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Haley L. Ellis,> Keiko Shioda,> Noél F. Rosenthal, Kathryn R. Coser,* and Toshi Shioda®

Molecular Profiling Laboratory, Massachusetts General Hospital Center for Cancer Research and Harvard Medical

School, Charlestown, Massachusetts

ABSTRACT

Sex of birds is genetically determined through inheritance of
the ZW sex chromosomes (ZZ males and ZW females). Although
the mechanisms of avian sex determination remains unknown,
the genetic sex is experimentally reversible by in ovo exposure to
exogenous estrogens (ZZ-male feminization) or aromatase
inhibitors (ZW-female masculinization). Expression of various
testis- and ovary-specific marker genes during the normal and
reversed gonadal sex differentiation in chicken embryos has been
extensively studied, but the roles of sex-specific epigenetic marks
in sex differentiation are unknown. In this study, we show that a
170-nt region in the promoter of CYP19A1/aromatase, a key
gene required for ovarian estrogen biosynthesis and feminization
of chicken embryonic gonads, contains highly quantitative,
nucleotide base-level epigenetic marks that reflect phenotypic
gonadal sex differentiation. We developed a protocol to feminize
Z7Z-male chicken embryonic gonads in a highly quantitative
manner by direct injection of emulsified ethynylestradiol into
yolk at various developmental stages. Taking advantage of this
experimental sex reversal model, we show that the epigenetic
sex marks in the CYP19A1/aromatase promoter involving DNA
methylation and histone lysine methylation are feminized
significantly but only partially in sex-converted gonads even
when morphological and transcriptional marks of sex differen-
tiation show complete feminization, being indistinguishable from
gonads of normal ZW females. Our study suggests that the
epigenetic sex of chicken embryonic gonads is more stable than
the morphologically or transcriptionally characterized sex
differentiation, suggesting the importance of the nucleotide
base-level epigenetic sex in gonadal sex differentiation.

embryo, endocrine disruptors, epigenetics, gene regulation, sex
determination

INTRODUCTION

Gonadal sex differentiation in vertebrates is a sequential and
highly organized process. Mammalian sex is determined
exclusively by genetic information conveyed by the X and Y
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sex chromosomes, whose homogametic combination (XX)
makes females and heterogametic combination (XY) makes
males. In contrast, in birds, heterogametic combination of their
two sex chromosomes Z and W (ZW) is associated with
females whereas homogametic combination (ZZ) is associated
with males [1]. Different from mammals whose sex is strictly
determined by their genotype, control of phenotypic gonadal
sex differentiation in birds is reversible by exposure to
exogenous hormonal agents, resembling the environmentally
vulnerable sex differentiation of lower, ectothermic vertebrates
such as reptiles or fish [2]. For example, in ovo exposure of
Z7Z-male chicken embryos to exogenous estrogens or estro-
genic endocrine disruptors during their early stages of
development causes male-to-female gonadal sex conversion
[2-6]. Conversely, exposure of ZW females to aromatase
inhibitors such as fadrozole causes complete and permanent
gonadal and total-body sex conversion to males [7-10],
demonstrating the critical importance of P450-aromatase
(AROM) activity in female sex differentiation [1, 2, 11].

Although the genetic sex of chicken is determined at
fertilization, sex-determining genes are activated later during
embryonic development, inducing testis or ovary from the
bipotential, undifferentiated primordial gonad formed from the
intermediate mesodermal tissue on the ventromedial surface of
the embryonic mesonephroi [2]. By Day 3.5 of the 21-day in
ovo development, the primordial gonads consist of an outer
epithelial layer (the cortex) and the internal medulla containing
cords of somatic cells and loose mesenchymal cells. The onset
of gonadal sex differentiation becomes morphologically
evident at Day 6.0-6.5. In ZZ-male gonads, the medullary
cords thicken and incorporate germ cells to form seminiferous
cords while the cortex shrinks. In contrast, in ZW females, the
entire right gonad shrinks and the cords of the medulla in the
left gonad become vacuolated to form lacunae, whereas
somatic and germ cells in the cortex proliferate in the left
gonad [2].

In mammals, biosynthesis of sex steroids is initiated in
gonads after completion of their sex differentiation, and the
process of gonadal sex differentiation itself is essentially
resistant to exogenous sex steroids or their inhibitors [1, 2]. In
contrast, estrogen synthesis is observed in still undifferentiated
primordial gonads of ZW-female chicken embryos at the time
of initiation of morphological gonadal sex differentiation, which
itself is highly susceptible to hormonal manipulation. The two
critical enzymes required for the terminal steps of estrogen
biosynthesis—namely, 17B-hydroxysteroid dehydrogenase
(17BHSD) and AROM—are expressed only in the medullary
cords of the ZW-female gonads immediately before the onset of
morphological gonadal differentiation (Day 6.0-6.5) [1, 2, 12—
14]. Because other enzymes involved in the upstream steps of
sex steroid biosynthesis are expressed in the gonadal medulla of
both sexes [14], 17BHSD and AROM are the only components
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showing sexual dimorphism in the estrogen biosynthesis
pathway. Estrogen receptor o is expressed in the gonadal
cortex of both sexes prior to sex differentiation, and its
expression in male gonads and the right (i.e., shrinking) female
gonads is later suppressed [2, 13, 15]. It is well accepted that
estrogens synthesized in the medulla of female gonads mediate
ovarian gonadal differentiation by supporting development of
the gonadal cortex through the activation of estrogen receptor o
and that transient expression of estrogen receptor o in
undifferentiated ZZ-male embryonic gonads is responsible for
sex reversal by exogenous estrogens [2]. Expression of the
forkhead transcription factor FOXL2 is temporospatially similar
to expression of 17BHSD and AROM in ZW-female chicken
embryonic gonads, and it has been proposed that FOXL2 may
be an important upstream regulator of genes encoding these
estrogen-synthesizing enzymes [10, 16, 17].

Recent studies revealed critical roles of the Z chromosome-
linked DMRTI gene and the chicken male hypermethylated
region (¢c(MHM) located adjacent to the DMRT] locus on the Z
chromosome in male sex determination of chicken embryonic
gonads [2, 18-20]. It has been proposed that the cMHM is
hypermethylated to transcriptionally inactive status in male
primordial gonads and that noncoding RNA transcripts
expressed exclusively from the cMHM of female primordial
gonads suppress expression of DMRTI, currently the best
candidate master masculinizing gene of chicken gonads. Thus,
mechanisms regulating DMRT1 expression by cMHM suggest
the importance of epigenetic regulation of gene expression in
the process of gonadal sex differentiation in chicken embryos
[2, 19, 21]. However, little information is presently available
on epigenetic marks of other, autosomal key genes involved in
chicken gonadal sex determination.

In the present study, we identified highly quantitative,
phenotypic sex-dependent changes in nucleotide-level epige-
netic marks located within a 170-nt region of the promoter of
CYP19AI gene, which is on the autosomal chromosome 10 and
encodes AROM. We also show that these epigenetic sex marks
are partially feminized in gonads of ZZ males sex-converted by
in ovo exposure to a synthetic estrogen. Interestingly, the
epigenetic sex marks still significantly retained a partially
masculine profile even in strongly feminized gonads whose
morphological and transcriptional markers of sex differentia-
tion are indistinguishable from those of normal ZW-female
gonads. Our study provides the first example of highly
quantitative, nucleotide base-level epigenetic marks in a
promoter of key autosomal gene involved in sex differentiation
of chicken embryonic gonads and suggests that the epigenetic
sex of gonads may be more resistant to environmentally
induced sex reversal than transcriptional or morphological
marks of gonadal sex differentiation.

MATERIALS AND METHODS

Egg Incubation, Sex Typing, and Induced Feminization

All the animal experiments were approved by the Institutional Animal Care
and Use Committee. Fertile research-grade SPF eggs of White Leghorn
chickens (Gallus gallus domesticus) were obtained from Charles River
Laboratories and incubated under 70%-80% humidity at 37.8°C with
intermittent rotations (90°C at every 30 min around the horizontally laid long
axis of eggs) in a research-grade avian egg incubator. Eggs were candled on
Day 3.0 (the day initiating incubation is Day 1), and dead eggs were removed
from the experiments before further processing. Greater than 95% of eggs alive
on Day 3.0 hatched on Day 21 of incubation.

For genetic sex typing, 10 pl venous blood samples were collected from
Day 17 embryos and subjected to quantitation of Z and W sex chromosomes by
TagMan qPCR as we previously described [22]. Embryos were dissected on
Day 19, and the sex-specific gross morphological characteristics of their gonads
(as reviewed in [1, 2]) were scored as shown in Figure 1A. For histological
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FIG. 1. Feminization of ZZ-male chicken embryonic gonads by exposure
to EE2 during early stages of development. A) Quantifying the degrees of
feminization by gross morphology of Day 19 embryonic gonads.
Photographs in the top row show frontal images of ZZ-male embryonic
gonads in the retroperitoneal space (bar = 1 mm). Gonads and
mesonephric kidneys are identified in the bottom row. Criteria for
feminization scoring are shown in the table. B) Quantitative gonadal
feminization of EE2-exposed ZZ-male gonads depends on the timing of
exposure initiation. EE2 exposure (20 pg/egg) was initiated at the indicated
time (x-axis), and its feminization effect was scored (y-axis). Normal
morphological differentiation of ZZ testes is observed between Days 6.0
and 7.0 (shown by blue shade). Each datum point indicates mean * SEM
of averaged feminization scores determined for five different batches of
experiments consisting of at least five ZZ-male eggs.

examinations, Day 19 gonadal tissues were fixed with formalin and subjected
to hematoxylin and eosin (H&E) staining following a standard protocol.
Genomic DNA and total RNA were simultaneously isolated from embryonic
gonadal tissues using the AllPrep kit (QIAGEN). The right and left testes of
each embryo showed no significant histological differences and were pooled for
epigenomic and transcriptomal analyses.
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ZZ-male chicken embryos were feminized by injecting emulsion consisting
of ethynylestradiol (EE2), peanut oil, lecithin, and water directly into yolk as
previously described for experimental sex conversion of Japanese quail
embryos [23]. Each egg was injected with 50 pl emulsion containing 20 pg
EE2 (>98% purity; Spectrum Chemicals) or the same volume of emulsion
without EE2 (vehicle control). Upon injection, the oil emulsion containing EE2
immediately surrounded the developing embryos located at the top of yolk
because of its buoyancy, ensuring immediate exposure of the embryos to EE2.
Emulsion injection into yolk with or without EE2 did not affect viability or
overall development of chicken embryos except for sexual differentiation. By
our hands, injection of EE2 into albumin or air cell with ethanol,
dimethylsulfoxide, or olive oil vehicle resulted in poor reproducibility of
experimental feminization, probably because of certain physical unevenness in
exposure of embryos to EE2 [24].

Depletion of Gonadal Germline Cells from Somatic Cells by
Magnetic-Activated Cell Sorting

Day 19 gonads collected and pooled from 2040 genotyped embryos
were minced by scalpels on ice, digested with trypsin/ethylenediaminetetra-
acetic acid at 37°C for 30 min, and passed through cell strainers (40 pm pore
size). Single cell suspensions were stained with mouse anti-SSEA-1 (stage-
specific embryonic antigen 1) monoclonal antibody (MC-480-c, immuno-
globulin M (IgM)-x light chain; University of Iowa Developmental Studies
Hybridoma Bank) and then further stained with fluorescein isothiocyanate
(FITC)-conjugated, F (ab’), fragment goat anti-mouse IgM p-chain antibody
(Jackson ImmunoResearch). FITC-stained, SSEA-1 positive germline cells
were removed from gonadal somatic cells by the magnetic-activated cell
sorting (MACS) anti-FITC MicroBeads kit (Miltenyi Biotec). The three-
antibody germline cell capture scheme is shown in the supplemental data
available online at www.biolreprod.org (see Supplementary Fig. S3A). Two
consecutive runs of MACS magnetic purification procedures achieved
approximately 70%—-80% purity for germline cells and greater than 99.9%
purity for gonadal somatic cells, which were confirmed by fluorescence
microscopy as shown in the supplemental data (see Supplementary Fig. S3B).
Similar MACS-based systems for separating germline cells from gonadal
somatic cells have been performed in previous studies for chicken [25-27]
and mouse [28]. In our present study, we focus on the germline-depleted
somatic cell preparations because of the significant impurity of the MACS-
isolated germline cells.

Affymetrix Microarray and Real-Time qPCR

Technical details of Affymetrix microarray and reverse transcription
TagMan qPCR were described in our previous studies [29-31]. Expression
of individual mRNA transcripts for gonadal sex marker genes was determined
by reverse transcription PCR TagMan assays (Applied Biosystems). TagMan
assay identifications (IDs) were as follows: Gg03815934_s1 (ACTB),
Gg03346129_gl (CYP17Al1), Gg03366975_m1 (ESR1), Gg03346002_ml
(CYP19A1), and Gg03341744_s1 (FOXL2). Expression of mRNA transcripts
for DNA methyltransferases was determined by QuantiTect reverse transcrip-
tion CYBR Green qPCR assays (QIAGEN) following the manufacturer’s
protocol. QuantiTect assay IDs were as follows: Gg_GAPDH_1_SG
(GAPDH), Gg_DNMT1_1_SG (DNMT1), Gg_ DNMT3A_1_SG (DNMT3A),
and Gg_DNMT3B_2_SG (DNMT3B).

Bisulfite-Pyrosequencing Determination of CpG
Methylation

Purified genomic DNA samples were subjected to bisulfite conversion of
unmethylated cytosines to uracils using EZ DNA methylation kit (Zymo
Research). Promoter sequences of CYP/9AI and ESRI (identified by boxes in
Fig. 4A) were amplified by PCR from bisulfite-converted DNA and subjected
to pyrosequencing determination of relative cytosine methylation. Primers for
PCR amplification and sequencing are provided as Supplementary Table S1.
DNA methylation in the first exon of DNMT3A and DNMT3B genes was
determined by pyrosequencing as previously described [32]. Pyrosequencing
reactions and data collection were performed by PyroMark Q96 MD system
(QIAGEN).

Chromatin Immunoprecipitation Assay of CYP19A1
Promoter
Chromatin immunoprecipitation (ChIP) assays of chicken embryonic

gonads were performed as described in our previous study [33] using the
ChIP-IT Express Enzymatic Kit (Active Motif) with modifications. Day 19

3

Downloaded From: https://complete.bioone.org/journals/Biology-of-Reproduction on 08 May 2024
Terms of Use: https://complete.bioone.org/terms-of-use

gonad(s) isolated from a single embryo was washed with PBS and subjected to
crosslinking in 1% formaldehyde freshly diluted in PBS at room temperature
for 20 min. Tissue was then washed with PBS and soaked in the crosslinking
stop buffer containing a high concentration of glycine provided in the kit at
room temperature for 5 min. The fixed tissue was then homogenized in the kit’s
cell scraping solution on ice using a plastic pestle and a sample cup, and the
homogenate was subjected to chromatin isolation, enzymatic fragmentation of
chromatin, and immunoprecipitation following the kit’s instructions. Immuno-
precipitation of the chromatin fragments was performed overnight at 4°C using
protein G-conjugated magnetic beads provided in the kit with antibodies to
trimethylated H3 histone lysine 4 (H3K4me3), trimethylated H3 histone lysine
27 (H3K27me3), and both the phosphorylated and unphosphorylated forms of
the largest subunit of RNA polymerase II (39159, 39156, and 39097,
respectively; Active Motif). Magnet-precipitated chromatin was extensively
washed, and its DNA-protein crosslinking was reversed by heating at 95°C for
15 min. Chromatin fragments recovered in the supernatant of the heating step
were subjected to proteinase K digestion, and a DNA sequence overlapping the
differentially methylated CpG sites in chicken CYP19A1 promoter (as indicated
in Fig. 7A) was amplified by PCR using Platinum PCR supermix (Invitrogen)
and the following primers: forward, 5-ACTGCTGCTCCTTTCAGCAT;
reverse, 5'-AGGAAGCTTTTTGTTGGGCT. The 223-nt PCR product was
visualized by the FlashGel gel electrophoresis system (Lonza) and quantitated
using the ImageJ64 image-processing software (National Institutes of Health).

Statistics

Differences in averages were tested by Student ¢-test (unpaired, two-tail).
Heteroscedastic data with significant F-test results (P < 0.05) were tested by
the Welch #-test (unpaired, two-tail).

RESULTS

Quantitative Feminization of ZZ-Male Chicken Embryonic
Gonads Induced by Timed Exposure to EE2

Chicken embryos were exposed to a fixed dose of EE2 (20
pg/egg) emulsified in an oil mixture partly mimicking yolk
components [23] and injected directly into yolk at various
times during early development. The buoyancy of the emulsion
ensured immediate exposure of the embryos to the EE2, which
was confirmed by rapid distribution of fluorescein isothiocy-
anate dye in the entire embryonic tissues observed within
minutes after injection (data not shown). Figure 1A shows
gross appearance and scoring criteria of morphological
feminization applied to normal and feminized ZZ-male gonads
observed on Day 19. Exposure of ZZ-male embryos to EE2
initiated on Day 3.0-4.0 resulted in 100% morphological
feminization of gonads (i.e., gross appearance of the feminized
77 gonads was indistinguishable from that of normal ZW-
female ovaries) whereas exposure initiated on Day 9.0 had no
detectable effects (Fig. 1B). Complete morphological sex
reversal of the EE2-exposed ZZ-male gonads was further
confirmed by histological examinations, which revealed
characteristics of ovarian differentiation, including strong
mesenchymal vacuolization and highly thickened cortex
containing germ cells [2] (Fig. 2). Delaying initiation of EE2
exposure from Day 4.0 gradually diminished the degree of
feminization of ZZ-male gonads. Injection of vehicle emulsion
without EE2 never affected morphological gonadal sex (data
not shown). These observations indicate that ZZ-male gonads
are sensitive to EE2-induced sex reversal only before
completion of the morphological gonadal sex differentiation
occurring on Days 6.0-7.0, which is indicated by the blue
shade in Figure 1B [2].

ZZ-Male Embryonic Gonads Feminized by Exposure to
EE2 Strongly Express Marker Genes for Ovarian
Differentiation

Microarray profiling of normal gonadal transcriptomes on
Day 19 showed extremely strong expression of the mRNA
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Low-power magnification

ZW-female

FIG. 2.

High-power magnification

Histological characteristics of chicken embryonic gonads at Day 19 of incubation using H&E staining. Bar indicates 0.5 mm (low-power panels)

and 50 um (high-power panels), respectively. Blue arrows in the high-power panels indicate germline cells.

transcripts for CYPI9AI/AROM and FOXL2 in ovaries
compared to testes (Fig. 3A). Expression of the mRNA
transcripts for SOX9, a key transcription factor required for
testicular sex differentiation [2], was stronger in ZZ testes than
in ZW ovaries. Expression of several other mRNA transcripts
involved in gonadal sex differentiation (reviewed in [1, 2])
differed by no greater than 2-fold between ZZ testes and ZW
ovaries on Day 19.

The EE2-induced, complete morphological feminization of
ZZ-male gonads was associated with strong expression of the
mRNA transcripts for both CYP/9A1/AROM and FOXL2 to
the levels indistinguishable from those in vehicle-injected ZW-
female ovaries (Fig. 3B). Expression of these ovarian marker
genes was completely suppressed to the levels in vehicle-
injected ZZ-male testes when EE2 injection failed to induce
morphological feminization because of delayed initiation of
exposure. Expression of ESRI (encoding estrogen receptor o)
in ZZ gonads was also enhanced to the normal ovarian level by
the EE2-induced feminization although its sex-dependent
difference was not as robust as CYPI/9A1/AROM or FOXL2.
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Expression of CYPI7Al (encoding 170-hydroxylase, a P450
enzyme required for androgen synthesis) was not affected by
feminization.

EE2-Induced Feminization of ZZ-Male Embryonic Gonads
Reduces Methylation at Specific CoG Dinucleotides in the
CYP19A1 Promoter

To examine whether EE2-induced expression of CYPI9A1/
AROM mRNA in the feminized ZZ-male gonads is associated
with changes in epigenetic marks on its promoter, methylation
of CpG dinucleotides in CYPI9AI1 promoter was determined
by bisulfite pyrosequencing. The promoter of ESRI, whose
expression was only modestly stronger in ZW ovaries
compared to ZZ testes, was also included in the analysis.
Figure 4A indicates positions of CpG dinucleotides in the
CYPI9A1 and ESRI promoters around their transcription
initiation sites (TISs). To our surprise, a 1-kbp region around
the TIS of CYPI9AI contained no CpG dinucleotide (shown by
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FIG. 3. Messenger RNA expression profiling of chicken embryonic
gonads. A) Scatter plot of normal Day 19 ZZ-male and ZW-female
gonadal transcriptomes determined by Affymetrix microarray. Red, blue,
and yellow dots indicate mRNA expressed in both sexes, only one sex, or
neither sex, respectively. Green lines indicate 2- and 10-fold differences
between sexes. Datum points for key genes involved in chicken gonadal
sex differentiation are indicated by circles. B) Expression of mRNA
transcripts for CYPT9AT/AROM, FOXL2, CYP17A1/17a-hydroxylase, and
ESR1/estrogen receptor o in Day 19 gonads of ZZ males exposed to EE2
(20 pg/egg) from the indicated days of incubation. Orange curve and the
right y-axis indicate degrees of morphological feminization shown in
Figure 1B. Yellow band indicates the timing of gross morphological
differentiation of normal testes (Day 6.0-7.0). Each datum point indicates
mRNA expression relative to expression in testes of vehicle-exposed ZZ-
male embryos (mean * SEM of five or more independent gonads).
Messenger RNA expression in vehicle-exposed ZW-female ovaries is also
shown. *P < 0.05 compared to vehicle-exposed ZZ-male testes (t-test).

horizontal bar). For this reason, 10 CpG sites most proximal
upstream to the TIS were subjected to methylation analysis
(boxed). For ESRI, methylation of 16 CpG sites in a DNA
segment that included the TIS (boxed) was determined.
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Among the 10 CpG sites in the CYPI9AI promoter, the
most distal five sites located 1400—1900 nt upstream to the TIS
were strongly methylated (>60% methylation), showing no
significant differences between ZZ testes, ZW ovaries, and
completely sex-reversed ZZ gonads (Fig. 4B). In contrast, the
CpG site 869 nt upstream to the TIS, CpG(—869), showed
strongly sex-dependent differential methylation, namely, great-
er than 45% methylation in ZZ testes, 30%—35% methylation
in completely sex-reversed ZZ gonads (feminization score = 3/
3, or 100%), and less than 20% in ZW ovaries. The remaining
four CpG sites were moderately methylated (>40%) with
smaller degrees of sex-dependent differences. Bisulfite pyro-
sequencing of the same gDNA samples for CpG dinucleotides
around the ESRI TIS revealed their strong hypomethylation
without significant sex-dependent differences (Fig. 4C),
demonstrating the specific nature of the sex-dependent
hypomethylation of CpG (—869) in the CYPI9AI promoter.

The sex-dependent differential methylation at and around
CpG (—869) of the CYPI9AI promoter in chicken embryonic
gonads was further confirmed by independently performed
experiments involving larger numbers of embryos (Fig. 4D).
Thus, CpG (—869) was hypermethylated in vehicle-injected ZZ
testes (51.3% = 0.8%; mean = SEM, n = 20), hypomethylated
in vehicle-injected ZW ovaries (21.3% * 0.8%; n = 24), and
methylated to an intermediate extent in completely sex-
reversed ZZ-male gonads (34.0% = 2.4%; n = 18).
Importantly, whereas these sex-reversed gonads were indistin-
guishable from vehicle-injected ZW ovaries by morphological
and transcriptional criteria (see Figs. 1-3), the DNA methyl-
ation marks of CpG dinucleotides 955, 869, and 789 nt
upstream of the TIS of the CYP/9AI promoter never reached
the degrees of hypomethylation observed with vehicle-injected
ZW ovaries. In contrast, degrees of CpG (—869) methylation in
heart muscle (left ventricle) were exactly the same between ZZ
males and ZW females, showing slight hypomethylation
compared to vehicle-injected ZZ testes (43%—45%) (Fig.
4D). The absence of the phenotypic sex-dependent differential
methylation of CpG (—869) in the CYPI9A1 promoter was also
observed in the liver (data not shown). Thus, DNA methylation
at CpG (—955), CpG (—869), and CpG (—789) of the CYPI9A1
promoter reflected phenotypic gonadal sex differentiation in
Day 19 chicken embryo whereas the same epigenetic marks
showed no sex-dependent difference in other tissues than
gonads.

To further characterize the EE2-induced CYP/9AI promoter
hypomethylation, we determined methylation at CpG (—869)
and the two adjacent CpG sites of CYPI/9AI promoter in
partially feminized ZZ gonads on Day 19 (Fig. 5). Methylation
at these CpG sites was indistinguishable from that of vehicle-
injected ZZ testes when EE2 exposure was delayed, initiating
on Day 7 or later. Earlier initiation of exposure to EE2 caused
hypomethylation of all three CpG sites although CpG (—869)
was far more robustly hypomethylated than the other two CpG
sites. Reproducing the results shown in Figure 4, B and D,
hypomethylation of these three CpG sites was significant in the
sex-reversed ZZ gonads but did not reach the very low levels of
DNA methylation observed in the vehicle-injected ZW ovaries.
Taken together, these results confirmed that the CYPI9AI
promoter is hypomethylated at specific CpG sites when ZZ
gonads are sex-reversed by exposure to EE2 prior to
completion of morphological sex differentiation whereas the
maximum degrees of such EE2-induced hypomethylation do
not reach to the levels of DNA hypomethylation observed in
genetically female ZW ovaries.

To obtain further insights into the mechanism of the sex-
specific differential DNA methylation observed in the
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FIG. 4.

DNA methylation profiling of chicken embryonic gonads. A) Positions of CpG dinucleotides in the CYPT9AT and ESRT promoters around the

TISs. Boxes indicate DNA segments subjected to bisulfite pyrosequencing shown in B-D. Horizontal bar indicates a 1-kb CpG-free region in the CYP19AT
promoter. B, C) CpG methylation in the promoters of CYP19AT (B) and ESRT (C) in Day 19 gonads of chicken embryos exposed to EE2 (20 pg/egg) or
vehicle from Day 3. Percent methylation values of each datum point were determined by triplicate pyrosequencing assays. Numbers in B indicate
nucleotide base positions of the CpG sites relative to the TIS. D) DNA methylation of CpG dinucleotides located 955, 869, and 789 nt upstream of the TIS
of the CYPT9AT promoter in gonads or left ventricular heart muscle of Day 19 embryos exposed to EE2 (20 pg/egg) or vehicle from Day 3. Box plot
indicates median, quarterly boundaries, and ranges. Dot and bar indicates mean = SEM; numbers of individual embryos involved in each plot are
indicated in parentheses. *P < 0.05 and **P < 0.01 compared to gonads of vehicle-exposed ZZ-male embryos (t-test).

CYP19A1 promoter, we examined mRNA expression and DNA
methylation status of the DNMT family of genes encoding the
DNA methyltransferases. Expression of the mRNA transcripts
for the DNMT1 maintenance DNA methyltransferase and the
DNMT3A and DNMT3B de novo DNA methyltransferases
were not significantly affected by either the genetic sex or EE2-
induced sex conversion (Supplementary Figure S1). Therefore,
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the sex-dependent differential methylation in the CYPI9AI
promoter was not explained by changes in the DNMT mRNA
expression. We next determined DNA methylation status in the
first exon of the de novo DNA methyltransferase genes using
the pyrosequencing assay described by Yu et al. [32]. As
shown in Supplementary Figure S2, neither DNMT3A nor
DNMT3B genes showed significant sex-dependent differences
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FIG. 5. DNA methylation at CpG (-=955), CpG (—869), and CpG (—-789)
of the CYPT19AT promoter in Day 19 gonads of ZZ-male chicken embryos
exposed to EE2 (20 pg/egg) from the indicated days of incubation. Orange
curve and the right y-axis indicate degrees of morphological feminization
shown in Figure 1B. Each datum point indicates DNA methylation at CpG
sites 955, 869, or 789 nt upstream of the CYPT19AT TIS (mean = SEM of
five or more independent gonads). CpG methylation in vehicle-exposed
ZZ-male testes and ZW-female ovaries are also shown. *P < 0.05 and **P
< 0.01 compared to vehicle-exposed ZZ-male testes (t-test).

in their first exon methylation. Note that the DNMT3B data
presented here do not contain polymorphic CpG dinucleotides
whose cytosine is often substituted with adenine or guanine as
previously described [32] and confirmed by our experiments
(data not shown). The absence of sex-dependent differential
DNA methylation in these genes further supports the highly
specific nature of the sex-dependent epigenetic markers in the
CYPI19A1 promoter.

EE2-Induced Partial Hypomethylation of the CYP19AT
Promoter Is Observed in Germline-Depleted Gonadal
Somatic Cells

The chicken gonadal tissue consists of two distinct types of
cells, namely, germline cells and somatic cells. When chicken
primordial germ cells (PGCs) are conveyed from the epiblast
into the genital ridge through the bloodstream, both ZZ PGCs
and ZW PGCs are still sexually bipotential and capable of
differentiating into both male and female germline lineages [2].
When gonadal somatic cells undergo sex differentiation, the
phenotypic sex of the PGCs is determined by the sex of the
somatic cells surrounding them [2]. Therefore, EE2-induced
feminization of ZZ-male gonads is presumed to occur primarily
in the gonadal somatic cells. We considered the possibility that
the incomplete epigenetic sex conversion of the CYPI9AI
promoter observed with the whole-gonadal tissue samples
(Figs. 4 and 5) might be explained if gonadal somatic cells
could actually undergo complete epigenetic sex conversion
whereas germline cells do not. To address this possibility,
SSEA-1 positive germline cells were depleted from single cell
suspensions of Day 19 chicken embryonic gonads by a MACS
system using a monoclonal antibody to SSEA-1, a glycoprotein
marker antigen specifically expressed in germline cells in
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FIG. 6. DNA methylation and mRNA expression in Day 19 germline-
depleted gonadal cells in chicken embryos. A) DNA methylation at CpG
sites 955, 869, or 789 nucleotides upstream of the CYPT9AT TIS in
germline-depleted gonadal somatic cells. Embryos were exposed to EE2
(20 pg/egg) or vehicle from Day 3. Data indicate CpG methylation on Day
19 (mean = SEM of five or more independent gonads). *P < 0.05 (t-test).
B) Expression of mRNA transcripts for CYP19A1/aromatase and FOXL2 in
germline-depleted gonadal somatic cells of chicken embryos exposed to
EE2 (20 pg/egg) or vehicle from Day 3. Messenger RNA expression in total
testes and ovaries of control animals is also shown. Data indicate relative
mRNA expression compared to that in Day 19 total testes of vehicle-
exposed ZZ males and are presented in log scale (mean = SEM of five or
more independent gonads).

mammalian and chicken embryonic gonads [34] (Supplemen-
tary Fig. S3A). Two consecutive MACS runs yielded germline-
free gonadal somatic cells showing less than 0.1% of
contamination of SSEA-1 positive, fluorescent cells (Supple-
mentary Fig. S3B). Germline-enriched cells showed contam-
ination of up to 30% fluorescence-negative cells.

DNA methylation profiles of the ESRI/ promoter were
clearly different between the germline-enriched cells and the
germline-depleted somatic cells (Supplementary Fig. S3C).
The strong CpG methylation immediately before the TIS in the
germline-enriched cells may reflect the absence of germline
expression of estrogen receptor o [2]. The similarity in the
ESRI promoter methylation in the germline-depleted somatic
cells and the whole gonads (Supplementary Fig. S3C, center
panel; compare with Fig. 4C) suggests the dominance of
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FIG. 7. Pro- and antitranscriptional histone modifications and RNA
polymerase Il recruitment to the CYPT9AT promoter in Day 19 chicken
embryonic gonads. A) Position of the PCR amplicon for the ChIP assay.
Circles indicate the three CpG sites 955, 869, or 789 nt upstream of the
TIS of the CYPT19AT promoter (indicated by arrow). B) ChIP assay for
trimethylated H3K4 (protranscriptional), H3K27 (antitranscriptional), and
RNA polymerase Il recruitment to the CYPT9AT promoter in Day 19
chicken gonads of ZZ males, ZW females, and EE2-exposed, completely
sex-converted ZZ males. Inverted images of agarose gel electrophoresis of
the PCR products are shown. C) Relative signals for H3K4me3 and
H3K27me3 of B determined by densitometry (mean = SEM of ChIP assays
on three independent gonads for each group). # and * indicate statistically
significant differences (P < 0.05, t-test).

somatic cells compared to germline cells in Day 19 gonads. In
contrast, the CYPI9AI promoter methylation profiles deter-
mined using the same genomic DNA samples were similar
between the germline-enriched cells and the germline-depleted
somatic cells (Supplementary Figure S3D). Detailed methyla-
tion analyses on CpG (—869) and the adjacent two CpG sites in
the CYP19A1 promoter demonstrated significant but moderate
hypomethylation of CpG (—869) in the germline-depleted
somatic cells isolated from completely feminized ZZ-male
gonads exposed to EE2 from Day 3 (Fig. 6A), reproducing the
observations made with the whole gonadal tissues (see Figs. 4
and 5). These results indicate that the difference in the degree
of the CYPI9AI promoter hypomethylation between the
completely feminized ZZ gonads by exposure to EE2 and the
gonads of vehicle-injected ZW-female embryos directly
reflected the epigenetic status in the gonadal somatic cells
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with negligible bias derived from the germline cells. The EE2-
induced expression of the mRNA transcripts for CYPI9Al/
AROM and FOXL2 observed with the whole-gonadal tissue
specimens (Figs. 4 and 5) was reproduced with the germline-
depleted somatic cells (Fig. 6B), indicating that both the EE2-
induced hypomethylation of the CYPI9AI promoter and the
concomitant, robust expression of these two marker genes of
ovarian differentiation were derived from changes in the
gonadal somatic cells. Because of the significant contamination
of the gonadal somatic cells in the SSEA-1 positive germline-
enriched cell preparations, their transcriptional and DNA
methylation analyses were inconclusive (data not shown).

EE2-Induced Feminization of ZZ-Male Embryonic Gonads
Involves Protranscriptional Histone Modlifications in the
CYP19A1 Promoter

To obtain insights into whether the EE2-induced DNA
hypomethylation in the CYP/9AI promoter in ZZ-male gonads
is mechanistically linked to the concomitant and strong
expression of the CYPI19A1/AROM mRNA transcripts, histone
modifications (protranscriptional H3K4me3 and antitranscrip-
tional H3K27me3) and RNA polymerase II recruitment to
CYPI9A1 promoter in Day 19 chicken embryonic gonads were
examined by ChIP assay. To our surprise, extensive analyses
around the ovary-specific TIS of the CYP/9AI promoter as
reported by Matsumine et al. [35] detected neither sexual
dimorphism in the H3K4me3/H3K27me3 ratio nor RNA
polymerase II recruitment (data not shown). Interestingly,
however, ChIP assays targeting a promoter sequence involving
the three sex-dependent, differentially methylated CpG sites
(Fig. 7A) did show sex-dependent changes in the H3K4me3/
H3K27me3 ratio and phenotypic feminization-dependent
recruitment of RNA polymerase II (Fig. 7, B and C). In ZZ-
male gonads, H3 histones in this region were predominantly
methylated at the antitranscriptional lysine-27, and no RNA
polymerase II recruitment was detected. In contrast, in ZW-
female gonads, H3 histones in the same region were
predominantly methylated at the protranscriptional lysine-4,
and recruitment of RNA polymerase II was readily detected. In
the EE2-exposed, feminized ZZ gonads, histone H3 was
methylated at both lysine-4 and lysine-27 with comparable
strength, and significant recruitment of RNA polymerase II was
also detected. Thus, not only DNA methylation but also histone
H3 modifications at this specific region in the CYPI9AI
promoter demonstrated significant but incompletely feminized
profiles. These results suggest that the sexually dimorphic
epigenetic marks of this region in the CYP/9AI promoter may
play mechanistic roles in the strong expression of the
CYPI9AI/AROM mRNA transcripts characteristic to the
phenotypically female chicken embryonic gonads.

DISCUSSION

In chicken embryonic gonads, sexual dimorphism at the
level of marker gene expression occurs long before the
morphological sexual differentiation initiates on Day 6.0-6.5.
The masculinizing gene DMRT! and the ovarian marker genes
ASW and FETI already show genetic sex-dependent differen-
tial mMRNA expression in gonads on Day 3.5 when ZZ gonads
and ZW gonads are still morphologically indistinguishable [1,
2]. In the present study, we observed morphologically and
transcriptionally complete male-to-female gonadal sex reversal
in chicken embryos exposed to EE2 no later than Day 4.0
(Figs. 1 and 3). When EE2 exposure is initiated immediately
before the gonadal morphological sex differentiation on Day
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6.0, morphological feminization was slightly suppressed when
it was evaluated using our arbitrary scoring system (Fig. 1)
whereas mRNA expression of the key ovarian genes CYP19A1/
AROM and FOXL2 was completely feminized (Fig. 3). A
dramatic gain of resistance to the EE2-induced feminization of
77 gonads occurred within a narrow window between Days
6.0 and 7.0 in both morphological and mRNA expression
criteria. This timing matches initiation of normal expression of
SOX9, a SOX family transcription factor well conserved among
reptiles, birds, and mammals, and expressed exclusively in the
Sertoli cell lineage of the medullary cords of male gonads [36].
The Sertoli cell is the first cell type to differentiate in male
gonads that sets a cascade of cellular events resulting in testes
differentiation [37]. Thus, EE2-induced morphological and
transcriptional feminization of ZZ gonads is capable of
overcoming effects of the early expression of the masculinizing
genes DMRTI (Day ~3.5) and anti-Miillerian hormone (AMH,
Day ~5.0) [2], but cannot reverse the masculinizing cascade
once SOX9 initiates Sertoli cell differentiation.

Whereas exposure of ZZ gonads to EE2 from as early as
Day 3.0 resulted in complete morphological and transcriptional
feminization observed with Day 19 gonads, the epigenetic sex
marks in the promoter of the CYPI9AI gonadal feminizing
gene was clearly incomplete, showing an intermediate level of
DNA methylation and histone lysine methylation between the
normal ZZ gonads and the normal ZW gonads (Figs. 4 and 5).
Taken together, these observations suggest that, even when the
exogenous EE2 triggered a feminizing cascade of molecular
events through a shortcut activation of estrogen receptor o in
the gonadal cortex [2] and suppressed progression of the
genetically dictated masculinizing cascade as long as SOX9
expression was not initiated yet, the early events of gonadal
masculinization initiated by DMRTI may still affect the
epigenetic mechanisms regulating expression of CYPI9AI/
AROM, leaving the persistent, intermediate epigenetic sex
marks in its promoter. Previous studies observed that estrogen-
induced gonadal feminization of ZZ-male chicken embryos
often diminishes after hatching and during puberty of the birds
[3]. The incomplete aspect of the epigenetic sex reversal in the
CYPI19A1 promoter (and probably other persistent, promascu-
linizing epigenetic marks regulating expression of other key
sex-determining genes as well) may explain the unstable nature
of the estrogen-induced feminization of ZZ gonads.

Our pyrosequencing analyses on EE2-induced hypomethy-
lation in the CYP19AI promoter with nucleotide-base resolu-
tion power revealed that significant phenotypic sex-dependent
differences in DNA methylation were restricted to less than six
CpG dinucleotides within a 1.2-kb sequence (Fig. 4B). The
most informative three CpG sites, —955, —869, and —789 nt
upstream of the TIS (Figs. 4, B and D, and 5), were located
within only a 170-nt segment flanked with hypermethylated
segments. Furthermore, the phenotypic sex-dependent differ-
ences in methylation of these CpG sites were not dichotomous
(i.e., zero methylation versus total methylation) but only
quantitative although they were significant and highly
reproducible (Fig. 4D). These features of the epigenetic sex
marks identified in the present study may explain our multiple
but unsuccessful attempts to detect phenotypic sex-dependent
differences in DNA methylation by the microarray analysis of
methylated DNA immunoprecipitation approach (data not
shown), whose power to distinguish methylation status of a
specific CpG dinucleotide is strongly affected by methylation
of the surrounding DNA segments [38]. Our results were
similar to those reported by Dolinoy et al. [39, 40], who
determined changes in methylation of only nine CpG
dinucleotides in the agouti pseudoexon 1A promoter of A™/a
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mice induced by fetal exposure to estrogenic endocrine
disruptors, demonstrating distinct sensitivities of the individual
CpG sites for estrogen-induced methylation. Epigenetic effects
of embryonic exposure to environmental agents in the
vertebrate genomes might be sometimes restricted to small
numbers of specific CpG sites rather than affecting relatively
large numbers of CpG sites within long genomic DNA
segments. Recent progress in research on the environmental
endocrine disruptors, including EE2 as one of the strongest
estrogenic environmental pollutants, has developed a paradigm
that embryonic or fetal exposure of vertebrates to certain types
of environmental endocrine disruptors may cause persistent
changes in the epigenetic mechanisms regulating gene
expression in the embryonic/fetal genome [39, 41-43].
Interestingly, an increasing number of studies propose that
epigenetic changes introduced into the genome of germline
cells by environmental epimutagens might be transgeneration-
ally transmitted and cause disorders in the unexposed
generations of the offspring [44—47]. Debates are ongoing as
to whether such transgenerationally transmitted, disease-
relevant epimutations may require specific genetic back-
grounds of the laboratory animals [48] or might not occur as
significant threats to human and wildlife health with environ-
mentally relevant concentrations of the epimutagens chemicals
[49]. Our present study demonstrates the importance of
examining changes in DNA methylation and other epigenetic
marks caused by fetal exposure to environmental factors with
the single nucleotide resolution power using the latest high-
throughput technologies, including base-specific cleavage mass
spectrometry [47, 50] and bisulfite deep sequencing [51-53] in
addition to the standard bisulfite pyrosequencing approach.
Future studies should address the mechanistic basis of this
apparent nucleotide-level specificity of epigenetic effects of
embryonic exposure to environmental hormonal agents.
Establishing comprehensive methods of nucleotide-resolution
epigenetic analysis would also be important to determine
whether multigenerational effects observed after exposure of
vertebrate embryos/fetuses to environmental factors are
epigenetically transmitted [44—47] or occur through alternative
mechanisms as recently reported [54, 55].

Chicken embryonic gonads at Day 19 consist of multiple
types of heterogeneous cells. Although our present study
demonstrated that the aspects of epigenetic sex determined
with the whole gonadal tissue samples were not significantly
affected by depletion of the SSEAIl-positive germline cells
from the analysis (Fig. 6), the somatic cell population itself is
still heterogeneous, consisting of cells in the cortex, the
medullary cords, and the medullary stroma. Because histolog-
ical observations did not find any significant differences
between the EE2-feminized ZZ gonads and the control ZW
gonads (Fig. 2), we presume that the quantitative differences in
the epigenetic sex marks of the CYP/9AI promoter between
these gonads were not primarily due to different ratios of the
heterogeneous cell types. However, it remains to be determined
by future studies as to whether such heterogeneous subpopu-
lations of the gonadal somatic cells share a single pattern of
common epigenetic sex marks or not.

The discrepancy between the curves for AROM mRNA
expression (Fig. 3B) and DNA methylation of the epigenetic
sex marks in its promoter (Fig. 5) plotted using the same
abscissa (initiation of EE2 exposure) may suggest that
moderate hypomethylation of this promoter may be sufficient
to release it from epigenetic transcriptional suppression. On the
other hand, it is tempting to speculate that the EE2-feminized
77 gonads might be more sensitive to endogenous and
exogenous factors that repress transcription of the CYP19A1/
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AROM gene than normal ZW gonads because of the
significantly more methylated status of this promoter. In this
context, it is interesting that we were unable to detect RNA
polymerase II recruitment to the previously reported TIS of the
CYPI9A] promoter whereas we did detect it about 1-kb
upstream to the TIS (Fig. 7 and data not shown). The ovarian
TIS of chicken CYPI9AI promoter (nucleotide position
6,293,986 of NCBI Reference Sequence NW_003763854.1,
Gallus gallus 4.0 whole genome shotgun sequence) was
determined by Matsumine et al. [35] using a primer extension
method, which was not designed to detect possibly another TIS
1-kb upstream of their RNA hybridization primer. Unfortu-
nately, because the longest mRNA transcript for chicken
CYP19A1/AROM registered in the publicly available databases
starts at nucleotide position 6,293,942 of the same contig,
which is even 44 nucleotides shorter than the transcript
reported by Matsumine et al. [35], whether a true TIS of this
gene locates near the CpG sites about 1-kb upstream of the
previously reported TIS is left undetermined. Our multiple
attempts to determine such a novel TIS by primer extension
and other approaches have not been successful, possibly
reflecting a short length of the first exon that is experimentally
challenging to determine. The apparent discrepancy between
our present study and the report of Matsumine et al. [35] might
reflect possible differences in the transcriptional activity of the
CYPI9AI gene in the embryonic chicken gonads and the
ovaries of matured female chickens.

At present, a mechanistic explanation about how exposure
to EE2 results in highly specific changes in the epigenetic
status of the CYPI9AI promoter is unavailable although
previous studies suggests roles of estrogen receptor o in the
mechanism of male-to-female sex reversal by exogenous
estrogens [2]. Estrogen-dependent DNA demethylation in
vertebrate cells has been known for over three decades.
Estrogen-dependent demethylation of chicken vitellogenin
promoter in the egg-laying hen is known to occur after its
transcriptional activation by ligand-activated estrogen receptor
without requiring DNA synthesis [56—58]. In human cells, the
estrogen-responsive promoter of the pS2 gene undergoes rapid
and cyclic changes in DNA methylation that are synchronized
with cyclic recruitment of ligand-activated estrogen receptor o
and RNA polymerase II [59, 60]. In the estrogen-dependent
human MCEF-7 breast cancer cells, activation of the cathepsin D
gene is associated with rapid demethylation of its distal
enhancer, which contains the estrogen responsive element and
is known as a direct target of the estrogen receptors [61]. These
studies suggest that estrogen might control DNA methylation
through estrogen receptor-mediated events of transcriptional
activation, which involves formation of a number of multi-
protein complexes that could contain subunits that affect
cytosine methylation of the targeted chromatin segments. The
phenotypic sex-dependent DNA methylation marks in the
CYPI9AI promoter described in the present study could also
be explained in the context of estrogen-induced demethylation
of the regulatory elements of transcriptionally active genes.

Recently, proposed possible roles of the TET-family
methylcytosine hydroxylases and the hydroxymethylcytosines
in active and sequence-specific DNA demethylation [62] might
also be relevant to the EE2-induced epigenetic changes, which
should be addressed by future studies. Bannister et al. [63]
recently reported that chicken micro-RNA MIR202*, which
shows sexually dimorphic expression in embryonic chicken
gonads (testis-specific) and reduces its expression upon
estradiol-induced feminization of ZZ gonads [64], enhances
expression of testis-associated genes DMRT1 and SOX9 and
suppresses ovary-associated genes FOXL2 and CYPI9Al/
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AROM [64]. It would be important to establish how different
types of epigenetic mechanisms—namely, DNA methylation/
hydroxymethylation, histone modifications, and micro-RNA—
regulate expression of key sex determination genes in
coordinating manners.

In summary, our present study demonstrated that changes in
DNA methylation associating phenotypic sex differentiation of
chicken embryonic gonads can occur within a very short length
of chromatin segment that may contain only a few CpG
dinucleotides. Such changes in DNA methylation occur in a
highly quantitative manner and are appropriately evaluated
with the bisulfite-pyrosequencing technology. The morpholog-
ical, transcriptomal, genetic, and epigenetic sex may not agree
with each other when gonadal sex differentiation is disturbed
by exogenous factors; the phenotypic sex (i.e., morphological
and transcriptomal sex marks) can be completely reversed
whereas epigenetic sex marks tend to be persistent with the
original, genetically dictated sex. These findings provide
critical insights into roles of the epigenetic mechanisms of
normal gonadal development and their disruption by exoge-
nous factors, emphasizing the importance of evaluating
epigenetic events in a highly quantitative manner with
nucleotide base-level resolution for the assessment of environ-
mental toxicants as developmental epimutagens.
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