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Abstract

Concern has been generated over the discovery of endocrine disrupting chemicals in
rivers near sewage outflows. The presence of endocrine disrupting chemicals such as estradiol-
178 has been associated with a reduction of reproductive success in fish and an increase in the
female phenotype and gonadal intersex in fish downstream of sewage treatment facilities. Such
effects are believed to result from a disruption in the normal estrogenic pathways since estrogen
plays a vital role in reproduction, sexual differentiation, the developments of secondary sex
characteristics, and ovulation. Most studies have focused on the effect of a single endocrine
disruptor on a single gene which does not provide for the interaction between genes. Microarray
technology has made it possible to put an entire genome on a single chip so that researchers can
get a clearer picture of the interaction of genes expressed in a cell and changes of said
interactions when those cells are exposed to various conditions. Medaka males were exposed to
known endocrine disruptors, estradial-17f and goitrogen, and medaka females were exposed to
flutamide. All treatments were then compared to controls. Total RNA was extracted from the
livers of both treated and untreated males and hybridized to a microarray chip designed to have
EST sequences specific to medaka. ESTs were identified through two-channel microarray
analysis and compared to GenBank using blastn searches to identify up regulated genes.
Choriogenins H and L, zona radiata, and vitellogenin, previously shown to be estrogen-induced
in male fish were identified. Heat shock proteins (hsp70, hsp90, and hsp8) were also induced by
estradiol-17, as was choriogenin Hminor. Exposure to goitrogen (T3) resulted in the induced
expression of glutathione S-transferase and a GABA receptor protein in male medaka.
Treatment with flutamide, an antiandrogen, caused the up regulation of choriogenin L,

choriogenin Hminor, and zona radiata-2 in female medaka.



Further study of the genes identified in this study may serve as possible biomarkers to
signal the effects caused by the presence of endocrine disruptors and provide a screening
mechanism for the presence of estrogens in the environment. Microarray technology may
provide a means to screen multiple biomarkers simultaneously and provide a more rapid and

accurate tool for assessing endocrine disruption due to environmental pollutants.



Introduction

Since the 1970s, Medaka has served as a useful model for studying various fields of
environmental science, including radiation biology, carcinogenesis, and toxicology [1]. Medaka
has gained popularity as a model for testing the effects of environmental chemicals, in particular,
endocrine-disrupting chemicals and their effects on reproduction.

Medaka, Oryzias latipes, is a small, egg-laying freshwater fish native to Asia [2]. Asa
laboratory animal, medaka is an easy species to maintain because it is very hardy and less
susceptible to common fish diseases. This fish species is ideal for vertebrate developmental
studies for a number of reasons. The male and female medaka fish are easily distinguished by
their external morphology [3], fig. 1. The species is highly prolific, producing 30-50 eggs daily
and up to 3,000 eggs during mating season [2]. They have a short generation time, 6-8 weeks,
and early development is rapid. Eggs hatch 7 days after fertilization and the new frey become
sexually mature in 3 months [3]. Medaka has also proven to be a useful model in genetic studies.
It has a relatively small genome of 800Mb contained within 48 chromosomes [3]. Like
mammals, sex determination in the medaka is based on the XY system. This fish was the first
vertebrate used to demonstrate Mendelian inheritance and the first animal to undergo reverse sex
differentiation in both directions in response to the exposure of exogenous sex hormones during
the larval stage of development [3].

Endocrine disrupting chemicals can interfere with the normal function of the endocrine
system in a variety of mechanisms [5]. Such chemicals can mimic sex steroid hormones and
bind to natural receptor sites in the cell, either agonistically or antagonistically. They may
interfere with normal endocrine function by modifying the production and breakdown of natural

hormones or the hormone receptors within the body. Endocrine disruptors include both natural



and synthetic compounds. They can be found in the environment, food products, plants (natural
hormones), household products (breakdown products of detergents), pharmaceuticals (such as
the estrogens found in birth control pills), etc.

It has become well established that a number of these endocrine disrupting chemicals are
being discharged into the environment through agricultural run-off, incineration, and industrial
and municipal effluents. Environmental exposure to various endocrine disrupting chemicals
have been associated with abnormal thyroid function in birds and fish; decreased fertility in
birds, fish, and mammals; decreased number of eggs laid and hatched by fish and birds;
feminization of male fish; masculinization of female fish; and the alteration of immune response
in birds and mammals [6, 7, 8, 9]. Most of the evidence for endocrine disruption in wildlife
comes from studies of species living in aquatic environments where, it turns out, much of these
endocrine disrupting chemicals are being dumped [10].

Most studies have focused on the effect of a single endocrine disruptor on a single gene.
This method, however, does not provide for the interaction of other genes on the particular gene
of interest. The fact that numerous genes and their products function in specific and complicated
patterns within a living organism is not easily discerned with single gene studies. Microarray
technology has made it possible to put an entire genome on a single chip so that researchers can
get a clearer picture of the interaction of genes expressed in a cell and changes of said
interactions when those cells are exposed to various conditions [11]. An experiment on a single
DNA chip can generate data on thousands of genes simultaneously. Such data can be used to
identify gene sequences and possible mutations and determine gene expression levels.
Researchers in the field of toxicology are now turning to this high-throughput method of

studying genomics to find correlations between toxic responses to toxicants and possible changes



in the genetic profiles of organisms exposed to those toxicants. This has generated a new field of
study called toxicogenomics, the cross between functional genomics and molecular toxicology
[11].

The purpose of this study is to identify, from microarray data, the specific genes in
medaka which have higher expression levels as a result of exposure to 3 different endocrine
disruptors, estradiol-17f, goitrogen (T3), and flutamide. Preliminary analysis of gene expression
data conducted by a colleague at Lawrence Livermore National Laboratories (LLNL) revealed
that there were 378, 277 and 768 genes up regulated under the influence of estradiol-17f,
goitrogen (T3), and flutamide respectively. This data included a list of the accession numbers of
Expressed Sequence Tags (ESTs) that represented the probes on the gene chip that were
differentially expressed. Analysis on these ESTs was work done in this present study. The
NCBI Blast program was used to find similarities between the series of ESTs identified from
microarray analysis and sequences available in the NCBI (National Center for Biotechnology
Information) GenBank database.

The goal of this project and related studies is to learn and understand the details and
complexities of the specific genetic expression and regulation involved in the exposure to
endocrine disruptors such as estradiol-178, goitrogen (T3), and flutamide using microarray
technology. Because such chemicals have demonstrated effects on wildlife, there is a concern
for human health and safety. Although the role of endocrine disruptors in human disease has not
been resolved, some studies correlate the environmental exposure to synthetic estrogenic
chemicals with a decrease in sperm counts [12] and a decrease in male reproductive capacity
[13]. Microarray data may offer more insight into the specific gene expression patterns caused

by endocrine disrupting chemicals and provide a clearer picture of certain gene interactions.



This may then lead to the development of better testing assays which would be useful in
measuring and monitoring the amounts of endocrine disruptors such as estrogenic chemicals
being released within the effluent of sewage and water-waste treatment facilities into the
environment. Further research may also lead to the development of filtering mechanisms that
could be applied to such facilities to reduce or remove the endocrine disruptors from the

discharged effluent.



Materials and Methods

Three different treatments were performed on medaka fish: 1) medaka males were
exposed for 6 hours to prototypic estrogen (estradiol-17p), 10 ppb, 2) medaka males were
exposed for 6 hours to prototypic goitrogen (T3), 500 ppb, and 3) medaka females were exposed
for 6 hours to prototypic antiandrogen (flutamide), 1 ppm. These treatments were compared to
control medaka fish.

Total RNA was extracted from the livers of both treated and untreated medaka and then
treated against DNA contamination with Ambion’s DNA-free kit.

EST sequences specific to medaka in the NR database in GenBank were pooled and
probes were designed for these sequences. These probes were then attached to the microarray
chip. Two-channel microarray analysis was used, fig. 2. In this method, two separate RNA
samples are used, the "experimental" and the "control”. Each RNA is labeled with a different
fluorescent dye, one green and one red. The two samples are then mixed and hybridized at the
same time to the microarray chip. The microarray is then exposed to a laser which excites the
fluorescent dyes. The number of photons in the experimental dye's spectrum is compared to the
number of photons in the control dye's spectrum and is usually expressed as a ratio of the two
numbers [14]. This method allowed for gene expression to be detected and measured.

Analysis of this data identified specific EST sequences that were up regulated in response
to each compound. Using NCBI on a computer workstation, a standard nucleotide-nucleotide
BLAST (blastn) sequence alignment [15] was then conducted on each of the EST sequences that
demonstrated a 2-fold difference in expression from the control. From each EST query, the top 5

hits or sequence matches with an e-value of >0.005 were collected and corresponding genes were



then identified. Comparisons between treatment groups were then made to determine if any of
the up regulated ESTs were identified in more than one treatment.

A more in depth analysis was conducted for the esradiol-17f treatment. A batch
sequence alignment was performed on the resulting top sequence matches of ESTs identified
from this treatment that demonstrated a 2-fold difference from the control using a UNIX system
to identify similarities among the query list of ESTs and account for any repetitive or
overlapping sequences within the list. ESTs were then grouped together by sequence similarity

and gene descriptions were analyzed to identify genes that were induced by estradiol-17f.
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Results
Effects of Estradiol-17

Blastn sequence alignments were performed on 62 of the 378 ESTs that were up
regulated. These sequences demonstrated a 2-fold difference from the control. These
alignments identified 25 different groups based on EST sequence similarity. Five of these
groups showed homology to the choriogenin H gene and 4 of these 5 also showed homology to
the choriogenin Hminor gene, table 1. Two of the four with homology to both choriogenin H
and choriogenin Hminor also showed similarity to the gene for a zona radiata structural protein.
Four of the 25 groups showed homology for the gene, vitellogenin. Three unique ESTs were
found to be homologous with the mRNA for heat shock protein 70 (hsp70). Two of the 25
groups showed homology with the mRNA for heat shock protein 90 (hsp90) and one of these
was also homologous to the mRNA for heat shock protein 8 (hsp8). Two of the 25 groups
showed homology with Tetradon nigroviridis (Freshwater Pufferfish) full-length cDNA. Four
unique ESTs were homologous to Oryzias latipes cDNA clones. One unique EST was matched
to a gene in Oryzias latipes for soluble guanylyl cyclase alpha unit. Another unique EST was
matched to a zebrafish DNA sequence from a clone in linkage group 19. The final EST showed

homology to a BAC clone in Homo sapiens.

Effects of Goitrogen (T3)

Fifteen of the 277 EST sequences demonstrated a 2-fold difference from the control. From the
blastn sequence alignments of these sequences, 3 showed similarities with gstR1 mRNA for
glutathione S-transferase, 1 showed similarity with a GABA receptor protein mRNA and 5

showed similarity with the Tetraodon nigroviridis full-length cDNA, table 1.
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Effects of Flutamide

Fifty-four of the 768 EST sequences showed a 2-fold difference when compared to the
control. When compared with GenBank, 19 sequences aligned with the choriogenin L gene,
table 1. Twelve EST sequences aligned with the choriogenin Hminor gene with one of these also
showing similarity with zona radiata-2 mRNA. Five EST sequences showed similarity with the

Tetraodon nigroviridis full-length cDNA.

EST Comparison between Treatments

There were a total of 876 different EST sequences identified by the 3 treatments, table 2.
Some ESTs were found to be up regulated in more than one treatment. Twenty-five ESTs were
found to be induced in all treatments. Sixty were found to be induced by both flutamide and
estradiol-17f. Thirty ESTs were up regulated by both flutamide and goitrogen (T3) and 13 were
up regulated by both estradiol-17f and goitrogen (T3). Fifty-six ESTs were uniquely up
regulated as a result of goitrogen (T3) exposure. One hundred twenty-five up regulated ESTs
were identified in only the estradiol-17f treatment. Six hundred fifty-two EST sequences were

identified as being up regulated in only the flutamide treatment.
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Discussion
Estradiol-17f

The induced up regulation of the gene for choriogenin H and choriogenin L seen in this
study is consistent with results seen in previous studies using RT-PCR [16], dot blot anlaysis and
in situ hybridization [17], and transgenic animal studies [18]. Choriogenins are proteins
involved in the process of oogenesis in females.

The egg envelope in fish has two distinct layers. The outer layer is thin and forms around
the oocytes and the inner layer, the zona radiata or eggshell, is thicker and makes up most of the
egg envelope [19], fig. 3. This eggshell provides protection against environmental disturbances
and allows for the exchange of gases [20]. After fertilization this layer undergoes a hardening
process for the prevention of polyspermy. The zona radiata comprises two groups of subunits,
ZI-1, 2 and ZI-3. The precursors of these proteins have been identified as choriogenin H (high
molecular weight) and choriogenin L (low molecular weight), respectively [19, 20]. These
precursors are produced in the liver in normal response to estrogen and released into the
bloodstream to be incorporated into the zona radiata in sexually mature females [19], fig. 4. This
process is referred to as zonagenesis. Estrogen also stimulates the production of vitellogenin
(Vtg) in the liver for the process of vitellogenesis, the production of egg yolk proteins [19].
Vitellogenin is released by the liver into the bloodstream to be taken up by maturing oocytes,
cleaved into the yolk proteins lipovitellin and phovitin and stored as a food reserve for the
developing embryo [21].

The up regulation of the vitellogenin gene found in this study is consistent with that observed
in a study on zebrafish [22] where sensitivity of 178-estradiol and 17a-ethinylestradial to induce

vitellogenesis was measured via ELISA assay. The exposure to estrogen or estrogen-like
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compounds has been found to increase the number of estrogen receptors, as well as increase
vitellogenesis in the liver [23]. High levels of Vtg are normally found in females actively
undergoing oogenesis. In males, the gene for Vtg is usually suppressed; however, this study and
others have shown that the exposure to estrogen induces the production of Vtg in males and
could account for the increase of individuals with intersex gender in fish populations found
downstream of sewage treatment facilities.

Novel genes identified by this study include three heat shock proteins, hsp70, hsp90, and
hsp8. Heat shock proteins are a group of proteins that are present in all cells in all organisms
[24]. They become active when a cell undergoes various types of environmental stresses like
extreme temperatures or oxygen deprivation. Heat shock proteins are also present in cells under
perfectly normal conditions, acting like ‘chaperones,” making sure that the cell’s proteins are in
the right conformation and in the right place at the right time. Hsp90 has been identified as
playing a role in oogenic protein synthesis [20]. It is associated with estrogen receptors in the
liver and aids the receptors in binding estrogen prior to translocation into the nucleus. The
exposure to higher levels of estrogen may elicit the production of more hsp90 proteins to aid in
the cellular uptake of estrogen.

Hsp70’s role in this process is less clear. This protein may assist in general protein
folding, as well as important cellular processes such as transport of proteins across membranes
and the regulation of the heat shock response [25]. Hsp70 may also be involved in the process of
protein translation. This function may explain its estrogenic induction at a time when oogenic
protein production is being increased due to estrogen exposure.

Ubiquitin, another heat shock protein, is sometimes referred to as hsp8 because it has a

relative molecular weight of 8500 Da [26]. Ubiquitin is a protein that plays an important role in
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regulating the intracellular degradation of cytoplasmic proteins [26]. Hsp8 may function in
binding and marking proteins for uptake and breakdown by proteosomes. With increased protein
production, it may be possible that there are more errors being made during the process. This
may increase the necessity of a protein such as hsp8 to assist in the disposal of nonfunctional
protein products. Errors made during oogenic protein synthesis may also lead to small changes
made in the zona radiata proteins produced that could cause the thickness and decrease in
strength of the eggshell, thus reducing the ability to provide protection during early embryonic
development and the prevention of polyspermy [21]. This may account for the reduced
reproductive success seen in wildlife exposed to estrogen in environments affected by effluents
released from sewage treatment facilities [7, 8, and 9].

Choriogenin Hminor was also tentatively identified by this study as being estrogen-
induced. Most choriogenin studies have focused on choriogenin H and choriogenin L.
Sugiyama, et al. [27] consider choriogenin Hminor to be the third major subunit of the inner
layer of the egg envelope of medaka. As such, the induced up regulation of this protein
demonstrated by this study correlates with the commonly found up regulation of choriogenins H
and L by other studies [17, 18, and 19].

Goitrogen (T3)

Excessive exposure to goitrogens such as T3 has been found to be toxic and cause severe
developmental defects during early embryonic development [28]. It has been proposed that the
embryonic to larval transitory phase in many teleost species may be dependent on the timing and
level of thyroid hormones. Thyroid hormones are involved in regulating metabolism [29]. This
may be a possible explanation for the reduced egg hatchings seen in fish where such compounds

are found. Exposure to T3 in this study resulted in the up regulation of the gene, glutathione S-
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transferase. Glutathione S-transferase is a family of enzymes that use glutathione in various
reactions involved in transforming compounds such as carcinogens, therapeutic drugs, and
products of oxidative stress [30]. The up regulation of this gene may stem from the need to
detoxify the body of this endocrine disruptor. Exposure to T3 also resulted in the up regulation
of the GABA receptor protein. The GABA receptor is a superfamily of ligand-gated channels
[31]. These receptors are involved in the inhibition of presynaptic inhibition in the central
nervous system [32]. It is unclear exactly how the up regulation of this gene relates to the
reproductive problems seen in some wildlife. Thyroid hormones can interact with receptors to
affect the synthesis of specific proteins during development and alter brain function [33]. They
can also interact with sex hormones in such a way that low levels of thyroid hormones can
prolong the critical period for testosterone-induced masculinization whereas, high levels can
reduce the sensitivity to testosterone [33]. The exposure to T3 may affect other steroids in the
body, thus indirectly affecting the regulation of GABA receptor function.
Flutamide

Flutamide is a known endocrine disruptor used as a hormonal therapy for treating
prostate cancer [35]. Because flutamide has a structure similar to testosterone, it can attach to
the receptors on the surface of the prostate cancer cells to block and prevent the attachment of
testosterone. Without a regular supply of testosterone, the cancer growth is reduced or stopped
altogether [35]. Exposure to flutamide resulted in the up regulated expression of choriogenin L,
choriogenin Hminor, and zona radiata-2. These genes are normally expressed in females
actively undergoing oogenesis. The exposure to this antiandrogen may actively induce the
process of oogenesis in females. In which case, one would expect to see these genes being

expressed. It would be interesting to see the effects of gene expression on male medaka.
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Previous studies have resulted in the induced expression of choriogenins [19] and zona radiata
[20] in male fish in response to estrogenic compounds. Similar effects may be seen in the
presence of an antiandrogen such as flutamide where testosterone may not be able to function in
its normal capacity during male sexual differentiation. In rats and humans, androgen production
during fetal development is required for normal male sexual differentiation and proper
development of the testes [36]. It may be possible that in the absence of the effects of
testosterone, these genes associated with female oogenesis will be expressed. This might
account for the higher number of females found in fish populations and reduced testicular
development and fertility where antiandrogenic endocrine disrupting chemicals are found in the
environment [10].

It is clear that the exposure to endocrine disrupting chemicals such as estradiol-17,
goitrogen (T3), and flutamide can have tremendous effects on the endocrine system of an
organism. Comparison of the ESTs between the treatments reveals that more than one
endrocrine disruptor can affect a particular gene. Expression of the same 25 ESTs was induced
by all treatment, table 2. Other ESTs were induced by 2 of the 3 treatments, while others were
found to be unique to the specific treatment. This information can provide for further study and
investigation into the complicated biological pathways and interactions involved with the
exposure to such chemicals. This study only focuses on the genes that were up regulated by the
exposure to these endocrine disruptors. It would be interesting to get a profile of the genes that
are down regulated.

Further studies on vertebrates such as medaka can clarify the effects of such compounds
on gene expression patterns and possible hazards of such compounds in the environment.

Microarray analysis has provided patterns of gene expression for numerous genes simultaneously
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affected by the exposure to endocrine disrupting chemicals. This method provides a clear and
more accurate picture of the complex function of genes in a living organism and their responses
to environmental exposure to such chemicals. The genes identified in this study may serve as
biomarkers which can act as the first measurement in an approach to signal the effects caused by
the presence of endocrine disruptors [19]. Measuring the levels of these biomarkers may provide
a screening mechanism for the presence of endocrine disrupting chemicals in the environment.
Further development of microarray technology may provide a means to screen for multiple
biomarkers simultaneously and provide a more rapid and accurate tool for assessing endocrine

disruption due to environmental pollutants.
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Figure 1. Female and male of the medaka, Oryzias latipes. Drawn by Yamamoto, 1969 [4].
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Figure 2. Diagram of experimental procedure using 2-channel microarray.
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Figure 3. Immunohistochemical staining of a cod (Gadus morhua) ovarian follicle with
oocyte, probed with rabbit antiserum to cod zona radiata proteins. (A) Section of whole
oocyte, demonstrating specific immunohistochemical staining of the zona radiata, with no
cross-reaction to yolk material (Y). (B) Higher magnification of the cod follicle. Zr denotes
the zona radiata (positively stained). The follicle cells (theca, T, and granulosa, G) are
indicated with arrowheads. Spherical bodies represent unstained yolk granules [20].
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Table 1. Genes tentatively identified in the study as being up regulated.

Estradiol-17p Treatment

T3 Treatment

Flutamide Treatment

« Choriogenein L

« Choriogenin Hminor

« Choriogenin H

 Zona radiata-2

« Zona radiata structural protein

« VgC—phosvitinless vitellogenin

« Mitochondrial cytb gene for
cytochrome b

« Heat shock protein 70 cognate

« Heat shock protein 8

« Heat shock protein 90

« Heat shock protein 90 beta

« Polypeptide elongation factor 1
alpha

« Transferrin

o Glutathione S-transferase
« GABA receptor protein

« Choriogenin L gene
« Choriogenin Hminor
« Zona radiata-2
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Table 2. The Number of Up regulated EST Sequences found in Common

between Treatments.

Treatment Number of ESTs expressed

Estradiol-17, goitrogen (T3), and

. 25
flutamide
Estradiol-17f and flutamide only 60
Estradiol-17f and goitrogen (T3) only 13
Goitrogen (T3), and flutamide only 30
Estradiol-17f only 125
Goitrogen (T3) only 56
Flutamide only 652
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