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EXECUTIVE SUMMARY

Scientists at the Aquatic Toxicology Program at UC Davis have developed a medaka fish model
DNA microarray to evaluate the expression of genes associated with the presence of endocrine
disrupting chemicals (EDCs) in surface and groundwater. There is a tremendous potential in the
application of DNA microarray technology as a screening tool to determine the presence of
EDCs in the aquatic environment. Developing and using this approach will greatly benefit the
Groundwater Ambient Monitoring Program (GAMA) in their effort to monitor the occurrence of
EDCs that have profound implications when present in ground and surface waters that affect
both human and wildlife.

The Qurt medaka (Orysias latipes) is an ideal model for studying EDCs due to its short
generation time (6-8 wks) and daily year-round spawning under controlled photoperiod and
temperature conditions. Gonad histopathology in medaka is an essential core endpoint for the
rapid detection of endocrine disrupting activity. The Qurt strain medaka is a gonochoristic
species with an XX/XY sex determination system. The genotypic sex can be identified at early
embryonic stages due to sex-linked occurrence of leucophores. As leucophore differentiation
occurs at the 2-day-old embryo stage in males, but not in females, the genotypic sex can be
identified before sexual differentiation, which facilitates the examination of gender-specific
effects of EDCs during critical stages of development.

We selected three receptor agonist/antagonist as prototype EDCs: estrogen/anti-estrogen [i.e.,
17-B-estradiol/faslodex™ (ICI 182,780)]; androgen/anti-androgen (i.e.11-
ketotestosterone/flutamide); and thyroidogen/ anti-thyroidogen (i.e., thyroid hormone
(T3)/amiodarone). Biologically effective concentrations (BEC) for each of the six prototypic
EDCs were identified by conducting a series of range-finding experiments using 1-week-old
male and female Qurt medaka larvae.

In coordination efforts with LLNL (Bradley Esser and Alan Grayson) and SWRCB (Jan Stepek
and John Borkovich), we collected 4, 4-L of UV-treated post-secondary non-chlorinated
wastewater (2°-wastewater) from a wastewater treatment plant and 4, 4-L bottles of groundwater
from a domestic well near a septic system in Livermore (L-groundwater), California to test for
the presence of endocrine disrupting chemicals. Standard medaka acute toxicity testing revealed
no mortality in L-groundwater at the end of 96 hr and >95% mortality in 2°-wastewater within 24
hrs of exposure. In addition, 92.5% mortality was observed at 96 hr when 2°-wastewater was
diluted with 50% medaka culture water. Therefore, microarray analyses were performed on 50%-
2°-wastewater at 6 hr and on L-groundwater at 6 and 96hr. DNA from a pooled sample size of
200, 1-week-old medaka larvae per gender was extracted and subjected to microarray analysis
for gene expression evaluation. A Functional Classification-Kernel Density Approach model was
used to predict and classify L-groundwater and 50%-2°-wastewater as either no EDC activity or
belong to one of the six prototypic EDCs.

Our results indicate that L-groundwater has anti-thyroidogenic effects in both female and male
medaka larvae at the end of 96 hr of exposure while 50%-2°-wastewater has anti-androgenic
effects on female and thyroidogenic effects on male at the end of 6 hr. These results strongly
suggest the presence of complex mixtures of EDCs in L-groundwater and 50%-2°-wastewater.
Finally, initial findings indicate EDCs in surface and groundwater may be detected using the



medaka biologically-based screening assay with 75% certainty. While preliminary results are
promising, further study is warranted to validate the consistency of our methodology and
findings prior to dissemination and implementation of medaka DNA.microarray as a diagnostic
tool.

INTRODUCTION AND PROJECT OVERVIEW

This project uses medaka (Oryzias latipes) as a fish model system to identify microarray-based
gene expression profiles that are characteristic of endocrine-disrupting chemicals (EDCs). The
overall goal is to detect the presence of EDCs in ambient water — whether the EDCs are present
as a component of a mixture or as an individual compound — based on comparisons to gene
expression patterns established with prototypical EDCs.

Task 1-EDC Mixture Validation

1-1. Development of Medaka Microarray Gene Chip

A custom 12K oligonucleotide array for medaka was developed in collaboration with
CombiMatrix, Corporation (WA, USA). The medaka microarray elements include: EDC-affected
genes (n=131), medaka cDNAs (n=1075), medaka genome project sequences (n=890), and
unigene database probes (n=8154). In general, there are 9,379 unique features and more than
3,000 control probes. Specific probes were designed by submitting GenBank accession numbers
of gene sequences identified in the medaka databases to the CombiMatrix, Corp. web-interfaced
probe design software. The medaka CustomArray™ probes have intermediate lengths (35
nucleotides) that combine the benefits of enhanced specificity and strong signals. There are four
replicates of each probe distributed across each array which were synthesized on a
semiconductor chip using phosphoramidite chemistry under electrochemical control.

Biological samples were prepared from Qurt medaka larvae poly A+ RNA after 6-h exposure to
each of the six prototypic EDCs at biological effective concentrations (BECs). Briefly, total
RNA was isolated from whole tissue of 7 day (x1) old larvae (n= 200 larvae/gender and three
replicates/treatment) using TRIZOL reagent (Invitrogen). The integrity of the isolated RNA was
verified on a 1% agarose gel. Subsequently, poly A+ RNA was isolated using Qiagen Oligotex
midi-kit (Valencia, CA). First strand cDNA incorporating amino allyl-dUTP was synthesized
from poly A+ RNA, and CyDye-labelled cDNA was purified by using the Amersham
Biosciences (USA) CyScribe cDNA Post Labelling Kit. UV/Visible spectrophotometry
measurements were used to calculate the concentration of fluorescent Cy3- and Cy5-Dye
incorporated in the cDNA sample. Spike-in control transcripts were prepared similarly using
PCR fragments, containing a T7 RNA Polymerase promoter site, as template for transcription.

The microarrays were assembled with hybridization caps and rehydrated with RNase-free water
(Ambion) at 65°C for 10 minutes. After rehydrating, blocking solution (6X SSPE, 20mM EDTA,
0.05% Tween-20, 5X Denhardt’s Solution, 0.05% SDS, 100ng/ul sonicated salmon sperm DNA)
was added and the arrays were incubated at hybridization temperature (50°C) for 30 minutes. The
labelled cDNA sample was added to hybridization solution (6X SSPE, 0.05% Tween-20, 20mM



EDTA, 0.05% SDS, 100 ng/ul sonicated salmon sperm DNA) and denatured for 3 minutes at
95°C. Samples were placed briefly on ice followed by centrifugation at 14,000 rpm (maximum)
for 3 minutes. Blocking solution was removed from the hybridization chamber and 100ul of
hybridization solution was applied to the arrays. Hybridization was carried out in a Fisher
Scientific Isotemp hybridization incubator for 18 hours at 45°C under gentle rotation. Following
hybridization, arrays were washed at hybridization temperature (50°C) for 5 minutes with 6X
SSPE, 0.05% Tween-20 pre-heated to 50°C. Washing continued with 3X SSPE, 0.05% Tween-
20 for 5 minutes at room temperature (RT), 0.5X SSPE, 0.05% Tween-20 for 5 minutes at RT
and 2X PBS, 0.1% Tween-20. Final washing steps were performed at RT for 5 minutes with two
rounds of 2X PBS with no detergent. The microarrays were imaged with Cy5 filter sets on an
Applied Precision (Issaquah, WA) arrayWORx™ Biochip Reader. Imaging was performed while
the array was wet with Imaging Solution (2XPBS) under a LifterSlip™ glass cover slip (Erie
Scientific, Portsmouth, NH). Images were analyzed using ScanAlyze® v. 2.5 (Stanford
University, USA).

ScanAlyze® v.2.5 was used to estimate the gene expression levels by obtaining the median
intensity of replicate spots. An initial set of differentially expressed genes in each treatment was
obtained by conducting a one sample t-test with pooled variance. Differentially expressed genes
were identified by the Benjamini and Hochberg (1995) procedure for False Discovery Rate
(FDR) control at 0.01 and 0.05 values. Differential expression of a set of genes involved in sex
differentiation and growth in medaka and other vertebrates was summarized by heat map
visualization using GenePattern® 2.0 (MIT and Harvard, USA).

Loess normalization and functional embedding were used for high dimensional data analyses and
pattern discovery. First, the array data was normalized with the loess normalization scheme
(degree=2; span=1/6). The argument “degree” indicates that the fit is a local quadratic fit while
“span” indicates the neighborhoods window size in terms of proportion of the sample. For each
array, a loess fit of logarithm of intensity ratio (denoted by M) log(Cy5/Cy3) on averaged logged
intensity (denoted by A) % [log(Cy3)+log(Cy5)] was removed from log(Cy5/Cy3). Before the
functional embedding step, a gene-screening procedure was conducted for each array. For each
gene, a two sample t-test was performed to obtain a significance value (p-value) for the
difference between chemical treatments. A working set of diagnostic genes was defined by
selecting the top 50 genes with the most significant differences (smallest p-values) between
treatments. This working set of genes is believed to provide the most powerful means to
discriminate the chemical treatments at the transcription level. The latent ordering of the working
set of genes was retrieved and used to re-express the subject profiles (columns) in functional
form. Latent ordering of genes allowed for pattern identification and analysis with the technique
of functional embedding. This technique was applied to discover the pattern of gene expression
for Qurt medaka under exposure to the selected EDCs. To further illustrate the EDC-specific
gene patterns, the response of each group of genes was represented by smoothed mean curves
with standard error bars. The mean curves were smoothed with scatter smoother which is more
robust than the cross section mean approach.



1-2 Functional Approach to Predict EDCs

We have combined several statistical methods, called Functional Classification- Kernel Density
Approach (FCKDA) to predict and classify EDCs (Appendix I).

1-2.1 Gene Screening by pairwise t-tests
All the entities are first filtered/screened by the significance of t-tests to initiate the
basis of genetic discrimination foundation.

1-2.2 Functional Embedding:
Gene expression profiles consisting of the pre-screened entities are further
embedded into functional space according to the correlation structure.

1-2.3 Functional Principal Component Analysis.
After Functional Embedding, each gene expression profile is regarded as a

realization from the underlying random function. In other words, X;, %Xp
with E(X) = u(t) and the variance-covariance surface Cov(X ,(s), X, (t))=G(s,t)
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The L*-orthogonal representation of functional expression profile is:
Xip(t) = () + D &, () , where &, = [ (X, (1) - ()4 (1)t
k=1

Considering the measurement error, the contaminated functional expression profile
can be formed by the following:

Yij = Xip (tij) T&; = ﬂ(tij)+kz‘é:ik¢k (tij)+gij an eT.
)

This contaminated version will be used in the real implementation. The resulting
functional principal component scores that indicating the projection of functional
expression profiles onto the feature space will then be used for downstream
classification task.
1-2.4 Kernel Density Classification
The posterior probability for assigning a case in feature space to group k is defined
via the usage of spherical Kernel function that uses L? norm as the metric, and can
be written as the following..
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The labeling of the target case will then be determined by maximizing the posterior
probability, i.e. the label is determined as

C'(&) = Argmax,,P(C(£) =i &)




One will mark the target case as “doubt”, if Max,_,_P(C(&)=i|&) <é

1-2.5 Leave-One-Out Cross Validation:
To furnish the whole task of FCKDA depends upon the choice of truncation
parameter that determines the dimension and the complexity of the feature space.
We use Leave-One-Out Cross Validation to fulfill this task. Define the

corresponding Variance-Covariance surface, contaminated L -orthogonal
representation, functional principal component scores, posterior probability,
classifier as the following
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The prediction error corresponding to truncation parameter M is basically the
proportion of misclassified cases.
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We here just choose the value that minimizes the prediction error,
i.e.M” = Argmin,, LOOCV (M).
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Figure 1 shows the grouped mean expression profiles of six prototypic EDCs with error
bars indicating the within group variation.

—11-KT —FLU —T3 AMI —E2 FAS

Mean expression pattem

Six prototypic EDCs used in this study: 11-Ketotestosterone (11-KT) is the primary endogenous fish androgen.
Since 11-KT is not converted to estradiol by P450 aromatase, the differential gene expression observed in exposed
medaka fish should be that expected from a pure androgenic agent. Flutamide (FLU) is a non-steroidal compound
widely used in endocrinology research. FLU is a therapeutic agent for prostate cancer treatment that can function as
an antiandrogen in mammals. 17-§ Estradiol (E2) is one of the most studied natural estrogens. Faslodex™ (FAS),
ICI 182,780AstraZeneca, UK is a novel, steroidal estrogen antagonist that was specifically designed to be devoid of
estrogen agonist activity. 3, 3’, 5-Triiodo-L-thyronine (T3) is one of two iodinated hormones secreted by the thyroid
gland. T3 is essential for growth, differentiation, and reproductive system development. T3 primarily exerts its
biological effects through a receptor-mediated mechanism. Furthermore, T3 modulates its own function by
regulating the thyroid receptor (TR) levels. Amiodarone (AMI) is a diiodinated benzofuran derivative that functions
as a thyroid receptor antagonist.

In summary, the medaka microarray, coupled with robust statistical techniques, can differentiate
between six biological categories of EDCs on the basis of gene expression patterns. For instance,
the expression profile for vinclozolin, an antiandrogenic fungicide, is remarkably similar to the
prototypical antiandrogen flutamide, indicating that our system can prospectively identify EDCs
with characteristic modes of action (Appendix Il). However, when tested with the microarray
chip using a simple mixture of two prototypic EDCs [i.e., (17-B-estradiol (E2) + faslodex (FAS);
11-ketotestosterone (11-KT) + flutamide (FLU); and thyroid hormone (T3) + amiodarone
(AMI)], the outcomes were different from when medaka larvae were exposed to individual
prototypic EDC (Appendix I11). Except for E2+FAS mixture which had similar estrogenic
expression profile to fish exposed to E2 alone, the expression profiles in medaka larvae exposed
to 11-KT+FLU and T3+AMI mixtures were remarkably different from those resulting from
exposures to any of the four prototypic EDCs alone, suggesting the possible occurrence of
antagonistic, competitive, inhibitory, and/or synergistic effects of EDC mixtures (Appendix Il1).



Task 2- EDCs in Ambient Groundwater

2-1. Exposure of Qurt Medaka Larvae to Ground- and 2° Wastewater

In order to assess water quality and acute toxicity, we collected 4 liters of UV-treated post-
secondary non-chlorinated wastewater with the assistance of Mr. Bradley Esser and Mr. Allen
Grayson, both from LLNL, on January 15" 2008. Due to high ammonia concentration (0.2
mg/L) in the water, 100% of the 7 day post-hatched (dph) medaka larvae (n=200) and 3 month-
old adults (n=10) died within 24h of the exposure.

On a second attempt on January 30™ 2008, with support from LLNL (Mr. Bradley Esser and Mr.
Allen Grayson, we collected the following water samples for 6h EDC screening and 96h acute
toxicity testing using 7 dph medaka larvae:

1. 4, 4-L bottles of UV-treated post-secondary non-chlorinated wastewater (2°-wastewater)
2. 4, 4-L bottles of Livermore groundwater (L-groundwater)

Prior to the actual EDC screening experiment, 100 medaka larvae (7 dph) were initially exposed
to the 2°-wastewater and L-groundwater for 96 hr to determine acute toxicity of the water
samples. No toxicity towards the larvae was observed for the L-groundwater, whereas >95 %
mortality was observed for the larvae exposed to the 2°-wastewater after 24 hr.

Based on these findings, we decided to use a 50% dilution of the 2°-wastewater, and undiluted L-
groundwater for the EDC and toxicity testing. Survival and microarray analysis after 6 and 96 hr
in male and female medaka larvae (200 each, 7 dph) were carried out as follows:

6-hour exposure:
CONTROL.: - 200 male Qurt Medaka larvae, 7 dph
- 200 female Qurt Medaka larvae, 7 dph

L-groundwater: - 200 male Qurt Medaka larvae, 7 dph
- 200 female Qurt Medaka larvae, 7 dph

50%-2°-wastewater: - 200 male Qurt Medaka larvae, 7 dph
- 200 female Qurt Medaka larvae, 7 dph
96-hour exposure:

CONTROL.: - 200 male Qurt Medaka larvae, 7 dph
- 200 female Qurt Medaka larvae, 7 dph

L-groundwater: - 200 male Qurt Medaka larvae, 7 dph
- 200 female Qurt Medaka larvae, 7 dph

50%-2°-wastewater: - 200 male Qurt Medaka larvae, 7 dph
- 200 female Qurt Medaka larvae, 7 dph



Larvae were not fed during the exposure trials to avoid absorption of toxic or endocrine
disrupting chemicals, which may be present in these water samples, onto food particles. During
the 96h exposure, 80% of the exposure waters were renewed and mortalities were recorded daily.

2-2. Results on water sample toxicity

During the 96 hr exposure, mortalities were recorded daily.

96h exposure - survival of medaka larvae

0O Males - CONTROL

0 Males - L-groundwater

@ Males - 50% -2°-wastewater
m Females - CONTROL

W Females - L-groundwater

Survival of Medaka Larvae
(%)

Exposure (days)

O Females - 50%-2°-wastewater

After 96 hr of exposure, larvae exposed to CONTROL and L-groundwater showed only little
mortality rates (female =0.5-1.5% and male = 2.0-2.5 %), whereas mortality rate for 50%-2°-
wastewater were 92.5 (female) and 94% (male), respectively, possibly because of the 100-times
higher ammonia levels (0.22 mg/L NH3 at pH 6.9) compared to the L-groundwater (0.0021
mg/L NH3 at pH 7.7) and Control (not detectable at pH 7.7).

7 day old Qurt Males Females

medaka Larvae survival mortality survival mortality
after 96h exposure no. % no. % no. % no. %
CONTROL 195 97.5 5 2.5 199 99.5 1 0.5
L-groundwater 196 98.0 4 2.0 197 98.5 3 1.5
50%02°-wastewater 12 6.0 188 94.0 15 7.5 185 92.5




2-3. Analysis for EDC gene expression profiles

At the end of the exposures (6 hr and 96 hr), 200 larvae/treatment were collected from each
replicate for gene expression analysis using the medaka gene chip. Gene expression profiles were
characterized and genes affected by L-groundwater at 6 and 96 hr and 50% 2°-wastewater at 6 hr
were identified. Because of the high mortality observed after 24 hours, gene expression profiles
for 50%-2°-wastewater were assessed after only 6h of exposure as the surviving larvae after 96h
did not provide enough tissue for analysis.

2-3-1 ldentification and characterization of gene expression in medaka

Gene expression profiles in L-groundwater and 50%-2°-wastewater-exposed medaka were
developed by first using Trizol to isolate total RNA from each replicate. cDNA was then
synthesized from the total MRNA, purified, labeled, and hybridized to our medaka gene chips
(Please see Task 1-1 for details of experimental design). A computational approach was used to
identify the unigue gene response patterns of the L-groundwater and 50%-2°-wastewater samples
and to categorize the type of EDC which are present in these samples based on the prototypic
EDCs gene patterns developed in task 1-2. Briefly, unique gene patterns for L-groundwater and
50%-2°-wastewater were identified by using ScanAlyze v.2.5 (Stanford University, USA) to
estimate the gene expression levels by obtaining the median intensity of replicate spots from the
image. An initial set of differentially expressed genes in each treatment was obtained by
conducting a one sample t-test with pooled variance. Differentially expressed genes were then
identified for False Discovery Rate (FDR) control at 0.01 and 0.05 values. Differential
expression of a set of genes involved in sex differentiation and growth in medaka and other
vertebrates were summarized by heat map visualization using GenePattern© 2.0 (MIT and
Harvard, USA). Loess normalization and functional embedding was used for high dimensional
data analyses and pattern discovery. First, the array data was normalized with the loess
normalization scheme. For each gene, a two sample t-test was performed to obtain a significant
value (p-value) for the difference between treatments and controls.

For further analysis on single gene expression, only significantly affected genes that were present
after 6 and 96 hrs of exposure were taken into account. This was done in order to filter out genes
that reflect nonspecific properties of the compound administration and non-specific stress
responses. Biological information on significantly affected genes was obtained by functional
profiling of genes using sequence similarity analyses with Basic Local Alignment Search Tool
(BLAST). Gene annotation was based on the lowest expectation values (e-value) obtained from
sequence similarity searches. The threshold value for establishing gene identity and function was
E-value < ™. Non-medaka sequences were considered orthologous to a medaka gene if the e-
value was within the established threshold.

2-4. Results of L-Groundwater and 2°-wastewater exposure
2-4-1. L-Groundwater exposure for 6 and 96 hrs:
2-4-1-1 Patterning and Classification of EDCs through Gene Expression Profile

The classification task of endocrine disrupting chemicals is fulfilled through the application of
series of functional data analytic approaches [see 1-2. Functional Classification- Kernel Density
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Approach (FCKDA) to predict and classify EDCs]. Briefly, to facilitate the construction of the
classifier for EDCs, the data harvested in Figure 1 was used. Genes on the medaka chip are first
screened to yield a refined set of genes, which were chosen in order to have a most significant
distinction between EDC treatments. In our study, a set of 81 genes were screened, each yielding
at least 9 out of 15 significant pair-wise comparisons. The gene expression profiles based on this
refined set of genes are then processed by functional embedding to be embedded into functional
space for overcoming the difficulty that arises whenever high dimension and low sample size
data is analyzed. The mean gene expression profile could then be retrieved through scatter
smoothing separately for each of the EDC treatment, and used as the prototype for the EDC gene
expression patterns. As for the purpose of classification, a functional multinomial logit model is
adopted to predict polychotomous labeling based on truncated functional principal component
scores. The truncation is determined to yield the least misclassification error through a leave-
one-out-cross validation in the training data set.

After the functional multinomial logit classifier (FMLC) was harvested from the training data set,
Medaka gene expression data of L-Groundwater samples were then processed and embedded
into the same functional space delineated from the training data where the classifier was built.
The posterior probabilities calculated from FMLC then indicate the likelihoods for the Livermore
expression data to be assigned to one of the 6 prototypical EDCs. The prototypic EDC with the
highest posterior probability will then be assigned as the type of EDC that is most likely
contaminating the water sample. Following the above procedure, the posterior probabilities
rounded to two decimal points of the Livermore groundwater samples are shown in the following
table.

Medaka Samples-hrs post

11-KT Flu T3 Ami E2 Fas

exposure
Male 6h groundwater 0.00 0.01 0.00 0.00 0.99 0.00
Male 96h groundwater 0.00 0.00 0.00 1.00 0.00 0.00
Female 6h groundwater 0.05 0.00 0.00 0.00 0.00 0.95
Female 96h groundwater 0.00 0.00 0.00 1.00 0.00 0.00

11-KT= androgenic; Flu= anti-androgenic; T3= thyroidogenic or goitrogenic; AMI= anti-thyroidogenic or anti-
goitrogenic; E2=estrogenic; and Fas= anti-estrogenic

2-4-1-2 Differentially Expressed Genes

The exposure of male and female medaka larvae to L-Groundwater led to the identification of
104 and 19 differentially expressed genes (> 2-times up- or down-regulated), respectively that
were present after 6 and 96 hrs of exposure (Table 1). Males had a higher number of L-
Groundwater responsive genes and they expressed far more down-regulated genes. Overall,
much more genes were down- than up-regulated, with predominant inhibition responses for both
sexes. We found ratios of up-regulation to down-regulation after 6hr of 0.12 for females and 0.02
for males, and 0.19 for females and 0.09 for males after 96hr, respectively.

Of the 104 (males) and 19 (females) differentially expressed genes, we were able to obtain
biological information by functional profiling of 11 (males) and 7 (females) genes, respectively.
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For all other genes, the function is either currently unknown or e-values obtained from the
sequence similarity searches were too high to result in a reliable biological function. For male
medaka larvae the exposure to L-Groundwater altered the transcription and led to a down-
regulation of genes involved in metabolism, transport, multidrug resistance, vitellogenesis,
xenobiotic biotransformation, and the endocrine system (Table 2). Most of these genes were
significantly down-regulated after 6hr and remained down-regulated after 96hr of exposure,
pointing towards an organismic response elicited by the exposure to L-Groundwater. Female
genes were differently expressed with an up-regulated genes involved in the regulation of
cytoskeleton stability, and down-regulation of genes involved in osmotic and cardiovascular
homeostasis, iron storage, RNA/DNA metabolism and transcription and the endocrine system
(Table 2) after 6 and 96 hrs of exposure.

Only one differentially expressed gene was present in males and females after 6 and 96 hrs, the
ZPC domain containing protein. This is a known zona pellicula protein, which was previously
found to be a suitable biomarker for anti-thyroid activity when significantly down-regulated
(Leon-Cardona et al. 2008). In addition, females exposed to L-groundwater showed a significant
down-regulation of the ferritin H3 gene, which plays a role in iron storage and was suggested by
Leon-Cardona et al. (2008) to be a suitable biomarker for anti-androgenic activity when down-
regulated. In males, three genes with potential as anti-estrogenic biomarkers were significantly
down-regulated, the vitellogenin-1-, L-SF precursor- and choriogenin L gene, in addition to the
down regulation of glutathione S-transferase, a putative biomarker for anti-androgenic activity
(Leon-Cardona et al. 2008).

Table 1 Number of differentially expressed genes identified in medaka larvae 6hr after exposure
to UV-treated post-secondary non-chlorinated wastewater (50%-2°-wastewater, Livermore Water
Reclamation Plant) and 6 and 96 hr after exposure to Livermore groundwater (L-groundwater)

Treatment Up-regulated Down-regulated  Total
50%-2°-wastewater: Males 22 36 58
Females 12 134 146
L-groundwater 6h: Males 2 102 104
Females 2 17 19
L-groundwater 96h:  Males 9 95 104
Females 3 16 19
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Table 2 Functional profiles of a subset of genes differentially expressed after exposure of male

and female Qurt medaka to L-Groundwater

Gene Name

Putative: Coatamer protein
complex, subunit alpha

ATP-binding cassette, sub-
familiy E (OABP), member
1 (abcel)

Predicted: Danio rerio
amyloid beta (A4) precursor
protein-binding, family A,
member 2 (X11-like,
MRNA

ATP-ase protein

Vitellogenin 1 (ol-vitl)

Glutathione S-transferase,
mRNA

L-SF precursor (1-sf),
MRNA
ZPC domain containing

protein 5

Choriogenin L, mRNA

Accession# E-value

BJ7506743 3E-118
BJ710431  8E-162
BJ719387  8E-158
AU168249 2E-114
AU179789 0
AU180172
AV670256 7E-99
AU 0
180097

AF128813 O
AU241961
AU179813 0

Biological Function

Golgi-endoplasmic
reticulum Transport

Mainly regulation of
protein synthesis or
expression (belongs
to ABC transporter,
multidrug resistance)

Integral membrane
protein, primary
function unknown,
possibly regulator of
synapse formation
and neural plasticity

Transport,
metabolism, energy

Vitellogenesis.

Phase Il
biotransformation of
xenobiotics
hypothalamic-
pituitary-gonadal
(HPG) axis

Zona pellicula
protein

Zona radiate protein

Regulation
males

6h 96h
! T
! T
! T
! l
! }
! }
! l
! l
! }
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Gene Name Accession# E-value  Biological Function  Regulation

females
6h 96h

Mictrotubule associated BJ740475  4E-74 Microtubule 1 1
protein RP/EB family (EB1) dynamics,

cytoskeleton stability

regulation,

chromosome stability
Predicted: similar kelch-like BJ748092  8E-26 Function unknown, 1 1
protein 20 associated with actin

tails
ZPC domain containing AU241961 O Zona pellicula ! !
protein 5 protein
Membrane guanylyl cyclase AU169372 0 Natriuretic peptide ! !
OIGC1 receptor subfamily,

osmotic and

cardiovascular

homeostasis
Ferritin H3, mMRNA AU242757 5E-107 Iron storage ! !
Putative: THO complex 3 BJ746432 0 RNA DNA ! !
(D.rerio) metabolism,

transcription
rpS16 mRNA for ribosomal BJ543498 0 Ribosomal subunit, ! !
protein S16 catalysis of mMRNA-

directed protein

synthesis

(overexpression in

tumors)

1 and | indicate upregulation and downregulation of genes, respectively. BLAST similarity
determined by the lowest expectation (E)-values on NR Database using accession numbers as
identifiers.
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2-4-2. 50%-2°-wastewater exposure for 6 hours
2-4-2-1 Patterning and Classification of EDCs through Gene Expression Profiles

The same process of patterning and classification described in section 2-4-1-2 for L-
Groundwater sample was used for 50%-2°-wastewater sample. The medaka gene expression data
for 50%-2°-wastewater samples were first processed and embedded into the same functional
space delineated by the training data where the classifier was built. The posterior probabilities
calculated from FMLC then indicate the likelihoods for the 50%-2°-wastewater expression data
to be assigned to one of the 6 prototypical EDCs. The EDC with the highest posterior probability
will then be assigned as the type of EDC that tends to contaminate the water sample. Our
findings for the 50%-2°-wastewater are listed below:

Sample 11-KT Flu T3 Ami E2 Fas
Male 6h 50%-2°-wastewater 0.00 0.00 1.00 0.00 0.00 0.00
Female 6h 50%-2°-wastewater .00 1.00 0.00 0.00 0.00 0.00

11-KT= androgenic; Flu= anti-androgenic; T3= thyroidogenic or goitrogenic; Ami= anti-thyroidogenic or anti-
goitrogenic; E2=estrogenic; and Fas= anti-estrogenic

2-4-2-2 Differentially Expressed Genes

For male and female Qurt medaka larvae exposed to a 50%-2°-wastewater, gene expression
patterns could only be analyzed after 6 hours of exposure because of the acute toxicity of the
water sample, resulting in 92.5 to 94% mortality after 96 hours of exposure.

6hr exposure of medaka larvae showed 58 differentially expressed genes in males and to 146
differentially expressed genes in females (Table 1). Contrary to the L-groundwater exposure,
females had a higher number of responsive genes after exposure to 50%-2°-wastewater and they
expressed far more down-regulated genes. Again, as already observed for L-groundwater, much
more genes were down- than up-regulated, with predominant inhibition responses for both sexes.
After 6hr the ratios of up-regulation to down-regulation was 0.09 for females and 0.61 for males,
respectively.

We were able to obtain biological information by functional profiling of 16 of the 58 genes
differentially expressed by males and for 32 of 146 genes differentially expressed by females. In
males and females, we found genes involved in metabolism, immune, inflammatory and stress
responses, regulation of cytoskeleton stability, osmotic and cardiovascular homeostasis,
neuropeptide regulation, RNA/DNA metabolism and transcription, and the hypothalamic-
pituitary-gonadal axis (Table 3). In addition, females showed differentially expressed genes
involved in morphogenesis, sex differentiation and determination, oogenesis and vitellogenesis,
and transport (Table 3).

Of those differentially expressed genes with known functions, 9 were present in males and
females after 6hr of exposure to 50%-2°-wastewater. Among these genes, up-regulation of
glycoprotein (rh50) and cytochrome P4501A (CYP1A) genes may indicate anti-androgenic
activity and increased immune response and metabolism. The down-regulation of L-SF precursor
(1-sf) and choriogenin Hminor (chm) suggests the presence of anti-estrogenic components in the
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water sample. In addition we observed an up-regulation of the microtubule associated protein
(EB1), which is involved in the regulation of cytoskeleton and chromosome stability. The
function of the gene for predicted kelch-like protein 20 (klp20) is currently unknown but is most
likely associated with actin tails, which play a role in cytoskeleton stability. The down-regulated
B-type natriuretric peptide precursor (cnp) is involved in the cardiovascular system, whereas the
down-regulated heme-oxygenase 1 gene (hol) is a stress response gene, indicating the presence
of stressors such as oxidative stress, hypoxia, heavy metals or cytokines when up-regulated. The
putative THO complex 3 gene may indicate a decrease in RNA/DNA metabolism and
transcription activity.
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Table 3 Functional profiles of a subset of genes differentially expressed in medaka larvae after
6hr of exposure to 50%-2°-wastewater

Gene Name
Glycoprotein (rh50)

cytochrome P450 1A
(CYP1A) mRNA

CCAAT- enhancer
binding protein delta-like
protein MRNA

Pituary adenylate cyclase
activiation polypeptide
receptor (PACAPLA
gene)

Mictrotubule associated
protein RP/EB family
(EB1)

Predicted: similar kelch-
like protein 20

KFH-R protein (kfh-r
mRNA)

C-type natriuretric
peptide-3 (cnp-3,
mRNA)(paracrine,
autocrine)

B-type natriuretric
peptide precursor (cnp,
mRNA)(circulating)

Heme-oxygenase 1,
MRNA

L-SF precursor (1-sf),
MRNA

Accession#

AB036511

AY297923

BJ710640

BJ736738

BJ740475

BJ748092

AB001604

AB091698

AB099700

AB163431

AU179140
AU 180097

E-value

0.00

0.00

1E-105

2E-53

4E-74

8E-26

6E-154

Biological Function
Immune response

Phase | metabolism

Inflammatory mediator
regulation

Regulatory
neuropeptide

Microtubule dynamics,
cytosceleton stability
regulation,
chromosome stability

Function unknown,
associated with actin
tails

Putative visual pigment

Cardiovascular and
osmoregulatory
hormones

Cardiovascular
precursor

Stress response
(oxidative stress,
hypoxia, heavy metals,
cytokines)

Hypothalamic-
pituitary-gonadal
(HPG) axis

Regulation
Males

T
T
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Choriogenin Hminor
gene

Cytochrome P450
monooxygenase
CYP2K1

Putative: THO complex 3
(D.rerio)

Gene Name
Glycoprotein (rh50)

cytochrome P450 1A
(CYP1A) mRNA

Mictrotubule associated
protein RP/EB family
(EB1)

Predicted: similar kelch-
like protein 20

hoxA2a

MF-Hox9-1

DMY protein (dmy),
MRNA

B-type natriuretric
peptide precursor (cnp,
mMRNA)(circulating)
Heme-oxygenase 1,
MRNA

AU179899
AU 180137

BJ512702

BJ746432

Accession#t

AB036511

AY297923

BJ740475

BJ748092

AB027025

AB027039

AB071534

AB099700

AB163431

3E-120

0.0

E-value

0.00

0.00

4E-74

8E-26

9E-54

2E-55

6E-154

Hypothalamic-
pituitary-gonadal
(HPG) axis

Phase | metabolism
(estrogenicity)

RNA DNA
metabolism,
transcription

Biological Function
Immune response

Phase | metabolism

Microtubule
dynamics,
cytosceleton
stability regulation,
chromosome
stability

Function unknown,
associated with
actin tails

Morphogenesis,
developmental
patterns

Morphogenesis,
developmental
patterns

Sex differentiation
Cardiovascular
precursor
oxidative stress,

hypoxia, heavy
metals, cytokines

Regulation
females

T
]
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ZPC domain containing
protein 5

Pax6 gene

Hox gene cluster

Alpha tubulin

L-SF precursor (1-sf),
MRNA

Choriogenin Hminor
gene

Progestin receptor
membrane component

Cytochrome P450 26A1
(CYP26al)

Sp3 transcription factor

14-alpha demethylase
(CYP51)

Sox17 (SRY (sex
determining region Y)-
box 17), mMRNA

Interphotoreceptor
retinoid-binding protein
(IRBP2) gene, Exon 1

AF128813
AU241961
AJ000938

AU169510

AU176604

AU179828

AU179899

AU 180137

AV668306

AV668461

BJ009046

BJ016320

BJ493205

BJ714260

7E-66

2E-111

3E-105

3E-149

6E-152

TE-27

Zona pellicula
protein

Eye development,
sensory organs

Morphogenesis

Microtubule
dynamics,
cytosceleton
stability

hypothalamic-
pituitary-gonadal
(HPG) axis
hypothalamic-
pituitary-gonadal
(HPG) axis

Down-expression
during late
vitellogenesis

Phase | metabolism

bifunctional
transcription factor,
either stimulates or
represses the
transcription of
numerous genes

sterol biosynthetic
pathways,
cholesterol
biosynthesis, gonads

Transcription factor,
gut endoderm
development

Visual cycle,
retinoid transport
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Putative: Interleukin BJ717119 0.0 Immune system !
enhancer binding factor

(ILF-2), mRNA

6-Phosphogluconate BJ720150 2E-53 Red blood cell !

dehydrogenase (pgd metabolism

gene)

Type | keratin isoform BJ728005 1E-99 intracytoplasmatic !
cytoskeleton

MHC Class | region BJ728138 9E-77 l

Chromatin assembly BJ728607 3E-116  immune system, !

factor 1 autoimmunity,
reproductive success

Beta-3- BJ729999 1E-134  Immune response l

glucuronyltransferase

(b3gatl gene)

HSP putative Zinc finger BJ730394 9E-12 Male determining !

transcription factor gene

(DMRT1a)

membrane guanylyl BJ738711 8E-60 Downregulation !

cyclase OIGC1 possible because of
high salt or lead

Putative: THO complex 3 BJ746432 0.0 RNA DNA !

(D.rerio) metabolism,

transcription

1 and | indicate upregulation and downregulation of genes, respectively. BLAST similarity
determined by the lowest expectation (E)-values on NR Database using accession numbers as
identifiers.

20



CONCLUSIONS, DISCUSSIONS AND SUGGESTIONS

A custom medaka microarray chip was developed and we tested its ability to discriminate
between six prototypical EDCs evaluated at biological effective concentrations in a robust
experimental design. At least three elements of the microarray experiment design of this study
eliminated various intrinsic sources of variation. First, all of the exposed fish were at the same
developmental stage and it is likely that they shared similar physiological states. Second, inbred
Qurt strain medaka colonies had been maintained for over 20 years prior to this study which
reduces the effect of genetic polymorphisms on the observed alterations in gene expression. In
addition, the genders of all of the fish used were determined prior to exposure to EDCs allowing
a reliable testing for gender-specific alterations in gene expression response. By pooling the
RNA samples of fish within each gender, we characterized the mean gene expression response of
each gender to EDC exposure.

We tested and validated the expression profile for vinclozolin which is remarkably similar to the
prototypical anti-androgen flutamide, indicating that our system can prospectively identify EDCs
with characteristic modes of action. We also tested and validated the expression profile for
simple EDC mixtures, i.e., exposure to mixtures of either 17-B-estradiol + faslodex™ or 11-
ketotestosterone + flutamide; or thyroid hormone (T3) + amiodarone at per-determined
biologically effective concentrations, indicating that effects of simple mixtures are different from
those exerted by exposure to single EDCs. For example: exposure to 11-KT + FLU mixture has
an anti-estrogenic outcome, exposure to T3 + AMI mixture has anti-androgenic outcome, and
exposure to E2 + FAS mixture has estrogenic outcome. These results further suggest complex
mechanisms that may be associated with EDCs when present in aquatic environments. In
addition, to overcome the cost of microarray analysis, we have designed and built a new 1620
medaka microarray gene chip at UC Davis. This new 1620 medaka microarray gene chip has
been tested and has similarly proven sensitivity in discriminating the six prototypic EDCs
compared to the 12,000 custom chip initially built by CombiMatrix Corp. This new gene chip
will significantly reduce our cost and time for future EDC microarray analysis.

Our results indicate: 1) L-groundwater has estrogenic effects on male medaka larvae at 6hr but
anti-thyroidogenic effects at the end of 96hr exposure and anti-estrogenic effects on female
medaka larvae at 6hr but anti-thyroidogenic effects at the end of 96hr exposure, and 2) 50%-2°-
wastewater has thyroidogenic effects on male and anti-androgenic effects on female medaka
exposure to the 50%-2°-wastewater for 6 hr. The transition from estrogenic to anti-thyroidogenic
effects in female and anti-estrogenic to anti-thyroidogenic effects in male may indicate gender-
specific effects of medaka to the L-groundwater at 6hr. However, prolonged exposure (96hr)
further illustrated that some genes may persist while other genes subside indicating a complex
cascade of up- and down-regulation of genes in female and male medaka during the duration of
exposure. In addition to the endocrine disrupting effects, the occurrence of significantly higher
number of down-regulated genes compared to up-regulated genes further suggest the long-term
effects of L-groundwater and 50%-2°-wastewater on the growth of medaka larvae. Our
preliminary results also indicate that the L-groundwater and 50%-2°-wastewater consist of
complex contaminant mixtures with endocrine disruptor effects on 1-wk-old medaka larvae.
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Endocrine disrupting chemicals (EDCs) have been a major issue in environmental science and
policy for more than ten years. Although there has been considerable debate over true
concentrations, sources, identity, and effects of potential EDCs, overwhelming evidence
indicates that EDCs can critically compromise reproductive and developmental processes in both
humans and wildlife. Unfortunately, even with these profound impacts, there are no specific
restrictions currently in place to regulate EDC discharges due, in part, to the lack of effective and
standardized tests to accurately detect the presence of such chemicals in the environment. As
EDCs primarily target gene transcriptional activity, microarray-based alterations in gene
expression can be used as markers of exposure. EDCs can interfere with development of the
brain and reproductive systems in fish, humans and wildlife by interfering with neural and
endocrine signals and cellular function of the hypothalamus-pituitary-gonadal and liver (HPG/L)
axis. ldentifying the molecular and functional responses of the HPG/L to EDCs is critical to
understanding the mechanisms involved in the adverse health effects caused by exposures to
EDCs.

Our medaka microarray chip will provide a powerful screening tool that can simultaneously
yield information not only on the parent chemical's endocrine disruptor activity but also on the
presence of any active metabolites. This basic screening system also has profound benefits to
future characterization of organ-specific responses to EDCs as well as characterizing differences
in EDC gene-expression profiles associated with exposure of different life stages of fish.
Furthermore, assessment of complex contaminant mixtures of EDCs can be accomplished using
this novel method that could greatly facilitate the identification of diverse aquatic environmental
EDCs that may have synergistic as well as individual effects.

Our future goal is to develop the medaka microarray chip system into a comprehensive tool for
screening and identifying previously uncharacterized EDCs. Additional funding from GAMA,
SWRCB will provide an opportunity to investigate the biological effective concentrations (BEC)
of several pharmaceutical chemicals previously detected by LLNL in wastewater or
groundwater. Using 7 dph medaka larvae, we propose to perform 1) time-course and, 2) dose-
response experiments with the prototypical EDCs at LC10 and LC25 of the BEC using
individual or combined mixtures of the pharmaceutical chemicals. The medaka genome
annotation which we have already developed will identify the function of affected genes and
their mode of action. DNA microarrays provide a snapshot of transcriptional activity in tissue
samples and demonstrate which genes are actively expressed within the cells at one point in time.
Using this technology will allow relatively rapid and straightforward assays to identify EDCs by
observing the changes in gene expression patterns in response to exposure. Further development
of this technique with the proposed studies outlined above will build the essential groundwork
needed to support cross species comparisons on shared mechanisms and vulnerabilities to EDC
compounds.

22



ACKNOWLEDGEMENTS

We would like to thank John Borkovich, Jan Stepek, Lisa Babcock, and James Giannopoulos of
SWRCB for their advice, guidance, and patient, Bradley Esser and Alan Grayson of LLNL for
their assistance in the collection of wastewater and groundwater, Ching Teh for medaka culturing
and separating thousands of females and male medaka eggs for exposure study, and Janice Pfeiff
at ArrayCore facility at UCD for microarray analysis. Funding was provided by Groundwater
Ambient Monitoring and Assessment Program, State Water Resources Control Board,
Sacramento, California 95814 (Contract# 04-111-250-0).

23



ACRONYMS AND ABBREVIATION

11-KT = 11-Ketotestosterone

AMI = Amiodarone

BEC = Biologically effective concentration

BLAST = Basic Local Alignment Search Tool

Dph = Day post-hatched

EDC = Endocrine disrupting chemical

E2 = 17-p-Estradiol

FAS = Faslodex ™ (ICI 182,780)

FCKDA = Functional Classification- Kernel Density Approach
FLU = Flutamide

GAMA = Groundwater Ambient Monitoring and Assessment
HPG/L = hypothalamus-pituitary-gonadal and liver axis.
LLNL = Lawrence Livermore National Laboratory

SWRCB = State Water Board Resources Control Board

T3 = Thyroid hormone

APPENDICES

l. A Functional Approach to Predict Endocrine Disruption from Gene Expression
Profiles Using a Medaka Fish Model

Il. Using a Sensitive Japanese Medaka (Oryzias latipes) Fish Model for Endocrine
Disruptors Screening

I1l. A Computational Approach to Predict Endocrine Disrupting Activity in Water Using
a Medaka Fish Model

IV.  Global Gene Expression Profiling of Androgen Disruption in Qurt Strain Medaka
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INTRODUCTION

Global gene expression profiles in a Qurt Strain Medaka fish
model were successfully used to identify patterns predictive of
Androgen Disrupting Chemicals (ADC) with agonist (ie. 11-
ketotestosterone; 11-KT) and antagonist (i.e. flutamide; FLU) activity
on a custom oligonucleotide array (Leén et al. 2007). The gene-
profiling Medaka model serves as a rapid, sensitive, and biologically-
integrated screening assay for the identification and classification of
environmental ADC activities.

In this study, we included six Endocrine Disrupting
Chemicals (EDC), 11-KT and FLU from the previous study along
with 3, 3', 5-Triiodo-L-thyronine (T3), Amiodarone, 17- 8 Estradiol
(E2) and ICI 182,780 (FaslodexTM, AstraZeneca, UK). These six
prototypic EDCs have been extensively studied and are known to
have unique agonist or antagonist activity in three hormone receptor
-mediated systems.

Japanese Medaka (Oryzias latipes)

Leucophores

2-day old Male (X'7/y*) ~2-day old Female (X"/X"")

1 - wkold larvae

Sex-linked coloration in Qurt strain medaka allows the genetic sex to
be known before the phenotypic sex (Wada et al 1998)

OBJECTIVES

(1) Build up the gene-expression pattern for identification and
classification of EDC's, using Medaka Fish model.

(2) Construct statistical model for predicting environmental EDC
activities.

partment of Mathematics, Lehigh University,
2Department of Anatomy, Physielogy, and CelllBiolagy, School of Veterinary Medicing

METHODS

(1) Oligonucleotide array design: Please see Ledn et al. (2007) for
details.

(2) Functional EMbeding (FEM): Muller and Wu (2007) proposed a
novel approach for embedding high dimensional data into
functional space. Gene-expression profiles are re-expressed in
functional form via FEM. The effect of ordination after FEM can
be easily seen in Figure.1. Here gene profiling consists of 281
genes yielding most significant difference among EDC groups.

(3) Functional Discrimination — Kernel Density Estimation
Approach~(FDKDE).
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(4) Leave-One-Out-Cross-Validation for the evaluation of FDKDE.
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, where the superscript (-i) indicates that the i-th observation is
left out in the constructions of the functional covariance
surface, the mean function, the eigenfunctions, and the
functional principal component score. Moreover, (¢ isthe
true group membership, and the dimension of truncauon M is
determined by using Functional Variance Explanation
criterion (FVE, hereafter).
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The LOOCYV misclassification rate based on FDKDE with 3 Functional principle
component scores (FPCS) is 14/35=0.4 with one subject classified as Doubt. The
Choice of number of FPCS is by Functional Variance Explained ratio (FVE)
illustrated in figure.2.

Figure.2 FVE scree plot

DISCUSSION

The use of Medaka Fish model for identification and classification of EDC
activities based on gene expression profiles sheds a new light on aquatic-
toxicological study. Our findings show that gene expression profiling with
medaka has significant potential for environmental monitoring. It is a rapid,
sensitive, and biologically-integrated screening assay. In the future, a follow-
up study can be developed in the following perspectives:

1. Combing information from gene pathways can help with annealing the
assay.

2. A statistical model with variable trimming feature can help with
simplifying the screening assay without loss of sensitivity.

3. To utilize the medaka microarray and computational approach to test for
the activity of endogenous and synthetic hormones in ambient water.

4. Evaluate how EDC gene patterns change over time and dose.

Figure.4 Covariance Surface
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Science Question

The endocrine system consists of a highly integrated
set of glands and widely distributed neuroendocrine
cells in exocrine glands whose primary function is
the control of homeostasis, including growth,
reproduction and fertility, which are essential for
propagation of the species. Therefore, the disruption
of the endocrine system by any anthropogenic
chemical may eventually have profound effects on
both individuals and the population of a species.
Endocrine disrupting chemicals (EDC’s) are under
intense scientific scrutiny because of the increasing
number of environmental contaminants linked to
disruption of one or more components of the
endocrine system. Perhaps the greatest challenge to
scientists studying EDCs are that (1) many of these
chemicals can exert their effects at very low doses,
and (2) harmful effects may not manifest for months
or years after exposure. Thus, it is possible that
many of the pesticides and industrial products in
widespread use today may have harmful long-term
effects that interfere with some aspect of the
endocrine system.  Although there is no single
approach that can simultaneously identify EDCs and
characterize their toxicity, the development of a
rapid, sensitive, biologically-integrated ~screening
assay that can identify and classify EDCs by
category of endocrine activity is of utmost
importance in beginning to understand the scope of
the problem posed by these chemicals.

Research Goals

To develop and validate a high-throughput EDC
screening assay utilizing the microarray gene chip,
four objectives are proposed:

1. Develop a microarray chip designed to identify
endocrine disrupting chemicals,

2. Identify gene expression profiles associated with
all categories of endocrine disrupting activity;

3. Conduct a statistical analysis of gene expression
profiles to develop response criteria that identify
patterns predictive of endocrine disruption, and

4. Validate the microarray chip using a set of
chemicals selected to represent both positive and
negative controls, as well as chemicals with
previously-undefined endocrine activity.

Long Term Goal Il

Six Prototypic EDCs

Methods/Approac

Experimental Design |

Determining biological effective concentrations (BEC) of the six prototypic EDCs

Experimental Design 111

17-B Estradiol (E2) is one of the most studied natural estrogens N N Type of experiment:  96-h static renewal method dentifying unique gene response patterns of the six prototypic EDCs

IC1 182,780 (FaslodexTM, AstraZeneca, UK) s a novel, steroidal estrogen Studied species Sample size: 50 larvae per gender per four replicates Type of experiment: Static 6-h individually exposure to

antagonist that was specifically designed to be devoid of estrogen agonist activity Time of Sﬂmvl"\g ‘Three months after exposure Ethanol control Rever

(Howell et al., 2000). Endpoints: 10 pg/L. 17-p Estradiol T,a,,sc,.mmn Hybridization

11-Ketotestosterone is the primary endogenous fish androgen and a non-
aromatizable androgen (Borg, 1994). Since it is not converted to estradiol by the
P450 aromatase, the biological effects observed in exposed Qurt medaka fish
should e those expected from pure anmogemc et

Flutamide is p research, It
fas been thoroughly hed s rdpeatic agentcan funcaon s an
antiandrogen in mammals (Bayley et al., 2002)

- ﬂ E

2-day old Male (X'/Y*)  2-day old Female ( X'/X")

e ]

1. Health indices (body length, body weight, and condition factor)
2. Histopathology
Occurrence of intersex

Experimental Design 11

Developing Custom Medaka 12K Oligonucleatide Array
Features of array:

10 pg/L IC1 182,780 (FaslodexTM ) samples
34 g/l Amiodarone

100 pg/L L1-ketotestosterone

500 ug/L 3, 3", 5-Triiodo-L-thyronine
1000 pg/L_ Flutamide

Noarwne

Isulanon and Labeling ~ Scanning

3,3, 5-Triiodo-L-thyronine (T3) is one of two iodinated hormones secreted by PR T—— 0N, tfected _ Sample size = 200 larvae per gender per three replicates Conrol  mRNAS cDNAS
i ronine (T  iodinated ; . genes (n=131)
the “hy'd“‘d glls"“‘ T? EESS@:‘"T' ‘%g&”‘é’;‘h'gﬂf’j"”;s‘;’;‘ “_;‘; 'Epr"”“,‘:;""' Sex-linked coloration in the Qurt medaka strain allows the 2. Medaka cDNAS (n = 1075) I:‘a' RNA |solla\vgn
e G S e 05 B | e e o D o o -0 fEe .
modulates its own function by regulating the thyroid receptor (TR) level (Dace et (Wada etal 1998) - Unigene database (1= Loess normalization and functional embedding for high dimension data analyses
al, 2000) Latent ordering of genes for patterning analysis ;
6. Amiodarone is  diiodinated benzofuran derivative that functions as a potent sereening _tool
antiarrhytmic drug (Shahrara and Drvota, 1999; Latham et al., 1987) 4379 unique and ~3000 control probes
Testicular Histopathology
—— e r—]
prrpy e
——

Discussions/Conclusions

1. We have determined the BECs of the six
prototypic EDCs.

2. We have developed a custom medaka gene chip
that is capable of identifying and differentiating
gene expression patterns of six categories of
EDCs (Figure 3).

3. Figure 3A shows vinclozolin has a similar
pattern as flutamide therefore confirm the anti-
androgenic activity of vinclozolin and the
predictive ability of the medaka gene chip.

4. The predictive ability of the microarray gene
chip with additional EDC compounds and with
simple EDC mixtures is in progress.

Impact and Outcomes

The medaka microarray chip will provide a powerful
that can simultaneously yield
information on not only the parent chemical's ED
activity but also any active metabolites. The basic
screening system is also directly amenable to the
future characterization of organ-specific responses to
EDCs, as well as to characterizing differences in
EDC  gene-expression profiles associated  with
exposure of different life stages. Furthermore,
assessment of complex contaminant mixtures of
EDCs will be possible with this novel method and
could greatly facilitate future aquatic environmental

Figure 1. (A) Nurmal tests of conirol male showing several reproductive siages in

(Spg = Spe Spt = spermatids; Spz =
spermatozoz), (B) Ovatesisin a male exposed 0 320 /L lutamice. Notes: Both severe germ cell
necrosis (arrowheads) and ova cell necrosis (arrows) were observed in this intersex fish (MA
macrophage aggregations), and (C) Ovatestis in a male exposed to 500 pg/L of 3, 3', 5-Triiodo-
thyronine

Thyroidal Hlstopathology
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Table 1. Selected Functional Profiles of Differentially

Expressed Genes in Males and Females Exposed to
Flutamide (FLA), 11-ketotestosterone  (11-KT), and
Vinclozolin (VIN). Red and green indicate upregulation and
downregulation of genes, respectively. Blastx similarity
determined by the best hit (lowest E-values) on NR Database
using accession numbers and clone IDs as identifiers.
M=male and F=female

Figure 3 A-D. Heat map images of the six prototypic EDCs before and after functional embedding technique (Muller and Wu, in preparation). To perform the clusteringfclassification analysis, the latent ordering of genes with the
smallest p-values based on t-test was used to express the subject profiles (columns) in functional form. The Heat map images were then transformed to line curve using the scattered smoothed mean curves with standard error bar.

Figure 2. (A) Normal thyroid gland in control male showing single-layered of low cuboidal
11-Ketotestosterone = 11-KT, Flutamide = FLU, Vinclozolin (VIN), 3, 3", 5-Triiodo-L-thyronine =T3, Amiodarone = AMI, 17-f Estradiol = EST, and ICI 182,780 (FaslodexTM ) = FAS.

follicular cells, (B) Follicular cell atrophy (arrow) in male exposed to 50 ug/L of 3, 3', 5-Triiodo-
Lthyronine, and (C) Thyroid follicular cells hyperplasia and hypertrophy were observed in male
exposed t0 500 pg/L of 3, 3", 5-Triiodo-L-thyronine. Arrows point to necrotic follicular cells.

and evaluation.

Future Directions

As the medaka genome is annotated, we can identify
the function of affected genes and gene pathways to
further our understanding of the underlying causes of
EDC-induced toxicity (see Table 1). Our future goals
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Discussion and

Conclusion

1. Diagnostic probes identified in this study
are a powerful means to discriminate
between different types of endocrine

runoff and industrial effluents significantly reduce the
quality of water resources. In many cases, potential
EDCs exist in the environment as mixtures that could
act synergistically (Falconer et al. 2006).

A novel computational approach was utilized to
characterize the patterns of genomic response of Qurt
strain Japanese medaka (Oryzias latipes) larvae after
short term exposures to biologically effective
concentrations of three receptor agonist/antagonist

disrupting activity at the transcription level.

. Annotation of diagnostic probes revealed

alterations of potential  biomarkers
associated to metabolism, stress
responses, molecular repair, neural
networks, and reproductive physiology in
male and female medaka.

. Critics of EDC screening and testing

programs have indicated that the current
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Androgen disrupting chemicals (ADCs) are endocrine
disrupting chemicals (EDCs) that mimic or antagonize the
effect of physiological androgens. Microarray-based detection
of altered gene expression can be used as a biomarker of
EDC exposure. Therefore, the purpose of this study was to identify
and compare gene expression profiles of the androgen 11-
ketotestosterone (11-KT), the antiandrogen flutamide (FLU), and
the antiandrogenic fungicide vinclozolin (VIN), on Qurt
medaka (Oryzias latipes). Biologically effective concentrations
for 11-KT (100 wg/L), VIN (100 wg/L), and FLU (1000 wg/L)
determined in range-finding studies were used for exposures.
The oligonucleotide microarray included 9379 probes for EDC-
affected genes, medaka cDNAs, sequences from the medaka
genome project, and the UniGene database. We found that
treatment with FLU, VIN, and 11-KT caused significant (false
discovery rate = 0.01) differential expression of at least 87, 82,
and 578 genes, respectively. Two sets of responsive genes
are associated to vertebrate sex differentiation and growth, and
50 genes were useful in discriminating between ADC classes.
The discriminating capacity was confirmed by a remarkable
similarity of the antiandrogenic expression profiles of VIN and
FLU, which were distinct from the androgenic profile of 11-
KT. Gene expression profiles characterized in this study allow
for reliable screening of ADC activity.

Introduction

Patterns of gene expression are sensitive indicators of toxicant
exposure that can form a genetic signature of the toxin. This
genetic signature can be used to identify toxic substances
(I), including different classes of endocrine disrupting
chemicals (EDCs) (2). In addition, patterns of gene expression
could yield insight into modes of action and mechanisms of
toxicity (3). There are several classes of EDCs including
substances that can disrupt thyroid hormones, androgens,
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and estrogens. These groups of compounds have been
implicated as causes for a variety of effects, including
increased rates of breast cancer, feminization, masculiniza-
tion, and decreased fertility and hatching success in animal
populations. Androgen disrupting chemicals (ADCs), namely,
androgens and antiandrogens, are EDCs that mimic or
antagonize the effect of physiological androgens by inducing
or inhibiting androgen-receptor-mediated gene transcription,
respectively. Environmental ADCs include plasticizers, chlo-
rinated hydrocarbon insecticides, herbicides, and fungicides
(e.g., vinclozolin, VIN) that can potentially impair early
development of organisms (4, 5). The development of ADC-
specific gene signatures in expression profiling could help
identify ADC activity by screening previously uncharacterized
or putative toxicants for their similarity to prototypic ADCs.

A gene expression profile could differ on the basis of the
gender exposed (6). It is expected that some genes may be
upregulated in males and downregulated in females, or vice
versa. Consequently, correct interpretation of a gene expres-
sion profile depends on knowing the gender of the test
organism. The sex-linked coloration in the Qurt medaka strain
allows the genetic sex to be known before the phenotypic
sex (7). Consequently, fish of a known gender can be exposed
early in development and the gene expression profile can be
interpreted correctly.

The aims of this study were as follows: to design a custom
medaka microarray to detect EDCs; to identify gene expres-
sion profiles associated with androgen and antiandrogen
activity; to conduct a statistical analysis of gene expression
profiles to develop response criteria that identify patterns
predictive of androgen disruption; and to validate the medaka
custom microarray using a putative antiandrogen to evaluate
its potential to discriminate androgenic and antiandrogenic
chemicals. The specific objective of the present study is to
characterize alterations in gene expression induced by 11-
ketotestosterone (11-KT), a prototypic androgen; flutamide
(FLU), a prototypic antiandrogen; and vinclozolin (VIN), a
putative antiandrogen, on a sensitive medaka fish model.
11-KT is the primary endogenous fish androgen (8). Since
11-KT is not converted to estradiol by P450 aromatase, the
differential gene expression observed in exposed medaka
fish should be that expected from a pure androgenic agent.
FLU is a therapeutic agent for prostate cancer treatment (9)
that can function as an antiandrogen in mammals (10). We
hypothesized that androgen- and antiandrogen-specific
toxicity can be detected by analyzing changes in global gene
expression that would indicate a molecular response fol-
lowing exposure. Overall, our results shed light on the genetic
changes that may underlie the action of ADCs during early
development.

Experimental Section

Determination of Biologically Effective Concentrations for
ADCs. The prototypic androgen (11-KT; 98% purity), anti-
androgen (FLU; 99% purity), and putative antiandrogen (VIN;
99.6% purity) were obtained from Sigma-Aldrich Co. (St.
Louis, MO). Biologically effective concentrations (BECs) were
determined by range-finding experiments in which male or
female Qurt strain medaka were exposed separately to 11-
KT, FLU (I11), or VIN. A 96 h static renewal method was used
for the aquatic exposures to each chemical by following
standardized guidelines from the United States Environ-
mental Protection Agency (12). A sample size of 50 1-week-
oldlarvae (stage 40 first fry stage (13)) per gender per replicate
was used in 11-KT and FLU exposures. After treatment, larvae
were grown out for a 3 month period to approximate sexual
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maturity. The end points evaluated in these range-finding
studies were growth performance indices (body length, body
weight, and condition factor), gonad and thyroid histopa-
thology, and occurrence of intersex (11).

Development of a Custom Medaka 12K Oligonucleotide
Array. A custom 12K oligonucleotide array for medaka was
developed in collaboration with CombiMatrix Corp (14). The
medaka microarray elements include: EDC-affected genes
identified from searches of the scientific literature (n=131),
medaka cDNAs (n = 1075), medaka genome project se-
quences (n = 890), and unigene database probes (n = 8154).
The microarray contains 9379 DNA probes including re-
dundant sequences extracted from more than one source.
Specific probes were designed by CombiMatrix Corp. using
proprietary probe design software. The medaka CustomArray
probes have intermediate lengths (34-39 nt). There are one
to two replicates of each probe distributed across each array.

Microarray Experiment Design. Biological samples were
prepared from Qurt medaka larvae poly A+ RNA after
exposure to 11-KT, FLU, or VIN at BECs of 100, 100, and 1000
ug/L, respectively. Briefly, the total RNA was isolated from
whole tissue of 7 day (£1) post hatching (7 dph) larvae (n =
200 larvae per gender per each of three replicates) using
TRIZOL reagent (Invitrogen). Integrity of the isolated RNA
was verified on a 1% agarose gel. Poly A+ RNA was isolated
using Qiagen (Valencia, CA) Oligotex midi-kits. First strand
cDNA incorporating amino allyl-dUTP was synthesized from
poly A+ RNA, and CyDye-labeled cDNA was purified by using
the Amersham Biosciences (USA) CyScribe cDNA post
labeling kit. UV/visible spectrophotometry measurements
were used to calculate the concentration of fluorescent Cy3-
and Cy5-dye incorporated in the cDNA sample. Spike-in
control transcripts were prepared similarly using polymerase
chain reaction (PCR) fragments, containing a T7 RNA
polymerase promoter site, as a template for transcription.

The microarrays were assembled with hybridization caps
and rehydrated with RNase-free water (Ambion) at 65 °C for
10 min. After rehydrating, blocking solution (6X SSPE, 20
mM ethylenediaminetetraacetic acid (EDTA), 0.05% Tween-
20, 5X Denhardt’s solution, 0.05% sodium dodecyl sulfate
(SDS), and 100 ng/uL sonicated salmon sperm DNA) was
added, and the arrays were incubated at hybridization
temperature (50 °C) for 30 min. A 1.5 uglabeled cDNA sample
from each treatment was added to the hybridization solution
(6X SSPE, 20 mM EDTA, 0.05% Tween-20, 0.05% SDS, and
100 ng/uL sonicated salmon sperm DNA) and denatured for
3 min at 95 °C. Samples were placed briefly on ice followed
by centrifugation at 14000g (maximum) for 3 min. Blocking
solution was removed from the hybridization chamber, and
100 uL of hybridization solution was applied to the arrays.
Hybridization was carried out in a Fisher Scientific Isotemp
hybridization incubator for 18 h at 45 °C under gentle rotation.
Following hybridization, arrays were washed at hybridization
temperature (50 °C) for 5 min with 6X SSPE and 0.05% Tween-
20 preheated to 50 °C. Washing continued with 3X SSPE and
0.05% Tween-20 for 5 min at room temperature (RT), 0.5X
SSPE and 0.05% Tween-20 for 5 min at RT, and 2X phosphate-
buffered saline (PBS) and 0.1% Tween-20. Final washing steps
were performed at RT for 5 min with two rounds of 2X PBS
with no detergent. The microarrays were imaged with Cy5
filter sets on an Applied Precision (Issaquah, WA) arrayWORx
Biochip Reader. Imaging was performed while the array was
wet with Imaging Solution (2X PBS) under a LifterSlip glass
coverslip (Erie Scientific, Portsmouth, NH).

Identifying Unique Gene Patterns of Each Class of ADC.
ScanAlyze v.2.5 (Stanford University) was used to estimate
the gene expression levels by obtaining the median intensity
of replicate spots from the image. An initial set of differentially
expressed genes in each treatment was obtained by con-
ducting a one-sample t test with pooled variance. Differ-

TABLE 1. Numerical Distribution of Differentially Expressed
Genes ldentified in Qurt Medaka Larvae after Exposure to
BECs of 11-KT and FLU?

upregulated downregulated

treatment genes genes total
100 ug/l 11-KT Males 518”(216)° 650 (362) 1168 (578)
100 ug/l 11-KT Females 27 (17) 116 (65) 143 (82)
1000 ug/l FLU Males 75 (17) 260 (70) 335 (87)
1000 ug/l FLU Females 853 (492) 962 (518) 1815 (1010)

?BECs = biologically effective concentrations; 11-KT =
11-ketotestosterone; FLU = flutamide. ° Differentially ex-
pressed genes identified with an FDR = 0.05 * Numbers in
parenthesis represent unique genes identified with an FDR
= 0.01

entially expressed genes were identified by the Benjamini
and Hochberg (15) procedure for false discovery rate (FDR)
control at 0.01 and 0.05 values. Differential expression of a
set of genes involved in sex differentiation and growth in
medaka and other vertebrates was summarized by heat map
visualization using GenePattern 2.0 (MIT and Harvard) (16).

Loess normalization (17) and functional embedding (18)
were used for high-dimensional data analyses and pattern
discovery. First, the array data were normalized with the
loess normalization scheme. For each gene, a two-sample ¢
test was performed to obtain a significance value (p-value)
for the difference between chemical treatments. A working
set of diagnostic genes, defined by selecting the top 50 genes
with the most significant differences (smallest p-values)
between treatments, is believed to provide the most powerful
means of discriminating between the chemical treatments
atthe transcription level. A latent ordering of the working set
of genes allowed for pattern identification and analysis with
the technique of functional embedding (18). This technique
was applied to discover the patterning of gene expression for
Qurt medaka after exposure to the selected ADCs. The
response of each group of genes was represented by
smoothed mean curves with standard error bars. The mean
curves were smoothed with scatter smoother.

Biological information on significantly affected genes was
obtained by functional profiling of genes using sequence
similarity analyses with BLAST (19, 20). Gene annotation was
based on the lowest expectation values (e-value) obtained
from sequence similarity searches. The threshold value for
establishing gene identity and function was E-value < e 1°.
Non-medaka sequences were considered orthologous to a
medaka gene if the e-value was within the established
threshold.

Results
Chemical-Specific and Gender-Specific Effects. Up to 1815
(FDR = 0.05) differentially expressed genes were identified
after androgen and antiandrogen treatment of Qurt medaka
(Table 1). Overall, the ratio of upregulation to downregulation
was close to unity (1:1.34) but inhibition responses were
predominant. Males had a higher number of androgen-
responsive genes (1168), while females had a higher number
of antiandrogen-responsive genes (1815). Moreover, there
were far more downregulated genes in females treated with
antiandrogen than in males treated with androgens.
There was considerable variation in expression levels of
affected genes in spite of rigid control of experimental
conditions. Nevertheless, the microarray analysis revealed a
series of chemical- and gender-specific alterations of gene
expression profiles induced by 11-KT and FLU. Different sets
of unique genes were identified within each gender after
treatment with 11-KT or FLU (Supporting Information Figure
S1A,B), and each gender showed unique responses to the
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FIGURE 1. Expression levels of a set of genes related to medaka sex determination, differentiation, growth, and development after
exposure to 11-KT and FLU. Each column illustrates the gene alterations of a replicate to a particular treatment (subject profile).
Asterisks (*) denote genes that were differentially expressed between control and treated samples.

ADC as well (Supporting Information Figure S1C,D). Both
chemicals altered the transcription of genes involved in
metabolism, stress responses, iron storage, mitotic regulation,
neural networks, and reproductive physiology in male and
female medaka.

ADC-responsive genes included at least two functionally
meaningful categories of genes. One category includes genes
with putative roles in vertebrate sex differentiation and growth
(Figure 1). A second set of genes was found to be helpful at
discriminating between androgenic and antiandrogenic
compounds (Figure 2).

Sex Differentiation and Growth Genes. We found dif-
ferential expression of 14 out of 50 gene transcripts identified
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in the custom array to have putative roles in sex determi-
nation, sex differentiation, and growth in medaka and other
vertebrates (Figure 1). These 14 sequences belonged to
different physiologic categories including four transcripts
related to gonadotropin-releasing hormones (GnRH) and
their receptors (GnRH-R), six enzymes, and receptors in-
volved in steroidogenesis, one DM (dsx/mab-3)-domain gene,
one sox gene, and two genes involved in growth and
development.

The gene expression of all of the 14 responsive genes
referred to above was inhibited by 11-KT and FLU with the
exception of mdGnRH. 11-KT treatment downregulated that
encode for GnRH-R3, P450 aromatase (CYP19), P450 11p,
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FIGURE 2. Expression profiles of 50 diagnostic genes: (A) heat
map images of genes (rows) significantly altered by 11-KT, FLU,
and VIN treatments before and after application of a functional
embedding clustering algorithm (Miiller and Wu 2006). Three
replicate treatments for males (M) and females (F) are
represented in tandem. The heat map images were then
transformed to B line curves using scattered smoothed mean
curves with standard error bars.

the androgen receptor (AR), estrogen receptor alpha (ERa),
and sox9 protein in males. FLU treatment inhibited sGnRH,
cGnRH-II, dmrtlY (Dmy) gene, and growth hormone (Gh)
in males. On the other hand, FLU stimulated the expression
of mdGnRH in females while inhibiting the expression of
GnRH-R3, P450c17, CYP19, estrogen receptor beta (ER), sox9
protein, and Wnt4 gene in females.

Diagnostic Genes. The medaka microarray can dif-
ferentiate between the two biological categories of ADCs
(Figure 2). Functional embedding was quite successful in
terms of classifying ADCs (Figure 2A). A set of 50 genes with
the most significant differential expression allowed discrimi-
nation between medaka treated with an androgen or an
antiandrogen. Evaluated collectively, the expression level of
diagnostic genes can be monitored to predict or distinguish
the class of unknown or putative ADCs. For example, our
results show that the gene patterns revealed by functional
embedding of 50 genes after 11-KT, FLU, and VIN treatment
make it feasible to classify the latter as an antiandrogen.

The set of 50 genes are variably expressed within the
classes formed by 11-KT and FLU treatments. Twenty-two
out of the 50 genes constitute sequences with no known
function. The genes form two distinct clusters after statistical
analysis. One cluster is formed by the genes in positions
1-32, and a second cluster is formed by genes in positions
33-50 after latent ordering (Figure 2B). The first cluster
includes transcripts for the following genes (in alphabetical

order) whose expression were downregulated by 11-KT and
upregulated by FLU: Cyfip, calpain, WOHU o.-2-HS-glyco-
protein precursor (human), ubiquitin C1, ferritin chain H,
elf-6, calbindin 2, C-type natriuretic peptide-1(cnp-1), ho-
meobox gene, hox gene cluster, and ubiquitin polyprotein
(heat shock related). A second cluster includes transcripts
for genes which were upregulated by 11-KT and downregu-
lated by FLU: elastase 2-like protein A, transforming acidic
coiled coil 1a, MHC Class I, tropomyosin 1 alpha (brain),
DMRT1a, keratin type L. A subset of gender-specific expres-
sion of functionally meaningful genes is presented in Table
S1 in the Supporting Information.

Discussion

Chemical-Specific and Gender-Specific Effects. A custom
medaka microarray chip was developed and tested for its
ability to discriminate between ADC classes. At least three
elements of the microarray experiment design of this study
eliminate various intrinsic sources of variation. First, all of
the exposed fish were at the same developmental stage, and
the uniformity of culture conditions indicates it is likely that
they shared similar physiological states. Second, inbred Qurt
strain medaka colonies have been maintained for more than
10 years in our laboratory prior to this study which reduces
the effect of genetic polymorphisms on the observed
alterations in the gene expression. In addition, all of the fish
were sexed prior to exposure to ADCs to allow testing for
gender-specific alterations in gene expression response of
larvae. Finally, by pooling the RNA samples by gender from
a large number of fish, we characterized the mean gene
expression response of each gender to ADC exposure without
concern for individual variation in a few individuals.

Androgen treatment caused gender-specific alterations
in gene expression of Qurt medaka larvae. Males exposed to
11-KT showed upregulation of genes related to cell metabo-
lism, central nervous system (CNS) signaling and steroido-
genesis. Exposure to this androgen caused downregulation
of specific stress protein genes in male (HSP70 mRNA) and
female medaka (HSP90 alpha mRNA). In contrast, hsp 90
beta was upregulated in males exposed to both androgens
and antiandrogens. Females exposed to 11-KT showed
inhibition of genes involved in phase I metabolism (CYP2K3),
zona pellucida and vitellogenin 1. In a related study, Blum
et al. (21) found that 11-KT stimulated the expression of
vitellogenin 2 in liver of adult male largemouth bass
(Micropterus salmoides) after exposure to natural androgens.
Androgen treatment has gender-specific effects on vitello-
genin expression, a transcript that is normally synthesized
by oviparous females.

Antiandrogen treatment decreased the synthesis of atleast
three gene transcripts required for normal male development.
First, FLU inhibited the production of male sex determining
protein gene (dmrtly). DMRT1Y (DMY) is expressed during
male embryonic and larval development of medaka (22) and
is responsible for testicular differentiation. However, our
study shows that FLU inhibits expression of the gene that
directs testicular differentiation which had not been previ-
ously reported for Qurt strain medaka. Second, FLU down-
regulates the production of GnRH which could alter major
pathways of steroidogenesis in medaka. Third, FLU altered
the expression of the cap-binding subunit of the elongation
factor (eIF-4E) gene previously described as female-specific
and ovary-specific during early oogenesis in Qurt medaka
(23). However, our results suggest that the eIF-4E transcript
is present in 7dph male medaka. Moreover, the inhibition
of eIF-4E by FLU could disrupt translational regulation with
subsequent affects on cell growth and development in males.

Sex Determination, Sex Differentiation, and Growth
Genes. As noted above, dmy was downregulated by FLU
treatment in males. The DMY gene is a DNA sequence present
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in the sex-determining region of the Y chromosome of
medaka (24, 25), which was first isolated from inbred HNI
medaka strain (26). The dmy gene is believed to result from
recent evolution of a duplicated copy of dmrtl and has not
been identified in other teleost species (22, 27-31). Similar
to the mammalian SRY/Sry gene, dmy is the master gene at
the top of the male sex determination cascade in medaka.
Scholz et al. (32) suggested that the key regulatory role of the
DMY gene in sex determination is apparently hormone
insensitive. On the other hand, the present study shows that
DMY expression is labile to xenobiotic disruption. Therefore,
dmy downregulation in medaka is a possible mechanism
leading to FLU-induced intersex (11) and/or sex reversed
individuals due to disruption of the sex determination
pathway.

DM domain genes, including dmrtlY (dmy) and the
autosomal dmrtl gene, are a family of genes involved in sex
determination and differentiation. We found that a Qurt strain
medaka ortholog (Accession No. BJ730394) that is highly
similar to HNI strain medaka dmrtla (Accession No.
AY157712) was upregulated by 11-KT and downregulated by
FLU (Figure 1). Androgenic treatment may upregulate DMRT1
(24). Dmrtl is an autosomal gene required for testicular
differentiation that may promote testicular development and
spermatogenesis in medaka (24, 25, 33). Besides the DM-
domain genes, we found differential expression of other genes
with putative roles in sex differentiation and growth, as
described below (see also Figure 1).

Three GnRH forms were differentially regulated in Qurt
medaka. Potential alterations to signals mediated by GnRHs
and GnRH-Rs reveal top-down effects of ADC exposure in
Qurt medaka reproductive physiology. GnRH is a decapeptide
that acts on the pituitary to stimulate the synthesis and
secretion of gonadotropins. At least three molecular forms
of GnRH have been identified in medaka: medaka-type GnRH
(mdGnRH), chicken-II-type GnRH (cGnRH-II), and salmon-
type GnRH (sGnRH) (34, 35). FLU inhibited both sGnRH and
cGnRH-II gene expression in males, while it stimulated
mdGnRH expression in females. Each form has a distinct
role in medaka. While mdGnRH is a hypophysiotropic factor,
c¢GnRH-II and sGnRH are presumably neuromodulators or
neurotransmitters commonly referred to as brain GnRHs and
are both physically and functionally linked (36). They have
been implicated in the modulation of excitability and
development of neuronal cells, the proliferation of tumor
cells, and the control of reproductive behavior. sGnRH is
found only in the teleost lineage (36). In the present study,
11-KT treatment had no effect on sGnRH expression. On the
other hand, treatment with FLU inhibited sGhRH mRNA
expression in male Qurt medaka. Treatment with 11-KT
caused no effect on cGnRH-II production in African catfish
(37). In contrast, we observed an inhibition of cGnRH-II in
medaka by 11-KT treatment.

The expression of the gene for GnRH receptor (GnRH-
R3) in Qurt medaka was inhibited by 11-KT and FLU in males
and females, respectively. All GnRH-Rs are expressed in the
pituitary. Therefore, GnRH-R inhibition was likely due to a
negative feedback mechanism that would lead to a reduction
of the responsiveness of the medaka pituitary to GnRH
stimulation. GnRH-R3 has been shown to exhibit higher and
approximately equal selectivity for two of the three native
forms of medaka GnRH; cGnRH-II, and sGnRH (38). There-
fore, the neuromodulatory functions of the brain GnRHs
could be inhibited as a result of ADC treatment of Qurt
medaka with potential reproductive effects via disruption of
gonad growth and development and endogenous steroid
secretion.

Steroidogenesis pathways may have been altered by 11-
KT and FLU exposure of Qurt medaka. Steroidogenesis is
modulated in an autoregulatory manner by androgens (39).
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In fish, 11-KT generally triggers an upregulatory response
that augments the steroidogenic capacity of juveniles; this
effect can be blunted by high dosages (see ref 40).

P450c17 gene expression was inhibited in female Qurt
medaka exposed to FLU. P450c17 is a steroidogenic enzyme
which normally occurs at high levels in the ovary. P450c17
catalyzes key steps in the metabolism of pregnenolone to
the 11-oxygenated androgens, including 11-KT, in teleost
fish (39).

The expression of the gene for another steroidogenesis
enzyme, P45011f, was inhibited by 11-KT in male medaka.
P45011p is the first enzyme in the synthesis of 11-oxygenated
androgens from precursors (41). For instance, P45011/ is a
key enzyme in the production of 11-KT, and its mRNA is
highly abundant in the medaka testis (42). It was previously
found that xenoestrogen exposure inhibits 11-KT production
through downregulation of P45011 mRNA in male medaka
(42). Similarly, we found that exposure to exogenous 11-KT
downregulates the P450115 gene in males. Therefore, we
hypothesize that exogenous 11-KT may trigger a negative
feedback mechanism that inhibits its endogenous production
in male fish.

Endogenous estrogen production may have been altered
by ADC exposure of Qurt medaka. The enzyme aromatase
(CYP19) catalyzes the conversion of testosterone to estrogen.
The CYP19 gene was inhibited in males treated with 11-KT
and in females treated with FLU. In both cases, CYP19
inhibition could lead to a lower rate of conversion of
endogenous androgens to estrogens. There are two isoforms
of aromatase in teleost species, ovarian (CYP19A) and brain
(CYP19B). CYP19A activity is regulated at the transcriptional
level in medaka vitellogenic follicles (43, 44). High aromatase
activity is associated with ovarian differentiation (45). Hence,
CYP19 gene inhibition in Qurt females treated with FLU is
alikely mechanism for antiandrogen-induced intersexuality
and sex reversal in females due to an alteration of sex steroid
homeostasis by ADCs.

Similar to the CYP19 gene, the sox9 gene was downregu-
lated by 11-KT in males and by FLU in females. Our results
confirm previous studies indicating that Sox mRNA is
normally expressed in both male and female medaka (46)
and that Sox9 expression is similar to that of aromatase (45).
The sox9 gene is essential for cartilage and testis development
in vertebrates. Gonad expression of sox9 gene has diversified
in fish species (47, 48). In medaka, sox9 was expressed in
oocytes in the developing ovary but not dominantly expressed
in the developing testis (48). According to Nakamoto et al.
(49), testicular type Sox9 might not be involved in sex
determination or early sex differentiation in medaka but has
a crucial role in the maintenance of male gonadal dif-
ferentiation. Nakamoto et al. (49) suggest that it is likely that
estrogen downregulates sox9 gene expression. In the present
study, downregulation of sox9 after treatment of females with
FLU has an effect similar to that expected from estrogen
treatment. On the other hand, Sox9 participates in the
development of testicular structures in the medaka but we
observed sox9 inhibition after androgen treatment of males.
This apparently contradictory observation suggests a negative
feedback of exogenous androgens on the signaling pathways
that lead to testicular development.

Sex steroid receptors were also a target of ADC disruption
in Qurt medaka. Sex steroids are absent in medaka during
sex differentiation but the sex steroid receptors appear early
in development (50). In the present study, 11-KT and FLU
affected expression of two different isoforms of the ER. 11-
KT treatment inhibited ERa in males, while FLU treatment
inhibited both ERa. and ERf in females. The ER expression
pattern in medaka exposed to estrogenic EDCs had been
attributed to direct receptor induction by the chemicals (51)
while both ADCs in our study elicited an inhibitory response



on the ER. On the other hand, AR expression was inhibited
by 11-KT exposure in medaka males.

Besides affecting the mRNA of genes with roles in early
reproductive physiology, ADC exposure interfered with
other genes with putative roles in growth and development
in medaka. Wnt4 and growth hormone (GH) genes were
downregulated by antiandrogen treatment in females and
males, respectively. Wnt genes encode glycoproteins
(WNTs) that mediate cell—cell signaling, control cell
differentiation and proliferation, and could be useful as
molecular markers for development and organogenesis in
medaka (52). The wnt4 gene is expressed during embryo-
genesis and has been implicated in brain formation.
Therefore, itis possible that FLU treatment impaired brain
development in female medaka. On the other hand, the
GH encoding gene plays a major role in the growth and
development of vertebrates and could potentially enhance
the growth rate of fishes in aquaculture (53). Downregu-
lation of the GH gene by FLU treatment could indicate a
molecular mechanism for the previously observed growth
inhibition in medaka (11).

Diagnostic Genes. The expression profile for VIN is
remarkably similar to the prototypical antiandrogen FLU,
indicating that our system appears to be capable of prospectively
identifying ADCs with characteristic modes of action. A group
of 32 genes was downregulated 11-KT and upregulated by FLU.
A subset of genes within this cluster has diverse putative
biological roles related to growth and larval development (elf6);
body plan development (MF-Hox8-1 and hox genes) (54, 55);
neuronal connectivity (Cyfip) (56, 57); homeostasis of bone (o-
HS-glycoprotein precursor), body fluids (cnp-1), and cell
homeostasis (calpain) (58-60); heat shock response (ubiquitin
polyprotein); calcium transport (calbindin 2); protein stability;
and iron regulation (ferritin chain H) (61). A second group of
28 genes was upregulated by androgen treatment and down-
regulated by antiandrogen treatment. The putative roles of genes
in this subset include sex differentiation (dmrtla) (27),immune
function (MHC class I) (62), muscular function (tropomyosin
1 alpha) (63), formation of intermediate filaments (keratin type
D), cell adhesion (tgf BIGH3 precursor); degradation of extra-
cellular matrix components (elastase 2) (64), and chromatin
remodeling (TACCla) (65).

In summary, the present study illustrates that gene
expression profiling with a customized medaka oligonucle-
otide array provides a preliminary understanding of androgen
and antiandrogen disruption of sex differentiation and
development at the transcriptlevel. Chemical-specific altered
gene expression after 11-KT and FLU treatment in Qurt
medaka indicates that microarray-based screening to detect
androgenic and antiandrogenic activity appears to be a viable
technique. The custom-designed array constitutes a powerful
screening tool that can simultaneously yield information on
the ADC activity of parent chemicals and their active
metabolites. This screening tool could be used to characterize
organ-, stage-, and dose-specific differences in ADC gene
expression profiles or to obtain gene expression profiles of
complex contaminant mixtures to facilitate environmental
ADC identification and evaluation. Functional profiling of
affected genes and gene pathways will lay the groundwork
for cross-species comparisons on shared mechanisms and
vulnerabilities to these chemicals.
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