Reagent (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 spectropho-
tometer and Agilent Bioanalyzer 2100. Microarray analysis was
performed by the University of Wisconsin McArdle Laboratory of Can-
cer Research Microarray Facility. Briefly, cDNA was synthesized from
1.2 pg of total RNA from each sample and labeled with cy3 (experimen-
tal 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 con-
trol analysis was performed on preprocessed data in GeneSpring
v. 11 (Silicon Genetics, Redwood City, CA) software using feature in-
tensity distributions from box-whisker plots to determine interquartile
range span and median intensity value across the experiment. The
intra-group vs. between-group comparisons were made using corre-
lation 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 post hoc test and 5% false dis-
covery rate calculation (Benjamini and Hochberg, 1995). Values are
reported as fold change (log2) with associated Benjamini-Hochberg ad-
justed p value in each treatment group compared to time-matched con-
trol. Correlation analysis between treatment groups was performed by
linear regression of log2 fold change values, using the union of signifi-
cant genes from both groups. Based on the significant correlation be-
tween DBT and PYR treatments at both time points, these datasets
were further filtered to identify the subset of genes that were signifi-
cantly 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 mi-
croarray data was performed using Euclidean distance metric and
centroid linkage clustering to group gene expression patterns by sim-
ilarity. The clustering algorithms, heat map visualizations and cen-
troid 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 Bioinfor-
matics Resource Manager v. 2.3 (Tilton et al., 2012). Genes that did
not have human orthologs were still included in the bioinformatic anal-
ysis 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. Function-
al annotation and network information, however, were primarily de-
rived 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 was determined using the 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 pro-
cess categories from levels 3, 4, and 5 were included for enrichment cal-
culation. 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 from each signif-
icant cluster (p < 0.05) that represented at least 1% of genes from the
exposure group. To identify major transcriptional regulators of gene ex-
pression 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 proba-
bility 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 identi-
fied 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 pg total RNA
from the microarray analysis were reverse transcribed using Super-
script III (Invitrogen) according to manufacturer instructions. All
gRT-PCR assays were performed in 20 pl reactions consisting of 10 pl
Power SYBR Green PCR master mix (Applied Biosystems), 0.4 pl each
primer, 9.2 Wl H,O and 50 ng equivalents of ¢cDNA. Amplification
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(StepOnePlus, Applied Biosystems) was performed with cycling param-
eters as follows: 95 °C for 10 min; 40 cycles of 95 °C for 15 s, 60 °C for
1 min; 95 °C for 15 s 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 cal-
culated for genes of interest, normalized to B-actin, by the method de-
scribed by 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 ex-
posure at 120 hpf. All three compounds induced pericardial edema,
snout and jaw malformations (Fig. 1). PYR and BAA exposures caused
significant increases in yolk sac edema, while DBT did not. DBT, how-
ever, induced distinct axis malformations (Fig. 1B) which were not
present in BAA- or PYR-exposed embryos (Tables 1, 2). Interestingly,
the 25 uM concentration of all three PAHs induced malformations in
>80% of embryos by 120 hpf, while mortality was <10%, not signifi-
cantly 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 (Fig. 1C); these embryos did not survive more than a
couple hours past 120 hpf. This was observed previously by
Incardona et al. (2004, 2005), who demonstrated that DBT, PYR and
BAA induced malformations in zebrafish that were differentially
dependent on activation of the AHR and metabolism by Cypla. The
differential proposed mechanisms of these PAHs presented an ideal
opportunity to investigate the diversity of molecular pathways that

A Control

Fig. 1. Representative images of 120 hpf larvae after exposure to (A) 1% DMSO control,
(B) 25 puM DBT, (C) 25 pM PYR, and (D) 25 uM BAA from 6 to 48 hpf.

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 pM 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 uM). PAH recovery averaged be-
tween 80 and 125% (Table S2). Measured PAH values were therefore
reported as detected in experimental samples, unadjusted for recov-
ery. The amount of PAH detected in embryos revealed stark differ-
ences 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 umol/g at 24 and 48 hpf, respectively, following exposure
to 25 uM DBT (Fig. 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 uM PYR averaged 1.0
and 2.9 umol/g at 24 hpf and 48 hpf, respectively, and uptake
appeared to reach a plateau, likely because of low compound solubil-
ity in embryo medium (Fig. 2B). BAA body burden was markedly
lower than the other two PAHs at all exposure concentrations. An ap-
parent saturation was reached at 0.10 umol/g embryo at 24 hpf, an
order of magnitude lower than PYR (Fig. 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 em-
bryo medium. At 48 hpf, BAA concentrations averaged 0.19 umol/g
in embryos from the 25 uM exposure group.

Studies of early-life exposure to PAHs showed that the biocon-
centration factor (BCF) in fish embryos correlated with the octanol
water partition coefficient (Kov) (Mathew et al., 2008). The log
Kow values of DBT, PYR and BAA are 4.38, 4.88 and 5.79, respectively
(Hansch et al., 1995). 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
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 col-
leagues (Petersen and Kristensen, 1998). Metabolism could also ex-
plain differences 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 approxi-
mate time of hatching in our laboratory (Andreasen et al., 2002;
Binder and Stegeman, 1984). While metabolism could potentially
explain the small decrease in BAA 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 be-
tween PAHs in this study appear to be driven by their solubility in
embryo medium, rather than their BCFs or metabolism. The 25 pM
exposures for the microarray study represent an acute exposure
intended to identify mRNA expression changes that precede ap-
pearance 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.
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Table 1

Mean percentage of embryos (95 percentile) with malformations observed at 120 hpf following exposure to 25 uM BAA, DBT, PYR or DMSO control from 6 to 48 hpf.
Treatment Effect

Mortality Axis Eye Jaw Pericardial edema Snout Yolk sac Any malformation

Control 4(1,13) 3.1 (1, 10) 2 (1, 16) 7.3 (2,21) 2(1,13) 2(1,15) 2 (1, 15) 11 (5, 22)
DBT 3.3 (0, 58) 4438 (9, 87)" 155 (1,78) 75.9 (21,97)" 552 (12,92)* 9(2,7 ) 155 (1,75) 83.3 (39, 97)*
PYR 5 (0, 57) 123 (1, 61) 53 (0, 72) 98.3 (33, 100)* 68.4 (19, 95)" 22 8 (2, 79) 36.8 (4, 88)" 98.3 (33, 100)*
BAA 1.7 (0, 67) 8.5 (1, 55) 10.2 (0, 74) 81.4 (25,98)" 746 (23,97)" 322 (4,85)" 54.2 (9,94)" 85 (41, 98)"

* Significantly different than DMSO control, p < 0.05, one-way ANOVA with Dunnett's post hoc test.

mRNA expression profiles induced by PAH exposure are different at 24
and 48 h 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 indicat-
ed 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 (Figs. 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 (Fig. 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
(Figs. 3B-D). Fifteen genes that were significantly differentially regulated
by at least one of the PAHs were selected for qRT-PCR 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 S4). Fold change values were similar between
the microarray and qRT-PCR for most genes, demonstrating good reli-
ability of the microarray for identifying meaningful changes in gene ex-
pression 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 qRT-PCR. 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 po-
tentially differential splicing. As others have reported previously, we ob-
served lower correlation between the microarray and qRT-PCR for
down-regulated transcripts; qRT-PCR identified fewer changes that
met statistical significance (p < 0.05), but trends in regulation were con-
sistent (Morey et al., 2006).

Table 2

For each PAH, we compared transcripts significantly differen-
tially 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 swim-
ming behavior are initiated, and pigment develops (Kimmel et al.,
1995). Developmental progression is reflected in the stronger in-
fluence of time point than PAH structure in the bidirectional clus-
tering (Fig. 3A).

While 95 transcripts were misexpressed 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 (Fig. 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). Similar to DBT, the expression
of only a few transcripts were significant impacted by PYR at both 24
and 48 hpf. The two genes differentially expressed > 2 fold were tnfb,
a member of the tumor necrosis factor family of proinflammatory cyto-
kines, and zgc:153258 (Fig. 3C). These robust responses, conserved over
time, represent potential biomarkers of exposure to the individual
PAHs. The transcripts with the largest fold changes, however, were
not consistent over time, which suggested that separate analysis at
each time point could provide better insight into mechanisms driving
responses to DBT and PYR exposure.

The BAA transcriptional profile is consistent from 24 to 48 hpf, and
distinct from DBT and PYR-induced changes

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 (Fig. 3D).
The most highly misexpressed genes at 24 hpf were cypla, cyplbl,
cyplcl, cyplc2, ahrra and foxql1l. All of these genes were elevated and,
along with sult6b1 and ctgfb, remained elevated at 48 hpf. The cypl
genes and aryl-hydrocarbon receptor repressor (ahrra) are well-known
targets of AHR, while sult6b1 is a recently identified sulfotransferase

Comparison of malformations induced by individual PAH treatments. p values of Tukey's all pairwise post hoc test are displayed for each comparison, malformations that were

significantly different between treatment groups are shaded (p < 0.05).

Effect
Test Mortality Axis Eye Jaw Pericardial edema  Snout Yolk sac Any malformation
DBT vs control 8.53E-01 4.30E - 06 1.41E-01 2.70E - 06 2.50E - 06 4.66E — 02 1.01E-01 7.20E - 09
PYR vs control 7.09E - 01 6.02E - 02 6.53E-01 1.50E - 04 3.10E-08 2.22E-02 1.87E-03 2.10E-05
BAA vs control 9.47E - 01 1.83E-01 3.31E-01 8.20E - 07 4.60E — 09 3.44E-03 3.10E-05 6.10E - 09
DBT vs PYR 9.31E-01 1.91E-03 4.84E - 01 1.75E-01 4.63E-01 9.27E-01 1.67E - 01 1.85E-01
BAA vs DBT 8.93E-01 5.10E - 04 8.34E - 01 8.83E-01 1.80E - 01 4.59E - 01 8.26E - 03 9.80E - 01
BAA vs PYR 7.23E-01 8.07E-01 7.93E-01 2.58E-01 8.22E-01 6.87E-01 3.78E-01 2.21E-01
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Fig. 2. Body burdens of PAH detected in embryos exposed to (A) DBT, (B) PYR, and (C) BAA
from 6 to 24 (solid lines) or 48 (dashed lines) hpf. *Signiﬁcantly different than time-
matched DMSO control (Mann-Whitney rank sum test, p < 0.05). *Significant difference
between 48 and 24 hpf samples at the same exposure concentration (Mann-Whitney
rank sum test, p < 0.05).

that could potentially be involved in BAA metabolism. 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 exposure affected the smallest number of transcripts,
they were highly induced and formed a distinct cluster (Fig. 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 expression pattern remained distinct, where only 27 of the
107 differentially expressed transcripts were similarly regulated by
another PAH. In addition, we observed no correlation between the tran-
scriptional response induced by BAA and either of the other PAHs at 24
or 48 hpf (r? < 0.2), using linear regression analysis of all significant
transcripts. 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 expo-
sure groups are apparent in the heatmap in Fig. 3A at both time points;
however, the magnitude of the PYR-induced transcriptional response is
visibly lower. This trend was reflected in the linear regression analysis
of PYR vs. DBT log2 expression values, where a strong positive correla-
tion was observed at 24 hpf (Fig. 4A, union of DBT and PYR significant
transcripts, r> = 0.77, p < 0.001). The regression slope, however, dem-
onstrated that DBT-induced expression changes were on average 1.6
fold greater than PYR-induced changes in these transcripts. This appar-
ent dose-effect suggested that solubility and uptake were the primary
drivers of differential transcriptional responses between these com-
pounds, rather than unique molecular targets. The dose-effect is sup-
ported by the body burden data; DBT body burdens were 3.4 times
higher than PYR body burdens in the 25 pM exposure cohorts at
24 hpf. This trend persisted with a similar correlation at 48 hpf (1> =
0.647, p < 0.001), wherein DBT on average induced 1.75-fold greater
expression changes than PYR (Fig. 4B) and DBT body burdens were
1.8 times greater than PYR. We found that comparing the PAHs follow-
ing ANOVA analysis exaggerated transcriptional profile differences, be-
cause many PYR-induced changes did not reach statistical significance
(p < 0.05 compared to control). Because of the significant correlation
in responses, 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 PAHSs.
Because of the overwhelming conservation of response, functional anal-
ysis 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 com-
pared 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 re-
ceptor) were predicted to regulate the largest sets of differentially
expressed transcripts (Table S5). Transcripts were up- and down-
regulated in approximately equal numbers, and there was consider-
able overlap of the predicted targets of these transcription factors.
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Fig. 3. (A) Bidirectional hierarchical clustering heatmap of log2 fold change (FC) values of all 1079 genes significantly differentially expressed compared to control (One-way
ANOVA with 5% FDR, adjusted p value < 0.05). Comparison of significant genes between 24 and 48 hpf for (B) DBT, (C) PYR and (D) BAA exposure groups is shown by Venn
diagram. Heatmap enlargements show transcripts differentially expressed (adjusted p value < 0.05, >2-FC) at both time points for each PAH.

The extensive molecular responses to these PAHs highlighted a com-
plex network of regulatory processes involved in normal embryo de-
velopment 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 metabo-
lism and disruption of ion balance and cardiac function.

The ion transport biological process contained the largest number of
misregulated transcripts at 24 hpf (Table 3) and is discussed further
below as a common biological response to all PAH exposures in this
study. lon balance is important for muscle development and function,
which was also significantly affected by DBT and PYR at 24 hpf.

Transcripts in the skeletal muscle contraction and muscle cell develop-
ment biological processes were primarily under-expressed, and included
myoglobin, which is also required for angiogenesis in zebrafish (Table 3)
(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.

Genes involved in fatty acid biosynthesis, steroid biosynthesis and
oxoacid metabolism were also primarily underexpressed (Table 3).
A notable exception was cholesterol 25-hydroxylase (ch25h), which
encodes a cholesterol metabolizing enzyme involved in the inflam-
matory response, and was elevated >4 fold by both DBT and PYR
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Fig. 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 associa-
tions at (A) 24 hpf and (B) 48 hpf were both significant (p < 0.001).

(Park and Scott, 2010). The functions of these genes and their roles
during development have yet to be characterized in zebrafish, but
together they implicate 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 ma-
jority of genes associated with negative regulation of cell proliferation
(Table 3) have known roles in zebrafish development, and many are
predicted downstream targets of the NF-<B family member RELA
(Table S5; bdnf, tnfrsf9a, zgc:114127, agt, msxe, tnfb) as well as JUN
(Table S5; cx43, smad3b, tnfrsf9a, agt, tnfb). 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 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 signaling (RAS) network (Wu et al., 2011a). Transcription of
AGT is induced by glucocorticoids through the glucocorticoid receptor,

as well as by TNF and other inflammatory cytokines via activation
of NF-kB (Brasier and Li, 1996). ANG II induces AGT transcription in
a positive feedback loop involving NF-kB, and also activates JUN via
JNK signaling in cardiac myocytes and vascular smooth muscle cells
(Brasier and Li, 1996; Brasier et al., 2000). As an initiator of tissue
inflammation, TNF activates NF-kB, 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 mpegl 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 exog-
enous ANG II disrupts cardiac looping (Price et al., 1997). These two
genes, in combination with the significant enrichment of other targets
of RELA, JUN, and the glucocorticoid receptor, suggest that inflamma-
tory 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 (Le Mevel et al.,
2008), and though not yet explored in embryonic zebrafish, the RAS
system has been identified as important for fetal cardiovascular re-
sponse, 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
(Fig. 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 in-
duced by DBT/PYR exposure at 24 or 48 hpf. While RELA was also
identified as a significant transcriptional regulator of BAA genes
(discussed below), the DBT-PYR and BAA exposure networks
overlapped with only 10 RELA targets (Fig. 5, purple). Fig. 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 annotat-
ed. DAVID functional analysis identified 21 biological processes that
were significantly affected by DBT and PYR exposure; oxoacid meta-
bolic process was the most enriched functional cluster, but was com-
posed of different genes than at 24 hpf (Table 4). Many of the most
significant processes misregulated at 48 hpf were directly related to
embryonic development, and the regionalization, neurogenesis and
central nervous system development functions together highlight
widespread disruption of nervous system development (Table 4).
Thirty-five transcription factors were predicted to regulate sig-
nificantly enriched groups of genes within this dataset; JUN, PPARA,
RELA, RXRAa and SP1 were significant at both 24 and 48 hpf (Table
S5). NR3C1 and ER, which were significant at 24 hpf, were no longer
enriched at 48 hpf, whereas CREB1, P53, YY1 and TBP became signifi-
cant with the largest numbers of misregulated downstream targets.
The breadth of expression changes at 48 hpfis not restricted to a sin-
gular toxicity pathway, but rather encompasses substantial network
perturbations consistent with aberrant embryonic development. These
and the many other misexpressed transcripts may result from a cascade
of processes downstream of the genes disrupted at 24 hpf, but also re-
flect the vast molecular changes that occur in a normally developing
zebrafish between these two time points.
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Significantly enriched biological functions identified by DAVID analysis of all transcripts differentially regulated (adjusted p value < 0.05) by BAA exposure or by DBT and PYR at
24 hpf. E score: overall cluster enrichment score, %: percentage of total gene list involved in functional cluster, p-values determined by modified Fischer's Exact test (EASE score).

Biological process GO term Downregulated genes Upregulated genes E % p value
score
BAA Hormone metabolic process G0:0042445 cypla, cyp1bl, cyplcl, cyplc2,  2.06 1579  5.12E—03
si:dkey-94e7.2
Tissue development G0:0009888 mstnb foxq1l, ptn, ctgfb 1.21 2105  2.77E—02
DBT and PYR  Fatty acid biosynthetic process G0:0006633 elovl6, fads2, ptgds, si:ch73-131e21.5, ch25h, elovl7a 2.67 3.02 6.10E—04
tpilb
Ion transport G0:0006811 atp2all, cpt1b, gabral, grin1b, KCNABI, LOC571584, si:ch211-244h7.4, 232 8.30 7.86E—03
kenip1b, kenip3, LOC100004247, rhbg, slc22a18, slc31al, tmem38b,
sfxnd4, si:ch211-195b13.1, 2gc:162356, zgc:162495
si:ch211-221p44,
slc24a5, zgc:101827, zgc: 113361,
zgc:158296
Skeletal muscle contraction G0:0003009 homer1, mb, si:rp71-17i16.4, 2.18 1.51 1.10E—03
tnni2b.2
Steroid biosynthetic process G0:0006694  cyp17al, hmgcs1, hsd17b7, Iss, ch25h, dhcr7 2.14 3.02 9.43E—04
nsdhl, rdh8l
Oxoacid metabolic process G0:0043436  acsf3, cpt1b, elovl6, fabp11b, fads2, ch25h, elovl7a, mthfd1 1.93 717 1.27E—02
ghra, hibadhb,
mdh1b, ptgds, rbpla, rmpep,
si:ch73-131e21.5,
tpilb, tyrp1b, zgc:113076, zgc:154046
Intermediate filament G0:0045109  dnajb6b, krt1-19d, krt23, nefm 1.80 1.13 6.71E—03
organization
Negative regulation of cell G0:0008285  bdnf, cd9a, cx43, smad3b, tnfrsf9a, agt, msxe, notch2, tbx16, tnfb 1.77 491 1.67E—02
proliferation wfdcl, zgc:114127, zgc:158296
Muscle cell development G0:0055001 homer1, LOC796577, myozla, myog 1.71 1.89 1.89E—02
zgc:158296
Sterol biosynthetic process G0:0016126 hmgcs1, Iss, nsdhl ch25h, dhcr7 1.56 1.89 5.49E—03
Cellular amide metabolic G0:0043603  ghra, hibadhb, mdh1b, tpilb, 1.41 1.89 2.64E—02
process zgc:113076
Monosaccharide catabolic GO0:0046365  hibadhb, mdh1b, pfkma, tpilb, 1.28 1.89 3.16E—02
process zgc:162337
Regulation of erythrocyte G0:0045646 inhbaa, mafba, spill 1.09 1.13 4.65E—02

differentiation

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

Human or mouse homologues were available for 29 of the 38 tran-
scripts 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 anal-
ysis 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 cypla, 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 3),
likely via AHR signaling. A foxql homolog was induced by BAA, and
based on the probe sequence we identified the transcript as foxq1b,
an AHR-dependent TCDD-inducible gene expressed in zebrafish jaw pri-
mordium (Planchart and Mattingly, 2010). Tissue development genes
ptn and ctgfb (Table 3) are not known to be directly regulated by the
AHR, but may be important mediators of AHR-dependent developmental
toxicity; ctgfb was also induced in developing jaws of zebrafish exposed
to TCDD (Xiong et al., 2008).

Transcription factor prediction identified AHR as significant at
24 hpf, along with its dimerization partner, ARNT, and C/EBPd
(Table S5). The large fold changes in a relatively small number of sig-
nificant transcripts suggest that BAA interacts with one primary tran-
scription 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 pres-
sure regulation, and was recently identified as dioxin-responsive
(Mbewe-Campbell et al., 2012). DAVID functional annotation clustering
of the 70 unique targets identified eight significantly enriched biological
functions (Table 4). Genes involved in hormone metabolism again
formed a significant cluster, which included two phase 2 metabolizing
enzymes, ugtlib5 and ugtib7, along with the cypl transcripts. Tran-
scripts associated with cation transport, in contrast, were not known
AHR targets, and are discussed further within the ion transport re-
sponse common to all three PAHs. The cellular homeostasis transcript
group was composed of antioxidant-related genes (gsr, prdx1, and
zgc:92066, a homolog of FTMT), and transcripts involved in blood pres-
sure regulation and chemokine signaling that are not known to be di-
rect targets of AHR (Table 4).

Vascular development genes are misexpressed in BAA-exposed embryos

Genes involved in vasculature development were over-represented
among 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
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regulatory network.

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 net-
work formation and is expressed in response to low blood flow and in
unperfused blood vessels in developing zebrafish (Bussmann et al.,
2011). 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 4). atp2a2a (reduced expression) is not
annotated as a vascular development gene, but is required for heart
looping in zebrafish (Ebert et al., 2005). Together these transcriptional
changes convey disruption of vascular development and circulatory sys-
tem 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
etal, 2012).

RELA is a significant transcription factor in the BAA regulatory network

Transcription factor analysis at 48 hpf predicted involvement of
multiple transcription factors (Table S5). 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 S5). RELA interacts directly with AHR and is
an important regulator of inflammatory immune and oxidative stress
responses (Tian et al., 1999). The RELA and AHR regulatory networks
are displayed in Fig. 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 down-
stream 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 (Fig. 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
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the zebrafish V9 genome. Decreased transcripts at 24 hpf included
slco5al, 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 cypla, cyplbl, wfikknl, LOC794658 (similar to chrm3),
$100z and cxcr4a. The largest decreases were observed in g0s2, kif20aq,
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, cypla, 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
cypla 34.5-fold. The minimal and delayed cypla induction suggests
that it occurs via metabolites or very weak AHR activation by DBT and
PYR. Barron et al. (2004) 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. Though Cypla protein expression is induced by PYR
exposure in zebrafish embryos, Incardona et al. (2006) reported a mark-
edly different expression pattern than was observed with BAA, and sug-
gested Cypla metabolism and hepatic toxicity were drivers of the
developmental effects. DBT, in contrast, has been reported to induce
developmental toxicity via disruption of early cardiac function, as well
as act as a Cypla 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 concen-
trations. Signaling that directs axis formation occurs early in develop-
ment; 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.

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
are unknown.

PAHs have previously been shown to increase intracellular calcium
through protein tyrosine kinases, inhibiting SERCA activity, and activat-
ing RYR receptors, though the intensity and duration of the response are
dependent on PAH and cell type (Archuleta et al., 1993; Gao et al., 2005;
Krieger et al., 1995). All three PAHs in our study increased transcription
of 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 neu-
rodegeneration (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 results 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 (Fig. 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 (Fig. 5).
This difference could potentially be explained by dose. BAA is the least
soluble in water, and body burden 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 equiva-
lent internal concentration. Body burdens of DBT and PYR-exposed
embryos are within the range reported to induce toxicity through mech-
anisms 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 averaged
3.4 umol/g at 24 hpf, and PYR reached 2.9 pmol/g by 48 hpf following ex-
posure to 25 uM waterborne concentrations. Toxicity from nonpolar nar-
cosis has been reported to occur at 2-8 pmol/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 identi-
fied 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 pmol/g at 48 hpf, network analysis
also identified RELA as a significant regulator of BAA-induced transcrip-
tional 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 transcrip-
tional 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 identified disrupted biolog-
ical processes that overlap notably 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 (Huang et al.,
2012; Incardona et al., 2009, 2011; Jules et al., 2012). Oxidative stress
was a component of the toxic response, as has also been reported previ-
ously, 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 (Ovrevik et al, 2010; Suresh et al,, 2009). 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 im-
mune 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
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Significantly enriched biological functions identified by DAVID analysis of all transcripts differentially regulated (adjusted p value < 0.05) in BAA exposed embryos, and common
transcripts disrupted by DBT and PYR at 48 hpf. E score: overall cluster enrichment score, %: percentage of total gene list involved in functional cluster, p-values determined by
modified Fischer's Exact test (EASE score).

Biological process GO term Downregulated genes Upregulated genes E score % p value
BAA Cellular homeostasis G0:0019725  edn2, cxcl12b, atp2a2a slc30al, cxcrda, zgc:92066, 2.75 1429 4.50E—04
gsr, prdx1, ccll, ccr9a
Chemotaxis G0:0006935  cxcl12b, edn2 ccr9a, cxcrda, ccll 2.50 7.14 218E—-03
Hormone met. process G0:0042445  Irata ugt1b5, ugt1b?, cyp1bl, 2.16 571 1.26E—02
cyplc2, cypla, cyplcl
Tetrapyrrole met. process G0:0033013 - 2gc:77234, ugt1b5, ugt1b?, cypla 1.92 429 1.25E—02
Vasculature development G0:0001944  ¢x39.4, cxcl12b ctgfb, cxcrda figf, tiparp 1.89 8.57 1.01E—02
H,0, met. process G0:0042743 - cypla, prdx1 1.59 429 5.65E—-03
Cation transport G0:0006812 armcll, atp2a2a, cx39.4, slcsal cdkn1bl, slc30al, zgc:92066 1.32 10.00 3.83E—02
Organ development G0:0048513  atp2a2a, col7al, cx39.4, cdkn1bl, ctgfb, cxcrda, cypla, figf, 1.29 2143 4.12E-02
cxcl12b, edn2, prl, slc5al foxq1, foxf2a, tiparp, ved
DBT and PYR  Oxoacid metabolic process G0:0043436 acaal, acadl, adiporla, adiporlb, aspg, cbsb, cypla, cyp26¢1, gldc, 4.72 835 2.66E—05
agxt2l1, agxta, agxtb, amt, cpt1b, npcl, phgdh, ppat, psat1, slc1a3a
elovi4b, glsa, got2a, hadha,
hadhb, idh3b, LOC565975, Ita4h,
mdh1b, padi2, rbp2b, rnpep,
sc5dl, sgpll, zgc:113076,
zgc:136850, zgc:154046
Embryonic development G0:0009792  ift52, ric8a, zfpm2b capn2b, cebpb, col4a3bp, cypla, 3.61 590 1.01E—04
ending in birth or egg hatching englb, evx1, foxa, gas1b, gata2a,
hoxa2b, hoxa4a, hoxb2a, hoxcla,
hoxc6b, msxe, nkx2.7, pax1a, phgdh,
si:ch211-204c21.1, tcap, tgfbria
Regionalization G0:0003002  egr2b, ift52, neurod cyp26¢1, egr2a, englb, evx1, 3.38 4.18 2.75E—04
foxa, gas1b, hhex, hoxa2b,
hoxa4a, hoxb2a, hoxc4a,
hoxc6b, pax1a, tcap, tgfbria
Neurogenesis G0:0022008  bdnf, clic5, crx, egr2b, gnaolb, asclla, btg4, cebpb, cxcrda, egr2a, 2.77 7.62 3.27E—03
L0OC799290, mbp, mbpa, neurod,  englb, epha2, evx1, foxa, gasib,
otx5, rab3aa, rmd1, spon2b, gata2a, gdf7, her15.1, hoxa2b,
veanb mag, nr2f6b, phgdh, slc1a3a,
tgfbria, uncsb, uts1
Embryonic organ development G0:0048568  clic5, neurod, zfpm2b cebpb, gas1b, gata2a, hoxa2b, 243 344 240E—03
hoxa4a, hoxb2a, hoxc4a, myca,
otopl, tcap, tgfbria
Positive regulation of G0:0010604  crx, egr2b, fkbplab, ift52, asclla, cask, cebpb, cebpg, 235 934 2.19E—-03
macromolecule metabolic process klf2a, LOC570917, maf, egr2a, evx1, foxa, gata2a,
neurod, npas4, otx5, psmd4b, gdf7, her15.1, hhex, hoxa2b,
psmd?, psmd8, rxrga, tnni2b.2, im:7162084, irf11, myca,
zfpm2b, zgc:110116 pthla, sox19a, tgfbria, tnfb,
uts1, vgll2b, zgc:158781
Negative regulation of cell G0:0010648 gnai2, hcrt, rgs11, zgc: 136569, cyp26¢1, dkk1b, gas1b, hhex, 1.99 344 1.01E—02
communication bcl6ab im:7162084, npcl, onecutl, rgs4
Cellular component morphogenesis G0:0032989  bbs?, bdnf, clic5, cryaa, bel6ab, col4a3bp, cxcrda, egr2a, 1.93 516 9.16E—03
egr2b, rab3aa, spon2b, vcanb gas1b, gdf7, hoxa2b, LOC796577,
onecutl, sfrp5, si:ch211-204c21.1,
slc1a3a, tcap, uncsb
Central nervous system development G0:0007417  egr2b, faim2, gnaolb, asclla, cxcrda, cyp26¢1, dkk1b, 1.87 541 1.27E—-02
LOC799290, mbpa, mbpa, egr2a, englb, evx1, foxa, gas1b,
neurod, seppla, sh3gl2 gata2a, hhex, hoxa2b, hoxb2a,
msxe, nkx2.7, phgdh
Hormone met. process G0:0042445 Irata, rbp2b crhbp, cypla, cyp1bl, cyp26¢1, scarbl, 1.82 197 1.51E—02
Organ morphogenesis G0:0009887 agcl, bbs?, clic5, crx, cryaa, cmicl, gas1b, hhex, hoxa2b, hoxa4a, 1.79 6.39 1.62E—02
cryaa, fkbplab, ift52, hoxb2a, hoxc4a, im:7162084, msxe,
neurod, otx5, sgpll, six6a myca, otop1, tcap, tgfbria, tnfb,
zgc:158781
Fatty acid oxidation G0:0019395  acaal, adiporia, adiporlb, cptib, 1.66 147 7.21E-03
hadha, hadhb, zgc:154046
Muscle tissue dev. G0:0060537  fkbp1ab, LOC100536295, rxrga, cmlcl, LOC796577, nkx2.7, 1.65 221 245E-02
zfpm2b tcap, vgli2b
Reg. of transmission of nerve impulse G0:0051969  bdnf, cspgbb, egr2b, gnai2, egr2a, slcla3a, tnfb, utsi 1.58 246 2.56E—02
hert, rab3aa, zgc:136569
Pos. reg. of cellular process G0:0048522  bdnf, crx, egr2b, fkbp1ab, asclla, bcl6ab, cask, cebpb, cebpg, 1.57 155  2.29E—-02

gnai2, hert, ift52, kif2a,
LOC556700, LOC570917,
maf, mfge8a, neurod,
npas4, otx5, pnp4b,
psmd4b, psmd7, psmd8,
rxrga, si:ch211-135f11.1,
tnni2b.2, trim35, zfpm2b,
zgc:100906, zgc:110116,
zgc:110680

cypla, egf, egr2a, evx1, fit4, foxa,
GAS1 (3 of 3), gas1b, gata2a, gdf7,
her15.1, hhex, hoxa2b, im:7162084,
irf11, LOC794658, myca, ncsla,
nkx2.7, onecut1, plk2b, pthia,
scarb1, si:dkey-24p1.4, slcla3a,
sox19a, sst1.1, tgfbria, tnfb, utsl,
vgl2b, zgc:154093, zgc: 158781,
zgc:85939

(continued on next page)
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Table 4 (continued)

Biological process GO term Downregulated genes Upregulated genes E score % p value

Oxidoreduction coenzyme met. process G0:0006733 coq3, idh3b, idh3g, itgb1bp3, 1.55 172 3.73E—03
mdh1b, pgls, pnp4b, zgc:113076

Pos. reg. of catalytic activity G0:0043085 gadd45bb, gnai2, gnaolb, cmlc1, cxcr4a, egf, LOC794658, 1.52 59 222E-02
gng13b, hcrt, psmd4b, myca, npr3, pthla, scarbi,
psmd7, psmds8, ptplad1, slc11a2, tgfbria, tnfb
rgn, si:ch211-135f11.1,
zgc:110116

Pyridine nucleotide metabolic process  G0:0019362 idh3b, itgb1bp3, mdh1b, pgls, 1.44 147 9.14E—03
pnp4b, zgc:113076

Cellular amino acid metabolic process ~ GO:0006520 agxt2l1, agxta, agxtb, amt, aspg, cbsb, gldc, phgdh, ppat, 143 3.19 233E-02
glsa, got2a, padi2 psatl, slcla3a

Cell morph. Involved in differentiation ~ GO:0000904  bdnf, clic5, cryaa, egr2b, cxcrda, egr2a, gas1b, gdf7, 1.38 3.44 3.54E—02
rab3aa, spon2b, vcanb hoxa2b, si:ch211-204c21.1,

slc1a3a, unc5b
Ear development G0:0043583  bdnf, clic5 gas1b, her15.1, hoxa2b, myca, 135 197 2.53E—-02

otop1, tcap

important differentially expressed gene clusters in human macrophage
leukemia cells exposed to diverse PAHs in vitro, and metal ion binding
and transport were the most significant biological processes 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 TNFo 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).

We identified multiple potential biomarkers of individual PAHs
over time, as well as genes commonly misregulated by PAHs with dif-
ferential 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 mo-
lecular 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 envi-
ronment will be invaluable to understanding the hazard potential of
PAH exposure during development.

Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.taap.2013.04.024.
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