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Abstract
TCDD is a reproductive toxicant and endocrine disruptor, yet the mechanisms by which it causes
these reproductive alterations are not fully understood. In order to provide additional insight into the
molecular mechanisms that underlie TCDD’s reproductive toxicity, we assessed TCDD-induced
transcriptional changes in the ovary as they relate to previously described impacts on serum estradiol
concentrations and altered follicular development in zebrafish. In-silico computational approaches
were used to correlate candidate regulatory motifs with observed changes in gene expression. Our
data suggest that TCDD inhibits follicle maturation via attenuated gonadotropin responsiveness and/
or depressed estradiol biosynthesis, and that interference of estrogen-regulated signal transduction
may also contribute to TCDD’s impacts on follicular development. TCDD may also alter ovarian
function by disrupting various signaling pathways such as glucose and lipid metabolism, and
regulation of transcription. Furthermore, events downstream from initial TCDD molecular-targets
likely contribute to ovarian toxicity following chronic exposure to TCDD. Data presented here
provide further insight into the mechanisms by which TCDD disrupts follicular development and
reproduction in fish, and can be used to formulate new hypotheses regarding previously documented
ovarian toxicity.
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Introduction
2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD) is a persistent environmental contaminant that
is a known reproductive toxicant and endocrine disruptor in nearly all vertebrates. The effects
of TCDD on reproduction and fertility have been studied extensively [1–3], and evidence
suggests that TCDD compromises both ovarian function and follicular development. Female
reproductive development is highly complex, and is synchronized by intricate and highly
regulated signal transduction pathways that are integrated with the endocrine system. This
complexity has made it particularly difficult to identify the molecular action of TCDD-induced
ovarian toxicity. Although it is clear that TCDD impacts maturation and ovulation of ovarian
follicles, as well as estradiol secretion [4–7], the mechanisms that underlie these reproductive
toxicities are complicated and poorly understood.

It is generally accepted that TCDD toxicity is mediated by the aryl hydrocarbon receptor
(AHR)-signaling cascade [8]. The ligand-bound AHR complex is translocated to the nucleus
where it dimerizes with the aromatic hydrocarbon receptor nuclear translocator (ARNT)
protein. This heteromeric complex binds to the aryl hydrocarbon-response element (AHRE)
(TnGCGTG DNA motifs) located in the regulatory regions of several genes (e.g., , cyp1a1)
and can initiate or suppress gene transcription [9–11]. While it is thought that such
transcriptional regulation mediates the toxicity of TCDD, specific roles of these gene changes
in dioxin-induced toxicity are not understood. Additionally, some actions of TCDD may be
AHR-independent and/or result from downstream transcriptional changes.

Evidence suggests that disruptions in female reproduction by TCDD are likely the result of a
direct effect at the ovary [12–17]. Since the AHR is expressed in the ovary, TCDD could disrupt
critical cellular signals that regulate follicular development and/or estradiol biosynthesis via
AHR-mediated alterations in gene transcription, thereby contributing to the observed decrease
in ovarian development and reduced reproductive capacity. Alternatively, TCDD could
interfere with the hypothalamic-pituitary-gonadal (HPG) axis or estradiol metabolism. For
example, TCDD could negatively regulate estrogen signaling by inducing oxidative
metabolism of estrogens via the AHR-pathway, by suppressing the expression and/or efficacy
of the estrogen receptors, or by inhibiting estradiol-regulated gene expression [18–21].

Since the basic features of the HPG axis and AHR-signaling pathways in fish are fundamentally
similar to other vertebrates [22–24], fish are excellent model systems with which to investigate
the effects of endocrine-disrupting chemicals on vertebrate reproductive function. The
zebrafish has proven to be an effective system for investigation into the teratogenic effects of
TCDD [25–27]. Zebrafish are highly prolific with rapid follicular development, and many of
the receptors, enzymes, and peptide growth factors involved in follicular development have
been characterized (see Ge 2005 for review); therefore, it is particularly suited for investigating
TCDD’s effects on the regulation of follicular development.

We have previously demonstrated that sublethal dietary exposure to TCDD alters follicular
development, egg production, and serum 17β estradiol concentrations in zebrafish [4]. Here
we investigate the transcriptional events in the ovary that precede these previously described
histomorphologic and physiologic alterations. We used quantitative RT-PCR to assess the
effects on the expression of several candidate genes important in the regulation of follicle
development, oocyte maturation, and vitellogenesis, and used cDNA microarray technology
to evaluate altered gene expression profiles to identify other cellular pathways potentially
impacted by TCDD-exposure. Additionally, we used a functional genomics approach to
examine candidate regulatory motifs in relation to different expression profiles in an effort to
better clarify potential mechanisms of toxicity following chronic exposure to TCDD.
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Materials and Methods
Experimental animals

Adult female (AB strain, Zebrafish International Resource Center) and male zebrafish (golden
longfin, Ekwill Farms) were housed separately and acclimated for several weeks prior to the
initiation of experiments. Fish were maintained at 26–28°C on a 14-hour light and 10-hour
dark cycle in a flow-through buffered, de-chlorinated water system and were spawned once
weekly during the experiment.

TCDD exposure and RNA extraction
Trout chow yielding a final concentration of approximately 0, 10, 40, or 100 ng TCDD/g food
(ppb) was prepared as previously described [28]. Females were fed brine shrimp nauplii daily,
and contaminated trout chow diet 5 of 7 days per week. Fish were fed en masse to satiation,
and based upon the average food consumed per fish, received an estimated dose of 0, 0.08,
0.32, or 0.80 ng TCDD/female/day. Based upon our previous work, fish accumulated
approximately 0, 0.6, 3, and 14 ng TCDD/g fish after 15 days, and ovaries accumulated
approximately 0.4, 2, and 5 ng TCDD/g ovary (body burdens were not measured in this study).
Following dietary exposure, five females from each treatment group were euthanized and
ovaries were extracted and frozen in liquid nitrogen. Total RNA was isolated from individual
ovaries using Trizol reagent (Invitrogen) and purified using an RNeasy MinElute cleanup kit
(Qiagen) according to manufacturer’s instructions. Individual samples were analyzed by
agarose gel electrophoresis to confirm the integrity of the 18S and 28S ribosomal RNAs, and
quantified by UV spectrophotometry at 260 nm using a Nanodrop ND-1000 Spectrophotometer
(Nanodrop Technologies).

Quantitative RT-PCR (QPCR)
QPCR was used to quantify selected gene transcripts important in both receptor- and non-
receptor-mediated regulation of follicular development, as well as estradiol biosynthesis,
included: luteinizing hormone receptor (lhr), follicle-stimulating hormone receptor (fshr),
estrogen receptors (esr1, esr2a, esr2b), epidermal growth factor (egf), egf receptor (egfr),
inhibins (inhbba, inhbb), steroidogenic acute regulatory protein (star), side chain cleavage
enzyme (cyp11a1), and aromatase (cyp19a1a). cDNA was synthesized from 5 μg of total RNA
from individual samples (n = 3 from each treatment group) using SuperscriptII reverse
transcriptase (Invitrogen) and random hexamer primers following manufacturer’s instructions.
QPCR was performed using the Stratagene Mx3000 system and the Full Velocity SYBR Green
QPCR Master Mix with the manufacturer’s instructions (Stratagene) using gene-specific
primers listed in Table 1. Agarose gel electrophoresis and melting curve analysis confirmed
that specific products of expected size were amplified. All QPCR reactions were run in
triplicate with negative (no template) controls. Relative gene expression data (fold-change)
was calculated using the comparative quantification model [29] assuming 100% efficiency,
using small nuclear ribonuclear protein D1 polypeptide (snrpd1) as the reference gene;
snrpd1 is important for mRNA processing, and expression was unaltered by TCDD exposure.
QPCR on individual samples (n = 3 from each treatment group) was also used to verify
microarray expression profiles. The gene-specific primers for these transcripts (cluster 4:
cyp1a1; cluster 2: sepp1a, lgals3l, and krt4; cluster 1: krml and vtg1; cluster 3: tfa) are also
listed also in Table 1. The seven transcripts showed altered expression by at least 2-fold
following exposure to at least one dose of TCDD, and were selected for microarray verification
based upon their functional characterization, presence of candidate regulatory motifs, and to
represent each of the clusters in gene expression (see details below and in Table 2).
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Microarray hybridization and analysis
Differential ovarian gene expression was determined using the Affymetrix Zebrafish Genome
Array, which represents approximately 14,900 transcripts. Experiments were designed to
comply with MIAME guidelines [30]. In an effort to reduce variability, target synthesis using
pooled RNA (of equal quantity and comparable quality from 5 females per treatment group)
[31–33], biotin-labeling, hybridizations, and staining were performed using standard
Affymetrix reagents and methods (http://www.affymetrix.com/index.affx). Pooled samples
were run in duplicate such that a total of eight arrays were used.

Images were extracted from TIFF files using Microarray Suite Version 5.0 (Affymetrix). Raw
data can be viewed at the National Center for Biotechnology Information Gene Expression
Omnibus website (http://www.ncbi.nlm.nih.gov/projects/geo/); series record GSE4859. Data
were transformed and normalized using GeneSpring software (Agilent Technologies) and
further analyzed using Bioconductor 1.6 [34]. Expressed data were obtained by selecting 8732
probes present in all eight chips. Differentially expressed probes were identified as those
showing at least a 2-fold change in expression in both replicates of one or more of the treatment
groups compared with control. The dysregulated transcripts were assigned to general functional
groups based upon their Gene Ontology terms, or an annotated putative H. sapiens or M.
musculus ortholog from Swiss-Prot (http://us.expasy.org/sprot/). The dysregulated transcripts
were clustered using agglomerative hierarchical clustering [35] without performing mean
centering of expression values, and using Ward’s method for merging clusters.

In-silico Transcription Factor Analysis
Possible cis-acting AHRE (GCGTG) and ERE (AGGTCAnnnTGACCT) sequences were
identified within the regulatory region of differentially expressed genes as well as candidate
genes determined by QPCR. The reference genes were 22877 RefSeq genes and Ensemble
predictions mapped to the draft zebrafish genome, and the test sequences were RefSeqs
overlapping with consensus sequences of differentially expressed Affymetrix probes. Of the
dysregulated transcripts, 140 could be mapped to Ensemble genes and were used for subsequent
analyses. The 5′ regulatory sequences of the reference and dysregulated genes were modeled
by the 5′-UTR of each RefSeq (5000 bp upstream sequences from the transcriptional start site).
Regulatory sequences were acquired from the June 2004 draft assembly of the zebrafish
genome using the University of California – Santa Cruz table browser [36] and were scanned
for possible transcription factor binding sites using TFBS [37], JASPAR [38] for AHRE
sequences at a 100% scoring threshold, and TRANSFAC Public 7.0 [39] for ERE sequences
at an 80% scoring threshold. To compare control and differentially expressed sequences, the
hypergeometric distribution in R 2.1.0 was used to describe the probability of drawing a sample
the same size as the differentially expressed sequences from the control sample with the same
or fewer transcription factor binding sites identified. A chi-squared test was used to determine
if there was a location bias of transcription factor binding sites with respect to identified
clusters. The starting position distributions of AHREs and EREs within a cluster were
compared with the corresponding distributions in the entire Ensemble known gene collection.
Distributions for a cluster significantly different (p < 0.05) from control suggested putative
regulatory patterns.

Data analysis
Statistical analysis of QPCR data was performed using Sigma-Stat 2.0 (SPSS, Inc) and
presented as means ± standard error of the mean (SEM). Data were evaluated for
homoscedasticity (Levene Median test) and one-way analysis of variance (ANOVA) was used
to detect treatment-related effects on the expression of each candidate transcript. Where
significant differences were indicated between treatment groups, and the data were
homogeneous, pair-wise multiple comparisons were conducted using the Tukey test. When
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tests for homogeneous variance failed, the Kruskal-Wallis one way ANOVA on ranks was
used, and significant differences were evaluated using the Dunn’s test. Pearson’s correlation
was used to determine whether changes in gene expression identified by microarray were
correlated with changes in expression of the seven transcripts determined by QPCR. For all
analyses, significant differences were identified at p < 0.05.

Results
Effects on the regulation of follicular development and estradiol biosynthesis

Dietary TCDD exposure suppressed the expression of all examined candidate transcripts that
are important in both receptor- and non-receptor-mediated regulation of follicular
development, as well as estradiol biosynthesis (Figure 1A). The candidate genes were down-
regulated by at least 2-fold; overall changes in expression were not dose-dependent. Locations
of putative AHREs and EREs within the regulatory region of the transcripts are illustrated in
Figure 1B.

Effects of TCDD on Global Ovarian Gene Expression
Two hundred thirty-five probe sets (representing 229 unique transcripts) were identified as
being either induced or suppressed greater than 2-fold following exposure to one or more
TCDD concentration. Overall, more transcripts were suppressed than were induced with 37%
(85/229), 7% (16/229), and 40% (92/229)of the transcripts down-regulated and 11% (25/229),
4% (9/229), and 11% (25/229) of the transcripts up-regulated in the 10, 40, and 100 ppb
treatment groups, respectively. QPCR using individual samples verified microarray results for
seven transcripts (Figure 2). The direction and fold-change values for samples from individual
animals were correlated with changes in expression determined by microarray analysis of
pooled samples for all seven genes (p<0.01), demonstrating that our approach successfully
identified changes in gene expression across treatment groups that could be validated with
individual samples.

Differentially expressed transcripts with known functions (103/229) were assigned to general
functional groups based upon the top three Gene Ontology (GO) functions and known biologic
functions, and are important for signal transduction/transcription/regulation of the cell cycle,
as well as for glucose and lipid metabolism, immune response/cellular repair, and structure
(Table 2 and Figure 3). Hierarchical clustering grouped transcripts into one of five clusters
(Figure 4A and Supplementary Table 1). On average, the 17 transcripts within the fifth cluster
show minimal changes in gene expression across treatment groups and are therefore not shown
in Figure 4 or discussed further (due to lack of statistical power). The majority of functionally
annotated transcripts within clusters one and four regulate gene transcription or are important
for signal transduction, while most functionally annotated transcripts within cluster two are
important for maintaining structure, and those within cluster three play a role in immune
function (see Figure 4A).

One hundred forty of the dysregulated transcripts were mapped to Ensemble genes, and 89%
of these (125/140 corresponding to 113 unique transcripts) were found to have putative AHREs
in the regulatory region of the gene (Figure 4B, Supplementary Tables 1 and 2), compared with
92% of the reference genes (21046/22877). Using hypergeometric distribution to calculate the
probability of finding only 125 or fewer genes out of 140 that were drawn from 22877, our
data suggest differentially expressed transcripts are not enriched for putative AHREs in (p =
0.14). Estimated probability density curves shown in Figure 5A illustrate the potential location
bias of putative AHREs for each cluster along with the location of putative AHREs for all
genes in the zebrafish genome for comparison. Upstream regions of genes within cluster 2 have
putative AHRE distributions that are significantly different (p = 2.9 × 10−12) from those of the
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control gene set, with AHREs distributed 3000 – 4000 bp and 1500 bp upstream of the
transcriptional start site (TSS). In cluster 3, AHREs tend to be further upstream (~3500 bp)
from the TSS than control (p = 2.0 × 10−7), and in cluster 4, AHREs tend to be concentrated
within 2000 bp upstream of the TSS (p = 0.01). Of the 113 unique transcripts that contain
putative AHREs, 16% were upregulated and 51% were downregulated across treatment groups;
many function as transcription factors and regulate the cell cycle (Figure 5).

Approximately 49% of the mapped dysregulated probes (68/140 corresponding to 58 unique
transcripts) were found to have putative EREs in the regulatory region of the gene (Figure 4B,
Supplementary Tables 1 and 3); 17% of these transcripts were upregulated and 55% were
downregulated across treatment groups. Forty-two percent of the reference genes (9608/22877)
contained putative EREs in the regulatory region; differentially expressed genes contained
putative EREs at a much higher rate than would be expected (p = 0.05). Estimated probability
density curves shown in Figure 5B illustrate the potential location bias of putative EREs for
each cluster. In cluster 1, EREs tend to be centered around 2000 bp from the TSS (p = 3.0 ×
10−7). In cluster 3, EREs are largely concentrated at about 1800–2000 bp upstream of the TSS
(p = 8.2 × 10−7) and in cluster 4, EREs tend to be concentrated within 2000 bp upstream (p =
0.02). Many of these transcripts function in carbohydrate and lipid metabolism, or regulation
of transcription or the cell cycle (Figure 4B).

Approximately 41% of the dysregulated probes contain both putative AHRE and ERE in the
regulatory region (Figure 4B, Supplementary Table 1); approximately 20% of these transcripts
were upregulated, while the majority of the transcripts (51%) were downregulated across
treatment groups. Approximately 40% of the reference genes (9039/22877) contain putative
AHREs and EREs in the regulatory region; the dysregulated transcripts were not significantly
enriched for both AHREs and EREs (p = 0.35). As with those with putative EREs, many of
these transcripts are important for carbohydrate and lipid metabolism or function as
transcription factors and regulate the cell cycle (Figure 4B).

Discussion
TCDD has been shown to perturb the regulation of vertebrate follicular development and
ovulation, as well as steroidogenesis in the ovary [3–6;40]. Regulation of these processes is
complex, integrating receptor-mediated hormonal signals from the pituitary with locally
produced factors to form an intimate regulatory network within and between follicles. This
poses a challenge for identifying the molecular mechanisms that regulate TCDD’s reproductive
toxicity. Furthermore, the sometimes subtle secondary and tertiary effects on gene expression
following chronic dioxin exposure can be difficult to ascertain and to correlate with observed
toxicities. This study represents one of the first attempts to characterize the effects on ovarian
gene expression following exposure of fish to chronic, sublethal concentrations of TCDD.
Using a candidate-gene approach in conjunction with a genomics approach, we have identified
several novel dioxin-responsive genes that with further study may better clarify TCDD’s
ovarian toxicity.

Effects on the regulation of follicular development and estradiol biosynthesis
All of the candidate genes selected for QPCR analysis (those important for receptor-and non-
receptor mediated regulation of follicular development and estradiol biosynthesis) show peak
expression in follicles that are in the mid-to-late stages of vitellogenesis, and should therefore
be highly expressed in whole ovary of cycling females under normal conditions [41–44].
Gonadotropins are important regulators of follicular development, and in zebrafish, have been
shown to induce the expression of several other genes important for oocyte development [41;
45]. Suppression of both gonadotropin receptors suggests that impaired follicular development
may be the result of this suppression. Similar effects on ovarian gonadotropin receptor
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expression have been shown in mammals [6;46–48] and others suggest that TCDD’s
anovulatory effects are likely mediated directly at the ovary in an AHR-dependent manner
[49;50]. Collectively, this suggests that TCDD primarily acts at the ovary to suppress
expression of gonadotropin receptors.

Exposure to TCDD also downregulates the expression of several genes important in estradiol
biosynthesis (star, cyp11a1, and cyp19a1a), and likely contributes to the previously observed
reduced serum estradiol concentrations [4]. While it has been proposed that reduced estradiol
concentrations following exposure to TCDD may result from suppression of aromatase
activity, the mechanism by which TCDD disrupts ovarian steroidogenesis is not clear. Baba et
al [51] show that exposure to DMBA, an AHR agonist, is correlated with increased estradiol
concentrations and increased aromatase expression, while others suggest that the target of
TCDD-induced suppression of estradiol is upstream of aromatase in the steroidogenic pathway
[52]. However, other in vitro and in vivo studies demonstrate that exposure to TCDD decreases
the expression and activity of aromatase, and is correlated with decreased estradiol
concentrations [53–55]. While our data support findings in mammalian systems that suggest
TCDD-induced reductions in serum estradiol may result from diminished aromatase
expression/activity, impairing estradiol biosynthesis, we cannot rule out star and cyp11a1 as
potential targets. Others have demonstrated that expression of star and cyp11a1 is suppressed
in the interregnal gland following exposure to βNF, lending support for these transcripts as
other potential targets for endocrine disruption by AHR-ligands [56].

While not as well characterized in fish, estradiol also plays a role in regulating follicle
development and ovulation via ERs in the ovary. Three forms of the ER (esr1, esr2a, esr2b)
are expressed in the zebrafish ovary, and all are capable of initiating transcription of genes
[57;58]. Here we show that all three forms of the ER are downregulated following chronic
exposure to TCDD, as has been demonstrated for mammals [59;60]. By suppressing the
expression of ERs in the ovary, follicles may be unable to respond to estrogen signaling and/
or induce the transcription of estrogen-responsive genes important for ovarian development
[61–64]. Our array data further support this hypothesis in that more than half of transcripts
with putative EREs were downregulated in the ovaries of TCDD-treated fish.

Finally, while follicular development is primarily controlled by gonadotropin hormones,
various local factors released from granulosa and theca cells as well as from oocytes, also
mediate gonadotropin signaling. Peptide growth factors such as inhibins and follistatins
potentiate the action of gonadotropins and maturation-inducing steroid in the induction of final
oocyte maturation [44]. Activin βA (Inhbaa) promotes ovary and follicle growth, whereas
activin βB (Inhbb) exerts a tonic role throughout follicle development, and becomes critical at
the late stage of oocytes maturation and/or ovulation [65]. Epidermal growth factor enhances
the rate of oocyte maturation via gonadotropin signaling, inhibits apoptosis, stimulates follicle
cell proliferation, and plays a role in controlling follicle survival and steroidogenesis [66;67].
TCDD exposure suppressed the expression of both forms of inhibin, as well as egf and its
receptor, although not significantly at all doses, suggesting that impacts further upstream (e.g.,
expression of gonadotropin receptors) may have a greater impact on follicular development.

Effects of TCDD on Global Ovarian Gene Expression
While our microarray experimental design does not allow us to make direct conclusions about
the mechanisms that underlie TCDD’s ovarian toxicity, we are still able to offer valuable
insights into additional cellular pathways and signal cascades that are altered by chronic
exposure to TCDD. TCDD disrupts several integrated cellular pathways (including structure,
glucose and lipid metabolism, immune response, and regulation of transcription) reaffirming
the complexity of TCDD toxicity and identifying several new avenues for further study. For
example, chronic exposure to 10 ppb TCDD shows a trend for greater alterations in the
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expression of genes important for transcription/signal transduction (cluster 1) and immune
response genes (cluster 3) compared to chronic exposure to 40 and 100 ppb TCDD. Exposure
to 10 ppb TCDD for 15 days resulted in reduced estradiol concentrations in zebrafish, but
follicular development, overall egg production and spawn success were not altered; follicular
development, egg production and spawn success was reduced following exposure to 40 and
100 ppb TCDD for 15 days [4]. Therefore, the roles that such cellular pathways play in the
modulation by TCDD of follicular development and reproductive success by TCDD warrants
further study.

Following chronic exposure to TCDD, we show that transcripts such as keratins (krt 4, 8, and
18), collagens (col1a2, col5a2l), lectins (lgals3l and lgals1l2), and actins (acta2) necessary for
maintaining structural integrity were suppressed. We verified the expression profiles for two
of these transcripts (krt 4 and lgals3l); expression profiles for similar transcripts (cluster 2)
suggest a trend for a dose-dependent suppression of structure-related transcripts. TCDD has
also been shown to impact the expression of genes important for maintaining and metabolizing
the extracellular matrix in the regenerating fin of zebrafish [68] and in the liver of medaka
[69]. Since TCDD exposure is associated with wasting-syndrome, decreased ovarian somatic
index, and inhibited regenerative growth of the fin and liver, the impacts of TCDD on the
expression of structural proteins warrants further consideration as an integral component of
the sublethal toxic response to TCDD.

Many of the ovarian transcripts disrupted by TCDD are important for regulation of the cell
cycle and signal transduction. Genes such as cyp1a1 (cluster 4) show a trend for a dose-
dependent increase in their suppression, while others such as the large Maf protein krml2.2
(cluster 1) are downregulated following chronic exposure to 10 ppb TCDD but not 40 or 100
ppb TCDD. Most of the genes within cluster 4 (15/17) have putative AHREs, and cyp1a1 is
known to be induced by exposure to TCDD in an AHRE-mediated manner; therefore,
investigation into whether the expression of such transcripts is induced by TCDD in an AHRE-
mediated manner warrants further study. Large Maf proteins such as krml2.2 are important for
regulation of cell differentiation. While the function of large Maf proteins in fish ovarian
development is not known, krml2.2 plays a role in the differentiation of cell lineages in
developing embryos [70], and large Maf proteins have been shown to be key regulators of
gonad morphogenesis in Drosophila [71]. Expression of another gene, tfa (cluster 3) is also
increased following chronic exposure to 10 ppb TCDD. In mammals, transferrins have an
inhibitory effect on FSH-induced differentiation of granulosa cells [72;73]. Alterations in such
transcripts may account for observed alterations in follicular development, and warrant further
investigation. Similar impacts on the expression of transcripts important for signal transduction
and regulation of cellular differentiation have been noted by others to occur in embryonic heart
and regenerating tail of zebrafish [68;74;75] as well as liver, brain, and testis of medaka [76].
While the specific transcriptional profiles within these different tissue types following exposure
to TCDD reflect tissue-specific targets of TCDD, overall impacts on the regulation of important
signaling molecules and transcription factors likely constitute a common denominator in
TCDD’s toxicity.

Our work also identifies several novel pathways by which chronic exposure to TCDD may
alter ovarian development. For example, both glucose and lipid metabolism may be altered in
the ovary as a result of TCDD exposure. Since glucose and lipids play active roles in oogenesis
and egg quality in fish [77], perhaps TCDD-induced disruption of these pathways contributes
to the observed impacts on ovarian development [4] as well as offspring survival [28]; this
hypothesis warrants further consideration. Several genes important for immune response also
appear altered by TCDD exposure. Alterations in the expression of transcripts involved in
immune function could induce an inflammatory response, negatively impacting
steroidogenesis and follicular development [78], or perhaps interfere with normal ovarian
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development by restricting the removal of apoptotic cells or cellular debris [79]. Such
transcriptional changes could also reflect responses from immune cells as the result of tissue
repair, as suggested by Volz et al. [69]. Additional studies are necessary to elucidate the impacts
of altered immune response on ovarian development in fishes.

Insights into the mechanisms of TCDD-induced ovarian toxicity
In-silico analysis of the regulatory region of dysregulated transcripts have enabled us to further
support hypotheses regarding the mechanisms by which chronic exposure to TCDD induces
ovarian toxicity and to identify new avenues for continued research into TCDD’s sublethal
toxic response in the ovary. The AHR-pathway remains active in zebrafish ovary following
chronic exposure to TCDD, evidenced by increased cyp1a1 expression compared with control.
While AHR-mediated changes in gene expression likely contribute to TCDD-induced ovarian
toxicity, dysregulated transcripts identified by microarray do not appear to be enriched for
AHREs compared with reference genes. While we cannot be sure which of these AHREs are
functional, others have reported similar findings in that not all TCDD-induced changes in gene
expression could be correlated with the presence of AHREs either by promoter analysis or
determination of AHR-dependence [69;80;81]. Collectively, these studies suggest that TCDD-
induced histopathologic alterations likely involve changes in the expression of genes
downstream from initial AHRE-activated transcription in addition to direct AHRE-mediated
changes in gene expression (e.g., by altering the expression of transcription factors and
signaling proteins via the AHRE, leading to an alteration in the expression of their target genes
in a tissue-specific manner).

Our data also suggest that impacts on the expression of estradiol-regulated genes may also be
important for TCDD-induced ovarian toxicity. Several propose that interactions between AHR
and ER pathways are inhibitory, and that AHR-ligands could suppress expression of genes via
the AHRE [19;82;83]. While dysregulated transcripts identified by microarray are enriched
for putative EREs, presence of both AHRE and ERE was not different than for reference genes;
therefore no conclusions regarding potential interaction/interference between the two signaling
pathways can be drawn from these data. Others suggest that when estrogen is present, AHR
ligands can attenuate estrogen signaling at an ERE site, and that while the AHR is involved,
the mechanism of action is independent from AHRE-mediated signaling [20;84;85]. Our
findings here lend support to this hypothesis. Putative EREs were identified in the promoter
regions of lhr, fshr, and cyp19a1a, of which only cyp19a1a has been demonstrated to be
estrogen responsive in zebrafish [84]. Further, dysregulated transcripts identified by
microarray appear to be enriched for EREs compared with reference genes. Collectively these
studies suggest that the antiestrogenic actions of TCDD at the ovary entail multiple and perhaps
gene/promoter-specific molecular mechanisms involving ER/AHR cross-talk, and warrant
further study.

Conclusions
Environmental compounds that disrupt hormone signaling can exert a profound effect on
reproduction. Our data suggest that TCDD inhibits expression of key genes that regulate
follicular development and estradiol biosynthesis, and provide further evidence for a
mechanistic link for impairment of reproduction in fish exposed to TCDD. Suppression of all
of the candidate genes in this study following chronic exposure to TCDD is consistent with
previously described reductions in serum 17β estradiol concentrations and attenuated follicular
development [4], and suggests that TCDD inhibits the transition of pre-vitellogenic follicles
to vitellogenic follicles via attenuated gonadotropin responsiveness and/or reduced estradiol
biosynthesis. Overall lack of a dose response suggests that the ovary is highly sensitive to
TCDD, and that accumulations of less than 1 ng TCDD/g female are sufficient to reduce
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reproductive capacity of female zebrafish. Furthermore, TCDD appears to impact several
integrated cellular pathways, illustrating the complex and profound effects it has on the
reproductive system. Our data also suggest that ovarian toxicities following chronic exposure
to TCDD result from downstream effects of AHR-mediated signal transduction pathways, or
from feedback reactions to cellular changes induced by TCDD. Further examination of the
relationships among altered structural integrity, glucose and lipid metabolism, immune
response, and regulation of transcription in response to ovarian toxicity will better clarify the
mechanisms by which TCDD exerts its reproductive toxicity, particularly its low-dose, long-
term effects.
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Figure 1.
A. Fold changes in expression of several genes important for follicular development
determined by QPCR; normalized to snrpd1. *Denotes significant changes in expression
compared with control (p < 0.05); dose-dependent changes were not observed. B. Location of
putative AHREs (filled ovals, this study; lined ovals [86]; putative EREs (empty rectangles),
and putative ½-EREs (lined rectangles [86] within upstream regulatory regions. Arrow
represents the transcriptional start site.
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Figure 2.
Validation of microarray results. Bars represent mean relative fold changes in gene expression
determined by QPCR; normalized to snrpd1. Letters or * denote significant differences for that
gene compared with control. Black and white lines represent fold-changes in expression
determined by array analysis. (Pearson’s correlation, p < 0.01).
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Figure 3.
Proportion of dysregulated ovarian transcripts within each general functional group. The
number in parentheses represents the number of transcripts out of 229 within each functional
group.
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Figure 4.
A. Gene expression (expressed as the log ratio compared with control) patterns of four
hierarchical gene clusters including the primary functional group represented within each
cluster. B. Proportion of dysregulated ovarian transcripts within each general functional group
that contain putative AHREs, ERES, both or neither.
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Figure 5.
Probability density curves illustrate the potential location bias of putative AHREs (A) and
EREs (B) with respect to the translational start site for the transcripts within each hierarchical
cluster compared with reference. Note: Probability density curves represent the probability
distribution in terms of integrals, illustrated as a line depicting the relative frequency that each
response element is represented at that location.
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Table 1
Primer sequences used for QPCR. Gene names are listed in the text and Supplementary Tables.

Gene symbol Sense Primer Antisense Primer

cyp1a1 ACTGGTGCGACTGGTTAATATGAG GTCTTCGCATGTGTTGATAAGAG

cyp11a1 CAGGTTTTCACTGGAATCGG CTGGTTAAAGATGCCATCCC

cyp19a1a ACTTCCAGAAAAATGTTCCGAGTC TCTGAGGATAAGCTGCACGC

egf GCATCCAGAGAATGAACCTCGACGG TGATTTGTCCTGTTTGTGTGTCCGC

egfr CTTACAAAGCCTGGAACGAAGAGCC CCTGACACACTTTCTTTTCCGGCG

esr1 TCCACATCCACACAGTAGGC CTTTCTTGATCAGGGTGGGG

esr2a AAGCTGCTGTGTCTGCTGGACTCGG TCATGCAGTGCAGGTGGTCCATGCC

esr2b GGTGAAGTGTGTCATTTCTGTGCCG GTGTGATTTTTGGGGCTGGGC

fshr AGCCGATTTGGATGCTTTAAAAGGC TCAGACAGATGTCAGTGCACTTGGG

inhbaa GCACATTCAGAAGCCGACTGCC TAAAGTCCGTCTGCCTGTGCGC

inhbb CGAATTCGGTGGACAGACAAACGG TCCGTTCATTATTAGGCTCGCGG

krml2.2 TATAAACTCAAGTGCGAAAGGC ACCAGCAAACAATCTTATGC

krt4 CAAAACCAGTGTCACCACCG CATCTCCTCATTAACAGGGG

lgals3l GCTGTACAAGTGCATGTAAAGGG CGTCTTTTATGCATGAAGCG

lhr CAAAAAGGACGAGTCGCTGAAACGC GCAGAAGAAAAACAAGAAGCAGGGC

seppa1 AAATCTGACTTTAACTGGTCCAGTG ATGTTACATGACCTTTGCCC

snrpd1 CGTCACGATTGAGTGAAGAATGGC TGAGATCTTCATCTCCTCGGCCC

star ACCCACCTGTATTGTCATGCG AATGGCTGCGTCTATACCCC

tfa ATTAAGCACACTGTGGTCGG AGCATGAACTGGCACTTGGG

vtg1 GAGATTGAACTGACTGCAGCC ATTCCACATGAACATAGGCC
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