
module contained more than a single differentially expressed gene
of day 1. In other words, the genes initially modulated by dioxin
were relatively isolated, and as a result the network was minimally
perturbed on day 1, but much more perturbed on later days. This
observation supports the hypothesis that dioxin initially affects a
small number of genes, and that this signal is then further
propagated on a longer time scale – days rather than hours.

Discussion

In this work, we generated and analyzed microarray data
related to dioxin embryonic toxicity using a new interactome and
novel analysis tools. This enabled us to review the progression of
dioxin-induced changes in gene expression and the network
structure itself in the zebrafish at the most dioxin-vulnerable stage
of its development. The efficiency of our analysis of dioxin-altered
global gene expression was enhanced by the interactome
approach, as the network-based analysis tools were superior to
their single-gene analogs in terms of both statistical power and
biological interpretability. A variety of interesting biological
hypotheses result from our analysis.

Despite the marked induction of the transcript for the classic
dioxin biomarkercyp1a, the earliest response to dioxin at a network
level was not strongest in the neighborhood ofcyp1a. Rather, on
day 1, the most changed neighborhoods were those associated with
lysosomal proteolysis, DNA metabolism, transcription, cell cycle
progression, glycolysis, and embryonic morphogenesis.

In general, the genes that were significantly changed on day one
were scattered throughout the interactome and did not comprise a
single network neighborhood. However, our novel analytic
approach demonstrated that the small focal responses observed
on day 1, including stress-responsive and xenobiotic-responsive
(e.g.,cyp1a-associated) biological processes, were linked under the
requirement of statistical significance to larger neighborhood
responses at later days. These linkages were also extensive: the
genes that were dioxin-regulated on day 1 were linked (FunCoup)
to . 45% of all of the genes that were dioxin-regulated at later
days. This result suggests a time-dependent propagation of the
dioxin-regulated transcriptomic signal: we hypothesize that the
changes in gene expression that occurred on day 1 cause some of
the gene expression changes that occur on later days, which
underlie the teratogenic effect of dioxin. Since dioxin is
recalcitrant to metabolism, the temporal progression of modula-
tion of linked genes may relate as well in part to sustained dioxin
exposure (cyp1ainduction was maintained at a high level even at
day 5). Many of these genes that are regulated by dioxin appear to
be related to developmental pathways known to be perturbed by
dioxin (e.g.,chx10, dnaja2l, cyp11a1, ppih). A full discussion relating
these genes to the molecular mechanisms of dioxin activity is not
warranted without additional experiments. However,cyp1a
particularly merits a discussion: its central role is surprising when
compared to previous results.

While a 2003 study suggested that knock down ofcyp1a
expression inD. rerioreduced the developmental effects of dioxin
exposure [43], other studies indicate thatcyp1aexpression is not
required for the teratogenicity of dioxin inD. rerio[23], and that
cyp1aexpression and/or activity may even be protective inD. rerio
and other fish species when exposed to other AHR agonists
[44,45,46,47]. Mammalian CYP1A1 and CYP1A2 generally
appear to be either protective or irrelevant to dioxin teratogenicity
[48]. However,Cyp1a1(2 / 2 ) mice were protected against high-
dose acute dioxin-mediated toxicity, including uroporphyria [49].
Our findings suggest that some important aspects of dioxin-
mediated developmental toxicity may be influenced by CYP1A

induction, even if outright induction of deformities during
development is not.

Multiple cytochrome P450s, including CYP1A but also CYP2,
CYP3, and CYP4 family enzymes, participate in a number of
pathways that produce and process bioactive molecules derived
from fatty acids, e.g. eicosanoids. Many of these molecules have
signaling roles both in endogenous processes and in response to
xenobiotic exposure, and there is growing evidence that
perturbation of these pathways is important in the toxicity of
AHR ligands [50,51,52]. Furthermore, many processes regulated
by eicosanoids were altered in our data. Therefore, we carried out
a directed investigation of whether the pathways ‘‘Arachidonic
acid metabolism,’’ ‘‘Steroid biosynthesis,’’ ‘‘C21-Steroid hormone
metabolism,’’ and ‘‘Retinol metabolism’’ (as annotated in theD.
rerioversion of KEGG pathway database) were altered in our
microarray data. Our network included many members of these
pathways, but did not show any significant dioxin-related
dynamics, either independently or in relation to CYP1A. On the
contrary, we observed multiple ‘‘dioxin-resistant’’ links in these
pathways. Of course, it is possible that this lack of an effect is a
reflection of incomplete understanding of all of the relevant
proteins and interactions. There are hundreds of eicosanoids, and
their metabolism is far from fully elucidated. Therefore, key P450s
(and other genes) may not be incorporated into our interactome,
or evidence may be lacking for their respective interactions. Some
were also not included on the arrays, such as the important AHR-
responsive genecyp1b1.

While heart deformities have been a major focus of research
into developmental dioxin toxicity in fish and birds, other effects
are highlighted by our results. Genes associated with embryonic
morphogenesis were altered throughout. The number of affected
genes, as well as respective processes and tissues, increased in the
course of the experiment. The transcriptional dysregulation of
genes involved in heart and muscle development is consistent with
previous data suggesting that some of the heart teratogenesis may
be expression-driven [24,25]. Interestingly, genes involved in
neuronal maturation were also altered, suggesting neuronal
alterations in dioxin-exposed zebrafish. Such an effect has been
reported in a variety of species including humans [53,54,55], but
only rarely in fish [56]. Eye/retina development was affected as
well, beginning with the homeobox genevsx2and expanding to
additional genes. While eye deformations other than slower eye
pigmentation and development have not been a highlight of fish
studies, they have been noted in other model animals
[53,57,58,59,60,61]. Thus, our results suggest that dioxin-
mediated alteration of these processes is conserved in zebrafish,
and can therefore be efficiently studied in this powerful model
organism.

Perhaps the most striking trend in the network meta-flow
between GO categories was the central position of calcium ion
transport. This supports previous observations of a role for altered
calcium homeostasis in mediating dioxin toxicity at very early
time-points [62,63]. While we did not examine such time-points,
our results support a critical role of calcium ion homeostasis in
propagating the teratogenicity of dioxin over longer time-courses.
Indeed, dioxin has been shown to affect other calcium-related
proteins and signaling pathways [64,65].

We identified a strong alteration in regulation of genes related to
iron homeostasis, including multiple cytochrome P450s, heme
biogenesis and metabolism proteins, and others. Thus dioxin’s
toxic effects may relate to dysregulation of iron metabolism in fish.
This idea is supported by the findings of AHR-dependent heme
synthesis dysregulation in adult mice [66], and of porphyria in
dioxin-exposed mammals and birds, including humans
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[49,53,67,68]. Additionally, Belairet al.[69] found that in Danio
rerioearly embryonic exposure to dioxin interfered with the switch
from embryonic to adult erythropoiesis and caused anemia, and
Hahn and Chandran [70] showed that heme metabolism could be
affected by dioxin in a fish cell line.

Multiple dioxin-altered mitochondria-related biological processes
included calcium and iron/heme metabolism, apoptosis, mitochon-
drial transport, and glycolysis. A significant body of work describes
dioxin-induced mitochondrial toxicity [71,72,73,74]. However,
while much of the previous work focused on induction of
mitochondrial oxidative stress by dioxin, we did not find a strong
transcriptional signal indicative of such a stress, despite the
deliberate inclusion of a manually-assembled antioxidant response
element network into the interactome analysis. This is also
surprising since previous studies have shown that dioxin and
related planar halogenated aromatic compounds can cause
oxidative stress in various tissues or subcellular fractions, in
particular microsomes [72,75,76,77,78,79]. It is possible that such
generation of oxidative stress is restricted in terms of relevant cell
types, and thus the transcriptomic signal was too dilute in our
whole-organism extraction to be detected. There may also be
species-specific differences in terms of antioxidant defenses [80],
although the studies cited above include both mammals and fishes.
Another possible limitation is technical—the array we used does not
include probes for any mitochondrial DNA-encoded genes, so any
alterations in their levels will have gone undetected.

We identified several dioxin-altered biological processes that
have been reported by other researchers, although not all of them
had been placed in the embryonic context. In addition to
xenobiotic metabolism genes [81,82,83] and cell-cycle genes
[25,27,65,84], we found down-regulation of genes involved in fin
regeneration, recently identified as an important target of dioxin
exposure [85,86], as well as regulation of extracellular matrix
genes, also a known dioxin target [86,87]. The observed changes
in immune system and steroid metabolism are consistent with
dioxin’s immunotoxic [2,88] and endocrine-disruptive [20,89]
activities. Thus, while our experimental approach was based on
whole embryo RNA, we were able to identify several altered
biological processes that would appear to be tissue-specific.
Nonetheless, it is likely that some tissue-specific transcriptional
changes were diluted beyond recognition in our whole-embryo
RNA extracts.

Interestingly, generalized stress-responsive transcriptional
changes were not strongly evident until late in the time-course
(although categories associated with xenobiotic responses were
altered early, largely due tocyp1a). Indeed, our results suggest the
hypothesis that dioxin-induced teratogenicity is less dependent on
outright toxic effects such as the generation of oxidative stress,
than on altered gene regulation. As detailed above, the prime
candidates for driving teratogenesis are genes involved in
embryonic morphogenesis processes, calcium and iron metabo-
lism, and mitochondrial function.

Many proteins interact conditionally rather than at all times and
in all contexts; e.g., AHR dimerization with ARNT only occurs
after ligand binding. Furthermore, such interactions may represent
either adaptive or toxic responses to a stressor. We identified
differentially expressed links – interactions that appeared or
disappeared upon dioxin exposure – and network clusters shaped
by such interactions. Differentially expressed links were much less
common than differentially expressed genes. This feature made
the effects easier to localize and interpret, despite the greater
complexity of networks as compared to gene sets. Most of the
clusters were compact and relatively disjointed, which was
expected since most of the transcriptome functioned normally

even by the end of the experiment. We propose that ‘‘frontier’’
genes linked to both dioxin-enabled and dioxin-sensitive modules
may be of particular importance in understanding dioxin’s
molecular effects. In future experiments, such segments may serve
as ‘‘watch points’’ that would help distinguish adaptive from toxic
responses.

In conclusion, we present the first published fish interactome,
novel tools for interactome-based microarray data analysis, and
intriguing microarray data that together suggest novel hypotheses
regarding the mechanism of dioxin’s toxicity. Future experiments
will be required to verify the zebrafish-specific interactions that our
interactome predicts, explore the relevance to other eukaryotic
species as well as robustness and scalability of our bioinformatic
tools, and test the biological hypotheses that our microarray data
suggest, via morpholino or other techniques.

Materials and Methods

Dioxin exposures
AB* zebrafish embryos were exposed from 4 to 5 hpf to 1 ng/

ml TCDD, a dose previously shown to induce deformities [37].
This dose would eventually cause mortality, but not until after the
final sampling point (Henry et al., 1997). No dioxin-induced
mortality was observed during the experiment. Dosing was done
between 2 and 3 PM. Exposures were carried out at 28.5uC in a
shaking incubator to maintain oxygen distribution. The carrier
and control was 10ml of DMSO per 10 mL 30% danieau in glass
scintillation vials with Teflon-lined lids. TCDD was obtained from
Cambridge Isotope (cat# ED-901-B, Solution Lot 35124-51,
analyzed concentration 51.36mg/ml). Initially, embryos were
dosed in 3 vials with, 80 embryos per vial. After 1 h, the dosing
solution was removed and embryos in each vial were rinsed 3
times, transferred to a single clean vial (containing all, 240
embryos) and rinsed 3 times more, and finally randomly
distributed into into 12 clean vials in groups of approximately
15–20 embryos per vial with 5 mL danieau. Water was changed
daily. 3 vials per treatment group were harvested daily on days 1 &
2; 2 vials per treatment were harvested on days 3, 4 and 5. The
entire experiment was repeated 4 times independently (n= 4),
approximately one week apart in time, except for day 2 under
TCDD treatment where one sample degraded (n= 3) (Fig. 2A).
The experimental protocol was approved by the Duke University
Institutional Animal Care & Use Committee (IACUC).

RNA extraction and microarray analysis
RNA from TCDD- and vehicle control-treated zebrafish was

extracted daily between 10 and 11 AM for each time point. RNA
extraction was carried out using Qiagen’s RNEasy kit (Qiagen,
Valencia, CA, USA), and analyzed for integrity with a
BioAnalyzer (Agilent Technologies, Santa Clara, CA, USA). A
universal reference design was used for this study, such that all
control and TCDD samples were compared to pooled RNA
extracted from a zebrafish embryonic fibroblast cell line. RNA was
extracted as described above from Zf4 cells derived from 1-day old
zebrafish embryos [90] grown in 25cm culture plates. Aliquots of
the isolated RNA were stored in either liquid nitrogen or a2 80C
freezer until they were used for microarray experiments.

Microarray hybridizations were performed on the 22K Agilent
platform. 1mg of total RNA from each sample was amplified and
labeled with a fluorescent dye (either Cy3 or Cy5) using the Low
RNA Input Linear Amplification Labeling kit (Agilent Technol-
ogies, Palo Alto, CA) following the manufacturer’s protocol. The
amount and quality of the fluorescently labeled cRNA was
assessed using a NanoDrop ND-1000 spectrophotometer and an
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