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Abstract

Background: Aquatic organisms are continuously exposed to complex mixtures of chemicals,
many of which can interfere with their endocrine system, resulting in impaired reproduction,
development or survival, among others. In order to analyze the effects and mechanisms of action
of estrogen/anti-estrogen mixtures, we exposed male fathead minnows (Pimephales promelas) for
48 hours via the water to 2, 5, 10, and 50 ng | 70-ethinylestradiol (EE,)/L, 100 ng ZM 189,154/L (a
potent antiestrogen known to block activity of estrogen receptors) or mixtures of 5 or 50 ng EE,/
L with 100 ng ZM 189,154/L. We analyzed gene expression changes in the gonad, as well as
hormone and vitellogenin plasma levels.

Results: Steroidogenesis was down-regulated by EE, as reflected by the reduced plasma levels of
testosterone in the exposed fish and down-regulation of genes in the steroidogenic pathway.
Microarray analysis of testis of fathead minnows treated with 5 ng EE,/L or with the mixture of 5
ng EE,/L and 100 ng ZM 189,154/L indicated that some of the genes whose expression was changed
by EE, were blocked by ZM 189,154, while others were either not blocked or enhanced by the
mixture, generating two distinct expression patterns. Gene ontology and pathway analysis
programs were used to determine categories of genes for each expression pattern.

Conclusion: Our results suggest that response to estrogens occurs via multiple mechanisms,
including canonical binding to soluble estrogen receptors, membrane estrogen receptors, and
other mechanisms that are not blocked by pure antiestrogens.
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Background

Worldwide, aquatic organisms are exposed to mixtures of
chemicals (e.g., pharmaceuticals, pesticides, and indus-
trial chemicals), which enter the environment through
wastewaters as well as other sources. Many of these chem-
icals are capable of interfering with endocrine signaling
via a complex array of biomolecules (e.g., hormones) to
regulate processes such as reproduction and metabolism.
These endocrine disrupting chemicals (EDCs) alter signal-
ing through a variety of mechanisms including binding to
soluble sex hormone receptors or membrane receptors
and acting as agonists or antagonists, or by inhibiting/
inducing enzymes and proteins, which produce naturally
occurring steroid hormones. Compared to other chemical
pollutants, EDCs are likely to have effects at relatively low
concentrations [1].

Of the EDCs, xenoestrogens have been the most studied
because estrogenic effects have been observed in field
studies of fish and wildlife populations [2-4]. In ovipa-
rous animals such as fish, a sensitive and robust biomar-
ker (i.e. vitellogenin, VTG) exists for evaluating exposure
to xenoestrogens. Early studies of sewage treatment efflu-
ents attributed the feminization of fish to exposure to
mixtures of natural (e.g., estrone and 17f-estradiol, E,)
and synthetic (e.g., 17a-ethinylestradiol, EE,) estrogens
[1,5]. One of the most potent estrogens known is EE,, a
pharmaceutical that is one of the active ingredients in con-
traceptives. Indeed, EE, has been shown to be up to 27
times more potent than E, [6]. In the United States, EE,
use is estimated at 170 kg/yr [7]; and in the United King-
dom, its use is roughly 26 kg/yr [8]. Measured EE, surface
water concentrations in the United States, United King-
dom, The Netherlands, and Germany range from 0.5 to 15
ng/L [7], and it has been frequently measured in United
States streams [9].

In laboratory studies, exposures of fish to environmen-
tally relevant EE, concentrations cause a variety of effects
that include testis-ova (the appearance of both sperm and
egg follicles in the testis), increased plasma VIG concen-
trations, reduced gonad size, and altered sex ratios. Stud-
ies have used exposure durations of various lengths,
including short (<7 days of exposure), intermediate (7 to
28 days exposure), and long (> 28 days) term. In female
fish, environmentally relevant EE, exposures can increase
plasma VTG concentrations [10-12] and decrease egg pro-
duction [13] in long-term studies, but seem to have little
or no effect on fecundity for intermediate length expo-
sures [10,12]. In some studies, long-term exposure to EE,
completely inhibits spawning in fish [11,14].

Long-term EE, exposure of embryos has been shown to
disrupt sexual differentiation of male fish. Fathead min-
now (FHM, Pimephales promelas) embryos continuously
exposed to EE, concentrations as low as 4 ng/L did not
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clearly sexually differentiate at 176 days post-fertilization
[12]. Similarly, continuous exposure of zebrafish (Danio
rerio) embryos to EE, concentrations as low as 3 ng/L
resulted in all fish having ovaries [11]. EE, also reduced
gonad size and circulating testosterone (T) levels [15],
increased VIG [11,12,16], and arrested the developmen-
tal transition of the gonads of genetically male zebrafish
[11]. The steroid also can cause hepatotoxicity, nephro-
toxicity and gonadotoxicity [17]. Overall, studies to date
suggest that exposure to EE, elicits adverse effects on fish
reproduction primarily through the feminization of male
fish, and in females through cessation of spawning. These
findings have alerted scientists and environmental regula-
tors to the potential for severe adverse effects on aquatic
populations [18], and, potentially, aquatic ecosystems
[19]. The current research was conducted to provide a bet-
ter understanding of the mechanistic basis for effects of
estrogenic chemicals in fish.

Effects on gene expression have been investigated with
short- and intermediate-term exposures to EE, [20-22] in
order to discover gene expression profiles indicative of
potential adverse effects. In addition to affecting gene
expression through soluble nuclear hormone receptors, it
is now clear that sex hormones can also bind directly to
membrane receptors and enact immediate changes in sig-
naling via non-genomic pathways [23,24]. Specific sex
hormone receptors in membranes have been identified in
fish testis and ovaries for E, [25,26], T [27] and progestins
[28]. It is difficult to distinguish gene transcription regula-
tion through classical receptor-dependent mechanisms,
where estrogen receptor homo- and heterodimers bind to
estrogen receptor elements in promoters, from action due
to binding of estrogen receptors (ERs) to other transcrip-
tion factors that activate through Sp1 (stimulatory protein
1) or AP-1 (activating protein 1) binding sites or that acti-
vate signaling cascades that start at the membrane.
7ZM189,154 (ZM) was produced by Astra-Zeneca (Alderly
Park, Cheshire, UK) and there are reports that it functions
as a "pure" antiestrogen in mammals [29] and in fish
[30,31], meaning that it will bind to and inhibit activation
of the ERs in all tissues. But even pure antiestrogens
appear to fail in this regard with some genes that are reg-
ulated by E, [32,33]. ICI 182,780, the most studied pure
antiestrogen, can bind to membrane receptors of GnRH-
producing GT1-7 cells and displace binding of E, coupled
to bovine serum albumin [34], suggesting that its binding
to membrane receptors is inhibited, but it is not clear if
this influences all E, membrane activity [32]. The Atlantic
croaker G protein-coupled receptor 30 has been shown to
function as a membrane-bound estrogen receptor and its
function is agonized by ICI 182,780 [35]. Other E, acti-
vated pathways may not be inhibited by ICI 182,780, as
has been shown for E,-stimulated gene regulation
through an SP1 site [33]. ZM interactions with membrane
receptors have not been studied.
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Unlike mammalian species, as many as three to four dif-
ferent ERs have been identified in teleost fish [31,36-38]
making evaluation of gene regulation by different ER iso-
types even more challenging to understand than in mam-
malian systems. Using in vitro transfection experiments for
largemouth bass (Micropterus salmoides) ERs, we have
determined that ZM is equally effective at antagonizing
the three soluble receptors [31].

A few studies have investigated the effects of estrogenic
mixtures on fish [20,39,40] and the binary mixture of E,
with tamoxifen and letrizole, two antiestrogens [41].
However, no studies in fish have investigated the effects of
a mixture of EE2 with the potent anti-estrogen, ZM. In this
study, the objective was to determine changes in steroido-
genesis and in gene expression profiles associated with
different exposures by exposing adult male FHM to aque-
ous doses of EE,, (2, 5, 10 and 50 ng/L); to the pure anti-
estrogen, ZM (100 ng/L); and to mixtures of EE, and ZM.
The hypothesis we tested was that ZM in the mixture
would block the action of EE, on soluble ERs in the FHM
gonad and effectively block gene expression changes
observed with EE, alone.

Results

Water Chemistry

Two distinct experiments were performed. In Exp 1, FHM
were treated with three concentrations of EE, (2, 10 and
50 ng EE,/L), 100 ng ZM/L or a mixture of 50 ng EE, with
100 ng ZM/L. In Exp 2, FHM were treated with vehicle, 5
ng EE,/L or with a mixture of 5 ng EE, with 100 ng ZM/L.
Water concentrations of EE, alone and in the mixture were
close to target values but decreased after 24 h when they
were again renewed to target concentrations (Table 1).
Actual concentrations of ZM were not measured.

Biological responses

There were no mortalities in any of the treatments.
Changes in plasma T and VIG were assessed only for a
subset of the exposures for Exp 1 (10 and 50 ng EE,/L, 100
ng ZM/L and the mixture of 50 ng EE,/L and 100 ng ZM/
L) and only plasma VIG was assessed for exposures for
Exp 2. Within 48 h, plasma T levels in males were dramat-
ically reduced in all treatments that were measured for Exp
1 (Figure 1A). In the same time frame there was a signifi-
cant increase in plasma VTG for the two EE, concentra-
tions tested, and for the mixture of 50 ng EE,/L and 100
ng ZM/L (Figure 1B). Exposure to 100 ng ZM/L alone did
not induce VTG. In the second experiment plasma VIG
was significantly up-regulated for the 5 ng EE,/L and for
the mixture of 5 ng EE, with 100 ng ZM/L (Figure 1C).

Microarray Results

As described in the Methods section, two microarray
experiments were performed, one using testis from FHM
exposed to 50 ng EE,/L, 100 ng ZM/L and a combination
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Table I: Chemical analysis of water exposures.

EE2 Conc, nglLe

Spike SEb 24 h Post spikec  SE
Experiment |
TEGH BDLe BDL
EE2-2 I.16 0.12 0.23 0.03
EE2-10 9.02 059 0.13 0.05
EE2-50 5792 0.6l 6.84 1.43
Mixture EE2-50/ZM-100 60.36 1.82 24.3 2.07
Experiment 2
TEG BDL BDL
EE2-5 298 0.17 2.78 0.41
Mixture EE2-5/ZM-100 3.50 030 0.73 0.1

a, Detection limit for the ELISA in 50 ng/L

b, SE, Standard error

¢, Concentration of EE2 in tank at the end of 24 h and before
exposure solutions were replaced

d, TEG, triethylene glycol; EE2, |70-ethinylestradiol; ZM, ZM 189,154
e, BDL, below detection limit

of both and another using testis from FHM exposed to 5
ng EE,/L or to a combination of 5 ng EE, with 100 ng ZM/
L. The rest of the samples from other EE, doses were
reserved for the quantitative real time PCR (Q-PCR)
experiments described below. Samples from the first
experiment were analyzed using a 2,000 gene oligonucle-
otide microarray, and the results are shown in the two
sided hierarchical cluster in Figure 2A. The heat map rep-
resents genes differentially expressed (p < 0.01) between
testis of vehicle control and treated fish. We analyzed four
biological samples for each of the exposures; each column
in Figure 2A represents one of the samples. As expected,
control fish clustered together, whereas fish treated with
EE, alone or with a combination of EE, and ZM formed a
different cluster. Exposure to ZM alone showed the least
difference compared to solvent controls; however, even in
this comparison there were some differences, suggesting
that ZM can influence up- and down-regulation of gene
expression in males. There were minor differences
between the non-solvent and solvent controls (data not
shown).

Exposure to 50 ng EE,/L caused many differences in gene
expression. The mixture of 100 ng ZM/L and 50 ng EE,/L
reversed the change for several genes affected by EE,
alone, but at this 2:1 ratio the antiestrogen concentration
seemed insufficient to totally block the effects of EE,.

Based on these initial results, we conducted a second
study, this time using 5 ng EE,/L and a mixture of 100 ng
ZM/L with 5 ng EE,/L (a ratio of 20:1; Figure 2B). For this
analysis, we used a newer 22,000 gene array that had sub-
sequently become available. Exposure to 5 ng EE,/L
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Phenotypic anchoring measurements for male fathead minnows. (A and B) Experiment |. (A) Plasma T concentra-

tions (ng/mL), (B) Plasma vitellogenin concentrations (ug/mL) in the same fish samples. (Cntrl) triethylene glycol control, (EE,-
10) 10 ng EE,/L, (EE,-50) 50 ng EE,/L, (ZM-100) 100 ng ZM/L, (Mix 1:2) 50 ng EE,/L and 100 ng ZM/L. (C) Experiment 2. Plasma
VTG concentrations (ug/mL). (EE,-5) 5 ng EE,/L; (Mix 1:20) 5 ng EE,/L and 100 ng ZMI/L. Significance ** P<0.001 and * P<0.05.

increased plasma VTG (Figure 1C), while the 20-fold
excess of ZM in the mixture did not affect this increase. A
group of 173 genes was altered (p < 0.01) after exposure
to either 5 ng EE,/L or to the mixture of 5 ng EE,/L and
100 ng ZM/L (Figure 3). These changes are plotted in
order of their degree of expression change for EE, (Figure
3A), with 83 genes up-regulated and 90 genes down-regu-
lated. Keeping the same order of genes, their fold-expres-
sion is plotted for the mixture (Figure 3B). It is clear from
this graph that while ZM blocks the EE, effects for some
genes, it does not do so for all. There also appears to be a
few genes in the middle of this distribution that are signif-
icantly altered only by the mixture and not by EE, alone.

Of the 173 regulated genes, 71 genes were modulated by
EE, and blocked by ZM (i.e. reduced expression relative to
EE, alone) in the mixture treatment (Figure 4A and 4B).
These genes are likely directly regulated by one or more of

the soluble ERs and include "cellular processes involved
in calcium-dependent cell-cell adhesion," "sugar trans-
porters,” "gonadal mesoderm development," "protein
repair," and "proteolysis and gas transport" (see Addi-
tional file 1). Expression of the remaining 102 genes mod-
ulated by EE, was either not affected or was enhanced in
either direction by the addition of ZM (Figure 4C and
4D). Many of these genes appear to be involved in signal-
ing cascades, as well as other functions such as "peptide
crosslinking,” "amino acid biosynthesis and metabo-
lism," "regulation of the immune response," "lipid modi-
fication," or "response to stress and to radiation" (see
Additional file 2).

Quantitative real-time reverse transcriptase PCR (Q-PCR)
Genes that were tested by Q-PCR (Figure 5) were used to
both validate the arrays and to focus on genes whose pro-
tein products are involved in steroidogenesis and were
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Bi-directional hierarchical cluster analysis of gene expression changes. Green indicates down-regulation relative to
control and red indicates up-regulation relative to control. Fathead minnows were exposed to (A) 50 ng EE,/L (EE,), 100 ng
ZMI/L (ZM), a mixture of 50 ng EE,/L and 100 ng ZM/L (Mix), or TEG control (Cntrl). Array analysis was on the 2 K array. (B)
5 ng EE,/L (EE,), a mixture of 5 ng EE,/L with 100 ng ZM/L (EE,/ZM) or TEG control (Cntrl). Array analysis was on the 22 K
array. Top, clustering was performed by treatment; side, clustering was performed by gene. Each column represents a different

array.

expected to be affected by EE, [42]. Of the genes tested,
steroidogenic acute regulatory protein (StAR), cholesterol
side-chain cleavage enzyme (P450scc), cytochrome P450
170 hydroxylase, 17,20 lyase (CYP17) and inhibin were
significantly down-regulated by 2 to 50 ng EE,/L. Genes
for hydroxysteroid dehydrogenases (HSDs) 3B-HSD and
11B-HSD and cytochrome P450 aromatase A-isoform
(CYP19A) were not significantly altered, but 11B-HSD
and CYP19A showed a downward tendency.

Functional Analysis

While it is interesting to identify individual genes regu-
lated by EE,, most biological processes occur through
functional pathways. To assess this, we first assigned as
many of the FHM genes as possible to GO categories and
to human homologs and then used this information to

visualize pathways via Pathway Studio®, software from
Ariadne Genomics (Rockville, MD, USA). Of the 1,048
genes regulated by any treatment (p < 0.05), we were able
to assign GO categories to 684 genes (65%). Of these we
were able to assign human homologs to 536 genes (51%
of the original group).

Because of its environmental significance, we focused on
the 5 ng EE,/L data for GO analyses. The data set was
reduced by statistically determining GO categories for bio-
logical processes that were over-represented among the
regulated genes which are arranged by increasing p-value
(up to 0.05) in Table 2. Since GO categories are listed in a
hierarchical format, we removed higher order categories if
a lower category was present. We found 39 GO biological
process categories up-regulated and 51 categories down-
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Comparison of overall gene regulation. (A) 5 ng EE,/L and (B) a mixture of 5 ng EE,/L and 100 ng ZM/L as determined by
the 22 K array. The genes were ordered according to their expression level in the EE, treatment (p < 0.01) and represent

median expression values of the four arrays for each condition.

regulated. The most significantly up-regulated GO cate-
gory was "development," while "DNA replication,"
"response to radiation," "mutagenesis," "DNA repair,"
"response to light stimulus,” "response to DNA damage
stimulus," "DNA metabolism," and "response to endog-
enous stimulus" were the most significantly down-regu-
lated categories.

Discussion

Steroidogenesis

We chose three test concentrations of EE, (2, 5, and 10 ng
EE,/L) with known environmental relevance, and one
concentration (50 ng EE,/L) higher than normally seen in
the environment [43,44]. In our experiments, 10 and 50
ng EE,/L decreased plasma T levels, while 5 to 50 ng EE,/
L increased plasma VIG concentrations in male fish. To
our best knowledge, ZM is not present in the environ-

ment, although it represents a potentially important
mechanism of action, ER antagonism [45]. The concentra-
tion we used, 100 ng ZM/L, and the time of exposure, 48
h, are lower and shorter, respectively than in most other
studies [46,47] where ZM has been shown to have effects
in fish. We chose 100 ng ZM/L to attempt to discern inter-
mediate effects on sensitive genes.

In our study, ZM treatment alone or in the mixture with
EE, decreased plasma T levels after 48 h but alone it did
not induce plasma VIG concentrations nor did it inhibit
the increase in VIG induced by EE, in the mixture in
males. In a study by Panter et al [47] ZM significantly
decreased VTG after 4 d in E,-treated juvenile FHM, but
only at a concentration of 76 pg/L, a concentration almost
100-times greater than tested in our experiment. In mum-
michog (Fundulus heteroclitus), there was decrease of
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Figure 4

Competitive and non-competitive blocking of gene expression by ZM. (A) Genes differentially changed by 5 ng EE,/L
and (B) blocked by the treatment with the mixture of 5 ng EE,/L and 100 ng ZM/L (p < 0.01). (C) Genes differentially changed
by 5 ng EE,/L but (D) whose expression was either not changed or enhanced by the treatment with the mixture of 5 ng EE,/L
and 100 ng ZM/L. Genes are plotted in order of their change in expression with EE, (p < 0.01).

plasma T levels in males exposed for 7 days to 250 ng ZM/
L but not when treated with 100 ng ZM/L; in those studies
there were no effects on VIG levels in males or females
with as much as 1,000 ng ZM/L [46].

The Q-PCR data on mRNAs for specific enzymes involved
in the biosynthesis of T suggest that the depression of
plasma T levels may have occurred directly at the level of
steroidogenesis, possibly by direct ER-mediated control of
promoters. In the case of CYP17, its down-regulation was
blocked by ZM (microarray data), suggesting that it may
be regulated via ERs.

Pathway Analysis

Pathway Studio® [48] was used to visualize changes in
gene expression from exposure to 5 ng EE,/L, or to the
mixture of 5 ng EE,/L and a 100 ng ZM/L. This software
can be used effectively to compare expression changes

with the much larger database of human protein interac-
tions, but only if gene identities are converted to their
human homologs. Important caveats for this type of anal-
ysis are that there may be many fish genes for which there
are no human homologs (e.g., VIG), and some genes in
fish belonging to gene families conserved in mammals
may actually function differently in fish due to chromo-
somal duplications. Given these caveats, this type of anal-
ysis can help visualize interactions among gene products
and their localization in cellular compartments and assist
in the formulation of hypotheses that can be tested in
future research.

An interactome is defined as a set of genes whose protein
products are functionally linked together either by direct
binding, regulation of activity, regulation of expression,
promoter binding, protein modification or molecular
transport [48]. Using the databases available in PubMed
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Figure 5

Q-PCR analysis of mMRNAs for proteins involved in steroidogenesis. Q-PCR results are expressed as fold difference
compared to control. Panel A, StAR; Panel B, P450scc; Panel C, CYPI7; Panel D, Inhibin; Panel E, CYP19; Panel F, 33-HSD;
Panel G, | 1B-HSD; Panel H, model for steroidogenesis. Green boxes refer to mRNAs that are significantly decreased by the
treatment in accordance with the Q-PCR graphs illustrated within the panels. Yellow boxes refer to mRNAs that are not sig-
nificantly changed by the treatments. FHM were treated with TEG, 2, 5, 10 or 50 ng EE,/L. StAR, steroidogenic acute regula-
tory protein, P450scc, Cytochrome P450 side chain cleavage enzyme, CYP17, Cytochrome P450 17, CYP |9, gonadal
aromatase, inhibin, hydroxysteroid dehydrogenases including 33-HSD and | 1 3-HSD.
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Table 2: GO biological processes that are regulated by 5 ng/L EE,
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UPREGULATED
GO ID GO Biological Process

GO:0007275 development

GO:0040036 regulation of fibroblast growth factor receptor signaling
GO:0016265 death

GO:0018149 peptide cross-linking

GO:0050777 negative regulation of immune response
GO:0006955 immune response

GO:0050776 regulation of immune response

GO:0050727 regulation of inflammatory response

GO:0006694 steroid biosynthesis

GO:0006730 one-carbon compound metabolism

GO:0008543 fibroblast growth factor receptor signaling pathway
GO:0015758 glucose transport

GO:0042770 DNA damage response, signal transduction
GO:0008645 hexose transport

GO:0015749 monosaccharide transport

GO:0008284 positive regulation of cell proliferation
GO:0019439 aromatic compound catabolism

GO:0007154 cell communication

GO:0043281 regulation of caspase activity

GO:0051241 negative regulation of organismal physiological process
GO:0009611 response to wounding

GO:0009607 response to biotic stimulus

GO:0051707 response to other organism

GO:0045596 negative regulation of cell differentiation
GO:0009605 response to external stimulus

GO:0051239 regulation of organismal physiological process
GO:0051242 positive regulation of cellular physiological process
GO:0006952 defense response

GO:0019882 antigen presentation

DOWNREGULATED
GO ID GO Name

Fisher p Value # of Genes Selected # of Genes on Array

4.35E-03 36 1250
1.58E-02 2 9
1.62E-02 3 27
1.88E-02 2 10
1.88E-02 2 10
1.93E-02 10 251
2.09E-02 3 30
2.19E-02 2 I
2.26E-02 3 31
2.44E-02 3 32
2.53E-02 2 12
2.53E-02 2 12
2.53E-02 2 12
2.88E-02 2 13
2.88E-02 2 13
3.24E-02 3 36
3.26E-02 2 14
3.56E-02 41 1692
3.65E-02 2 I5
3.65E-02 2 I5
3.73E-02 7 167
3.91E-02 I 324
4.03E-02 7 170
4.06E-02 2 16
4.18E-02 8 209
4.19E-02 4 69
4.48E-02 5 103
4.48E-02 10 291
4.92E-02 2 18

Fisher p Value # of Genes Selected # of Genes on Array

GO:0006260 DNA replication

GO:0009314 response to radiation

GO:0006280 mutagenesis

GO:0006281 DNA repair

GO:0009416 response to light stimulus

GO:0006974 response to DNA damage stimulus

GO:0006259 DNA metabolism

GO:0009719 response to endogenous stimulus

GO:0006139 nucleobase, nucleoside, nucleotide and nucleic acid
metabolism

GO:0007623 circadian rhythm

GO:0018149 peptide cross-linking

GO:0016339 calcium-dependent cell-cell adhesion

GO:0006885 regulation of pH

GO:0001775 cell activation

GO:0045321 immune cell activation

GO:0006508 proteolysis

GO:0000245 spliceosome assembly

GO:0046839 phospholipid dephosphorylation

GO:0043283 biopolymer metabolism

GO:0007169 transmembrane receptor protein tyrosine kinase signaling

pathway
GO:0007156 homophilic cell adhesion
GO:0006289 nucleotide-excision repair
GO:0009266 response to temperature stimulus

9.27E-04 9 124
1.51E-03 5 40
2.08E-03 2 2
5.33E-03 9 163
5.51E-03 4 34
7.91E-03 9 174
8.60E-03 17 458
9.05E-03 9 178
1.29E-02 56 2183
1.74E-02 2 9
2.07E-02 2 10
2.41E-02 2 I
2.78E-02 2 12
3.00E-02 3 33
3.00E-02 3 33
3.17E-02 16 493
3.17E-02 2 13
3.17E-02 2 13
3.56E-02 53 2167
3.65E-02 5 92
3.94E-02 4 64
4.00E-02 2 15
4.00E-02 2 15
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Table 2: GO biological processes that are regulated by 5 ng/L EE, (Continued)

GO:0042471
GO:0050896
GO:0019941
GO:0043632
GO:0009798
GO:0030258
GO:0042110

ear morphogenesis

response to stimulus

modification-dependent protein catabolism
modification-dependent macromolecule catabolism
axis specification

lipid modification

T cell activation

4.00E-02 2 I5
4.50E-02 26 948
4.53E-02 5 98
4.53E-02 5 98
4.91E-02 2 17
491E-02 2 17
491E-02 2 17

at NCBI (National Center for Biotechnology Information,
http://www.ncbi.nlm.nih.gov), we have identified inter-
actomes for both the genes that were regulated by EE, and
then blocked by the combination of EE, and ZM (Figure
6A - called "competitive interactome" in the discussion
below), and those that were regulated by EE, and either
not affected by ZM or enhanced (in either direction) by
the combination (Figure 6B - called "non-competitive
interactome"). We analyzed these separately in order to
determine the types of genes that were included in each.

To reduce the complexity of the data, we only examined
genes whose products had direct interactions with other
entities. We were only able to assign human homologs to
about half of the regulated genes, thus our data set under-
estimates the genes that are directly linked. Entities that
showed no linkages to other entities were removed from
the figures, but all entities for which we have human
homologs are listed in additional files 1 and 2. While it is
possible to allow missing entities in the figures in an effort
to link all of the entities, this was not attempted because
we wanted to exemplify direct interactomes for which
there were expression data. Pathway Studio® assigns gene
products to cellular compartments depending on their
cellular GO terms.

Many of the genes that are found in the "competitive
interactome" are known to be regulated by E, and antago-
nized by estrogen antagonists such as ICI 182,780 in
mammalian systems. These genes fit a classical pattern of
regulation via soluble ERs. For some of these genes, there
is evidence that they contain EREs in their promoters in
mammalian systems. For example, angiotensinogen
(AGT) is highly prominent in the example show