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Abstract

Germ cells are the only cell type to undergo meiosis, a specialized cell division
process necessary for the formation of haploid gametes. Timing of this process is sex-
specific. Ovarian germ cells initiate meiosis during embryonic development, while
testicular germ cells initiate meiosis after birth. '

In a series of gonad explant culture experiments, I show that retinoic acid (RA) is
required for meiotic initiation in embryonic ovaries, because it is necessary for Stra8
(Stimulated by retinoic acid gene 8) expression. Stra8 is required for pre-meiotic DNA
replication in embryonic ovaries and it is only expressed in testes after birth. I also show
that a cytochrome p450 enzyme CYP26B1, specifically expressed in embryonic testes but
not ovaries, prevents Stra8 expression in testes during embryonic development.

To confirm our results ir vivo, and to examine if RA is sufficient to induce
meiosis in embryonic testes, I generated Cyp26b1-/- and Cyp26b1-/-Stra8-/- mice. 1
show that germ cells in Cyp26b1-/- embryonic testes initiate a meiotic program but fail to
complete meiotic prophase. Instead, germ cells proliferate until birth. RA also causes
somatic cell defects. It inhibits Leydig cell differentiation and disturbs testis cord
maintenance.

Thus, RA has distinct effects in embryonic ovaries and embryonic testes. In
ovaries, it is required for meiotic entry with no known effects on somatic cell
development. In embryonic testes, RA is not sufficient for functional meiotic prophase
and it induces proliferation in germ cells. RA also disrupts embryonic testicular somatic
cell development.

Thesis Supervisor: David C. Page
Title: Professor of Biology, Howard Hughes Medical Institute
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CHAPTER 1

Introduction to the development of germ cells in embryonic
mouse gonads



Unique features of germ cell development have long fascinated scientists. First,
germ cells are the only cell lineage which carries with it the DNA for the next generation.
This presents a conundrum: Are germ cells the soma’s way of making a new soma or is
the soma the germ cells’ way of making more germ cells? Second, to successfully
dispatch the DNA to the next generation, germ cells are the only cell type in the body to
undergo meiosis. This specialized cell division process results in haploid chromosome
content and DNA recombination making gametes unique from the rest of the somatic
cells. Third, germ cells, which initially look the same in both sexes, give rise to gametes
with sex specific characteristics. The differences between the cellular structure of eggs
(female gametes) and sperm (male gametes) are striking. How and why did they evolve

to be so different?

This introduction will focus on one window of the mouse germ cell lifecycle —
from their arrival to the gonads to the birth of the newborn mouse. During this critical
ten-day period, germ cell sex is determined and sexual differentiation of the future
gametes begins. This interval also provides a unique window of opportunity to study

meiotic initiation in ovarian germ cells.

Homecoming

The somatic gonad and the germ cells originate in different locations in the
embryo. The gonad (initially called the genital ridge) forms as a thickening of the
coelomic epithelium on the ventral surface of the mesonephros (Byskov, 1994). Germ

cells (also called primordial germ cells or PGCs) are derived from the epiblast (Falconer



and Avery, 1978; Gardner et al., 1985). Germ cells migrate to the gonad and proliferate
during their migration. Approximately 1500 primordial germ cells enter each gonad
between E10.5 and E11.5 (McLaren, 1984). The arrival of germ cells into the gonad is
still shrouded in mystery. How do the germ cells know that they have reached their final
destination and should not proceed any further? What molecular signals does the gonad
use to communicate with the germ cells and vice versa? What are the first actions germ

cells take once they arrive at the gonad?

During the last stretch of their migration (i.e. from the hindgut to the gonad), the
characteristics of germ cells change substantially. Confocal microscopy revealed that
germ cells leave the hindgut independently, but at the time of gonad colonization they
start forming long processes (40 microns) to interface with each other and form networks.
This clustering requires E-cadherin, which is upregulated after the germ cells leave the
hindgut (Bendel-Stenzel et al., 2000). Once the germ cells reach the gonad, they lose the
processes and their motility, and they aggregate. Interestingly, this sequence of
movements can be reproduced in culture suggesting that this behavior may be intrinsic to

germ cells at this stage of their development (Gomperts et al., 1994).

At the time of colonization, dramatic changes in gene expression can be observed
in germ cells. They begin expressing highly conserved germ cell-specific genes like
mouse vasa homologue (Mvh) and deleted in azoospermia-like (Dazl) (Toyooka et al.,
2000; Hu, 2006). They also begin to express germ cell-less (Gcl), a mouse homologue of

a component of Drosphila germ plasm (Toyooka et al., 2000).



Mvh, Dazl and Gcl are expressed in the germ cells of both sexes; however the
knockout phenotypes differ between the sexes. Mvh-deficient germ cells in the testis
exhibit a lower proliferation rate after colonization, while Mvh-deficient germ cells in
ovaries proliferate normally (Tanaka, Toyooka et al. 2000). A knockout of Gcl exhibits a
later spermatogenesis phenotype in testes while no phenotype has been reported in
ovaries to date (Kimura et al., 2003a). Interestingly, Dazl-deficient germ cells in testes
start dying several days after entering the gonad while Dazl/-deficient germ cells in
ovaries survive much longer (Lin and Page, 2005; Lin, 2005). These results suggest that
while expression of these early germ cell genes is not sexually dimorphic, the process
underlying proliferation in the arriving germ cells may already be different between the

sexes (DiNapoli et al., 2006).

Postmigratory germ cells also start expressing germ cell nuclear antigen 1
(Gcnal) but the gene coding for this antigen has not yet been identified (Enders and May,
1994). Surprisingly, Genal expression does not require the germ cell’s arrival at the
gonad — in fact when germ cells are placed in the adrenal, they start expressing Genal at
the time when they would normally enter the gonad (Wang et al., 1997; Richards et al.,
1999). Unfortunately, similar experiments have not been done with Mvh or Dazl.
However, Dazl is known to be expressed in some lines of embryonic stem cells
suggesting that its expression can also be induced outside of the gonad (Lin, 2005). These
results suggest that whatever factor induces the expression of these genes upon arrival to

the gonad, it must also be present in other tissues. Alternatively, germ cells may be



preprogrammed to express these genes autonomously by a clock mechanism (e.g. after a

certain number of cell divisions, regardless of their arrival to the gonad).

During their migration to the gonads, germ cells proliferate. After their arrival at
the gonad, they undergo two or three more rounds of cell division (McLaren, 2003).
During the proliferative phase inside the gonad, germ cells develop in clusters or nests.
Some controversy surrounds formation of these clusters. In vitro, it has been shown that
these clusters form by aggregation (Gomperts et al., 1994) but other studies have
suggested that germ cell clusters arise by successive divisions of a single progenitor cell
similar to cysts, which have been described in Drosophila (Pepling and Spradling, 1998).
Whether the germ cells really form cysts by successive divisions of a progenitor or
whether they simply aggregate into clusters is unknown but it has been conclusively
shown that germ cells at this stage are connected by intercellular bridges and divide

synchronously (Pepling and Spradling, 1998; Pepling, 2006).

Immediately after arriving into the gonad until about E13.5, germ cells
themselves are not yet morphologically distinguishable between the sexes. However,
during this time period, their somatic surroundings are changing dramatically. While it is
not known how this changing environment influences the germ cells, it is hard to imagine
that germ cells could be oblivious to these changes. Between E10 and E11.5, the gonads
of both sexes are growing rapidly through cell proliferation and cell migration from the
neighboring mesonephros (Schmabhl et al., 2000). The somatic gonads are undergoing sex

determination and their cell lineages are becoming sexually differentiated.



As the germ cells start arriving into the XY gonad around E10.5, sex determining
region Y (Sry) expression starts in pre-Sertoli cells and continues through E12.5
(Koopman et al., 1990; Gubbay et al., 1990; Albrecht and Eicher, 2001). While not much
is known about the molecular function of Sry, its expression is required for sex
determination and sex differentiation of cell lineages in the developing testes. By E12.5,
the testicular cords enclose the germ cells and the Sertoli cells, the somatic cells which
support the germ cell development in the testes. Peritubular myoid cells shape the cords
by forming a filamentous layer around the germ cells and the Sertoli cells. Fetal Leydig
cells, the steroid producing cells, become separated from the germ cells and are located in

the interstitial spaces between the cords (Fig.1).

Mesonephric cell migration into XY gonads continues until E16.5 but there is
little or no mesonephric migration into the XX gonads after E11.5 (Martineau et al.,
1997). In comparison to the developing testes, changes in the morphology of the ovary
appear to be much less dramatic than in the testes. Germ cells and pregranulosa cells, the
somatic cells which support germ cell development in the ovary, become organized into
ovigerous (or ovarian) cords (Byskov, 1986; Guigon and Magre, 2006). The ovigerous
cords are outlined by a basement membrane (Sawyer et al., 2002; Mazaud et al., 2005)

instead of myoid cells, which are not present in the ovary. The function of these cords is
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Figure 1. Illustration depicting sexual differentiation of the XX and XY mouse gonads

(adapted from Menke, 2002).
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unknown. In mice, ovigerous cords are not very prominent; however, these cords are

better defined in other mammalian species (Byskov, 1986).

While no equivalent of Sry has been identified in the ovary, recent microarray
analyses show that somatic cells in ovaries undergo dramatic gene expression changes
around the time germ cells arrive (Nef et al., 2005; Beverdam and Koopman, 2006).
These results suggest that, similarly to the testis, the ovary is undergoing active sex
determination and sex differentiation processes even though the somatic tissue appears

much less organized than the testis at this time.

During migration, XX germ cells inactivate one of their X chromosomes similar
to the X-inactivation of somatic cells. Soon upon their entry into the gonads, germ cells
reactivate their inactive X chromosome (McLaren and Monk, 1981; Monk and McLaren,
1981; Nesterova et al., 2002). The exact time and mechanism of X chromosome
reactivation is not known except that it begins shortly after arrival into the gonad and
before germ cells initiate meiosis at E13.5 (McLaren, 2003). It is also not known if the
reactivation is a cell autonomous process but it has been shown that XXY germ cells
undergo X-chromosome reactivation upon arrival at the testes, suggesting that X-

reactivation may not be sex-specific (Mroz et al., 1999).

During migration, germ cells carry methylation patterns. Once they enter the
gonads, they undergo genome-wide demethylation and become demethylated by E13.5

(Monk et al., 1987). Both imprinted genes (Peg3, Snrpn, H19 etc.) as well as non-
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imprinted genes (Actin) become demethylated but certain sequences like repetitive
elements and minor satellites appear to be only partially demethylated in germ cells
(Hajkova et al., 2002). It is not known what regulates the rapid genome-wide
demethylation in germ cells upon entry into the gonad and active demethylating
processes have been suggested (Hajkova et al., 2002; Morgan et al., 2005). It is also not
known if erasure of methylation patterns upon entry into the gonads is a conserved
process in other species. The significance of this erasure is poorly understood - it has
been suggested that genome-wide demethylation serves to prevent epimutations that may
have occurred during prior germ cell development. However, several studies have shown
that newly acquired epigenetic abnormalities are not effectively erased in germ cells and

can persist for several generations (Morgan et al., 1999; Anway et al., 2005).

The effects of germ cells on the development of the somatic gonad have been
studied. In gonads of both sexes, the absence of germ cells does not affect the early
proliferation of somatic cells (Merchant, 1975). Furthermore, in the testes, germ cells
appear dispensable because testes develop normally (though with a small delay) in the
absence of germ cells (Merchant, 1975; Brennan and Capel, 2004). In ovaries, initial
development also appears normal and the presence of germ cells is not required for the
formation of the ovigerous cords (Merchant, 1975). However, the absence of germ cells
has dramatic effects on the ovaries later in development. Germ cells are required for
ovigerous cord breakdown and the somatic cell differentiation during follicle formation
around birth. In germ cells’ absence, follicles are not formed and the ovigerous cords stay

intact (Merchant-Larios and Centeno, 1981; Guigon and Magre, 2006).
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In conclusion, germ cells arrive at their home at a turbulent time when the somatic
gonad has begun sex determination and sexual differentiation. Striking changes are also
taking place in the germ cells upon their arrival. Within a short period, germ cells of both
sexes undergo whole-genome demethylation and upregulate new genes. Germ cell
morphology changes and their contact with each other increases. Germ cells form clusters
and divide synchronously within them. XX germ cells reactivate their X chromosomes.
The connections between these various processes and their functions are unknown but

they are suggestive of a remarkable transition in germ cells.

To enter or not — the question of germ cell sex determination

Germ cell sex is thought to be determined by the somatic environment of the
gonad into which the germ cells migrate (McLaren, 1984). Germ cells in ovaries are sex
determined when they start entering meiotic prophase at E13.5. Sex determination of
germ cells in the testes is much harder to define. Traditionally, it has been suggested that
germ cells in testes are sex-determined when they enter GO arrest at about the same time
germ cells in ovaries enter meiosis (Fig. 2). However, reconstitution and culture

experiments suggest that their sex must be determined earlier.

E12.5 and E13.5 XX germ cells placed into reconstituted testes develop as
prospermatogonia and do not enter meiotic prophase as judged by chromosome
condensation patterns (McLaren and Southee, 1997; Adams and McLaren, 2002). In
contrast, E11.5 but not E12.5 or E13.5 XY germ cells cultured outside of the testes (e.g.

in reconstituted ovary) will enter meiotic prophase
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Figure 2. XX and XY germ cell development from E10.5 until birth.
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(Zamboni and Upadhyay, 1983; McLaren and Southee, 1997). These results show that

germ cell sex determination in the testes must take place approximately between E11.5
and E12.5 (i.e. before germ cells start entering the GO/G1 arrest, which occurs between
E13.5 and E16.5). What this process entails and how the testicular germ cells lose their

sexual plasticity is unknown.

The chromosome dance

In females, meiotic prophase begins during embryonic development. In males,
meiosis is initiated after birth. Why mammals have sexually dimorphic timing of meiotic
entry is unknown but the consequences are clear. At birth, a pool of primordial follicles is
established in ovaries representing the total number of germ cells available to females
during their reproductive lifespan. In testes, foundations are laid out for generating an

adult spermatogonial stem cell population replenishing male gametes throughout life.

Meiosis consists of two consecutive cell divisions without an intervening S phase
and results in haploid chromosome content in gametes. In addition, during prophase of
the first meiosis, recombination takes place. During embryonic development, XX germ
cells progress only through leptotene, zygotene and pachytene stages and arrest in

diplotene of the first meiotic prophase. This arrest is sometimes called dictyate arrest.

The decision to enter meiotic cell cycle is triggered by different cues in different
organisms but its core molecular machinery appears to be highly conserved across

species. Work in yeast suggests that the decision to enter meiosis occurs during the G1
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phase of the cell cycle (Marston and Amon, 2004). Recent evidence in mice shows that a
germ cell’s commitment to meiosis must occur prior to or during DNA replication
(Baltus et al., 2006), consistent with the decision taking place in G1.

Although pre-meiotic DNA replication during S phase likely uses much of the
same machinery as pre-mitotic replication, differences exist. First, pre-meiotic DNA
replication takes longer than pre-mitotic replication in all organisms studied so far (Crone
et al., 1965; Cha et al., 2000; Marston and Amon, 2004). Second, pre-meiotic DNA
replication produces sister chromatids held together by meiosis-specific cohesins such as
rec8-like 1 (Rec8LI) (Klein et al., 1999; Eijpe et al., 2003). Third, in both yeast and in
mice, factors required for pre-meiotic but not pre-mitotic DNA replication exist (Davis et
al., 2001; Baltus et al., 2006). Unfortunately, no specific marker of pre-meiotic S phase in

mice is currently known.

Leptotene is the first stage of the first meiotic prophase. The pairing of
homologous chromosomes — the synapse - has not occurred yet. However, protein
structures called axial elements start forming in short patches along the chromosomes.
These axial elements contain syrnaptonemal complex protein 3 (Sycp3). Interestingly,
double-stranded breaks associated with recombination and generated by the meiotic
enzyme Sporulation protein 11 (SPO11) are detectable at this stage. This suggests that
recombination is initiated prior to synapsis during leptotene (Mahadevaiah et al., 2001)..
The H2A histone family protein, member x (H2ZAX) is phosphorylated near the sites of
double-stranded DNA breaks. An antibody against phosphorylated H2AX labels cells

during leptotene (Mahadevaiah et al., 2001). At this stage, chromosome ends are
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attached to the inner surface of the nuclear envelope over most of the nuclear periphery
and appear like thin bands or pearls on a necklace (Speed, 1982; Zickler and Kleckner,

1998).

At the leptotene-zygotene transition, chromosomes attached to the nuclear
envelope become rapidly redistributed to one region, resulting in telomere clustering
called the “bouquet” conformation. The “bouquet” conformation persists through

zygotene (Zickler and Kleckner, 1999; Scherthan, 2003).

Zygotene, the second stage of the first meiotic prophase, is characterized by
partial synapsis. Homologous chromosomes are now partly held together by the
synaptonemal complex. This zipper-like structure is composed of two lateral elements
(whose core is formed by the above-mentioned SCP3-containing axial elements) joined
together by a transverse filament. An antibody against the phosphorylated H2AX labels
cells also during zygotene but the staining is less intense than during leptotene

(Mahadevaiah et al., 2001)

At pachytene, full chromosome synapsis is completed (Zickler and Kleckner,
1999). Chromosomes contract and appear short and thick (Speed, 1982). In mid
pachytene, they are released from the “bouquet” organization and re-organize themselves
evenly on the nuclear periphery. Shortly after, they are released from their nuclear

envelope attachments (Zickler and Kleckner, 1999).
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Diplotene is characterized by the desynapsis of homologous chromosomes
(Speed, 1982). The dictyate nuclei are larger and the chromosomes appear decondensed
(Speed, 1982). In oocytes, y box protein 2 (Ybx2 or Msy2) is a convenient cytoplasmic
marker for the diplotene or dictyate stages (Gu et al., 1998; Yu et al., 2001; Pangas et al.,
2006). Little is known about the causes of diplotene arrest. However, granulosa cells may
be responsible for its maintenance. If they are removed from the follicle, oocytes will
resume the meiotic progression through the first meiotic division and arrest at metaphase

2 (Libby et al., 2002).

The length of each phase of the first meiotic prophase has been estimated and
measured. It has also been noted that the duration of each phase appears to be similar
between male and female germ cells. Pre-meiotic S phase is thought to last approximately
12 hours in contrast to the pre-mitotic S phase, which lasts approximately 6-8 hours.
Leptotene duration is roughly 3-6 hours, zygotene 12-40 hours, and pachytene more than
60 hours. G2 phase is thought to be very short in germ cells — only about half an hour

(Crone et al., 1965).

Unlike the postnatal testis, the embryonic ovary provides a convenient model for
studying meiotic prophase. In the postnatal testis, except for the first round, not all germ
cells initiate meiotic prophase at the same time. In an adult, each tubule contains cells at
different stages of the cell cycle - a heterogeneous population that is difficult to study. In
the embryonic ovary, all germ cells enter meiotic prophase. This makes it a particularly

useful model for the study of meiotic prophase and its progression in mammals.
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Meiotic prophase at the molecular level

Immediately after their arrival in the gonads, germ cells inside the XY or XX
gonads appear indistinguishable and behave similarly. At E13.5, the cellular morphology
of germ cells in the testes begins to differ from their counterparts in the ovaries. A subset
of germ cells in ovaries show signs of chromosome condensation associated with meiotic
prophase, while a subset of germ cells in testes starts entering GO (also called G0/G1 or

G1) arrest.

In ovarian germ cells, several genes required for meiotic cell cycle begin their
expression around E12.5 in an anterior to posterior wave. This wave of expression
includes all meiotic markers tested to date. Their expression sweeps through the ovary
over a span of approximately four days (Menke et al., 2003; Yao et al., 2003; Bullejos

and Koopman, 2004).

The earliest female specific germ cell gene expressed in a wave is stimulated by
retinoic acid gene 8 (Stra8) (Baltus et al., 2006). Stra8 was first discovered in a screen
for retinoic acid inducible genes in embryonic carcinoma cells and subsequently
characterized as a gene expressed exclusively in male but not female germ cells (Oulad-
Abdelghani et al., 1996). A more recent study has corrected this finding and shown that
Stra8 is expressed in ovarian germ cells during embryonic development and testicular
germ cells after birth (Menke et al., 2003). Stra8 is expressed in an anterior to posterior
pattern starting at E12.5 and disappears around E16.5 (Menke et al., 2003). It is unknown

what induces Stra8 upregulation in this characteristic wave-like pattern but it has been
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shown that a transcriptional regulator Sohlh1 is required for its downregulation (Pangas et
al., 2006). Characterization of Stra8-/- gonads revealed that Stra8 is required for pre-
meiotic but not pre-mitotic DNA replication in embryonic mouse ovaries (Baltus et al.,

2006).

Stra8 expression is closely followed by Dmcl, a meiotic recombinase, also
expressed in an anterior to posterior wave (Menke et al., 2003). Interestingly, Stra8-/-
ovaries fail to express Dmcl, suggesting that Stra8 regulates this gene’s expression.
However, it remains unknown if Stra8 is directly responsible for the Dmcl wave of

expression.

Additional genes observed in wave-like expression patterns include Scp3, and
gH2AX (Yao et al., 2003; Bullejos and Koopman, 2004). Many meiotic markers have not
yet been tested for anterior-to-posterior expression — e.g. it remains unknown if Spol1,
which generates double-stranded DNA breaks, or Rec§, a meiotic cohesin, are expressed

in waves as well.

Interestingly, one of these genes, Scp3, is also expressed in the germ cells of
embryonic testes at E12.5 but its expression is subsequently downregulated (Di Carlo et
al., 2000; Chuma and Nakatsuji, 2001). Based on its early expression pattern and on the
morphological similarities between ovarian and testicular germ cells just prior to the
meiotic entry in ovaries, it has been argued that a pre-meiotic or “preleptotene” stage

exists in both testicular and ovarian germ cells at E12.5 (McLaren, 1984; Di Carlo et al.,
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2000). At this time, germ cells of both sexes exhibit large nuclei and condensed
chromatin and it has been proposed that this stage represents “the last mitotic prophase
before the female germ cells enter meiosis and the male germ cells enter mitotic arrest”
(Hilscher et al., 1974; McLaren, 1984). However, staining with Ki-67 antibody which
labels cells at all stages of the cell cycle except for the resting (GO) phase (Scholzen and
Gerdes, 2000), shows that germ cells in embryonic testes do not enter GO arrest
simultaneously but over a span of several days from E13.5 through E16.5 (Hu, 2006).
Scp3 expression in all testicular germ cells is long diminished before all testicular germ
cells enter GO. Thus “premeiotic” stage as marked by Scp3 expression would have to be
followed by mitotic cell cycle in at least a subset of germ cells in the testes before they

enter GO arrest.

Why do ovarian germ cells initiate meiosis and testicular germ cells do not?
Ectopic germ cells in the adrenal gland enter meiotic prophase at the same time that they
would normally enter if they were in the ovaries (Zamboni and Upadhyay, 1983). In
vitro co-culture experiments with embryonic lung tissue have also shown that germ cells
can enter meiosis inside the lung (McLaren and Southee, 1997). These and similar results
demonstrate that germ cells of both sexes enter meiosis in every tissue tested except for
the undisrupted embryonic testes. Therefore, testes must produce a meiosis preventing
substance, since it is the only tissue in which germ cells do not initiate meiosis (McLaren
and Southee, 1997). It has been a matter of some controversy whether meiotic entry is a

cell autonomous event regulated by an internal germ cell clock or induced by a meiosis
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inducing substance. This substance would have to exist in many other tissues since germ

cells appear to enter meiosis in many different places (McLaren and Southee, 1997).

The identity of either one of these substances was not known but several studies
have suggested their properties. Biochemical experiments showed that meiosis inducing
substance was not a protein but a small steroid-like molecule, while meiosis preventing
substance was likely a diffusible protein (Grinsted and Byskov, 1981; Andersen, 1981).
Interestingly, disruption of the testes cords lead to germ cell meiotic entry suggesting that
meiosis-preventing substance required the germ cells to be protected inside the cords
(McLaren and Southee, 1997). The anterior-to-posterior expression pattern of meiotic
markers is consistent with diffusion of a meiosis inducing substance. This would provide
a mechanistic explanation for the spatio-temporal expression pattern of these genes

(Menke et al., 2003).

Search for the meiosis inducing substance has yielded multiple candidates.
Cultures of embryonic explant ovaries demonstrated that certain growth factors such as
insulin-like growth factor 1 or leukemia inhibitory factor can significantly increase the
number of meiotic germ cells in the gonads (Lyrakou et al., 2002). Interestingly,
analogous cultures with retinoic acid or retinoic acid receptor alpha agonists also promote
meiotic entry and progression through zygotene but delay the zygotene-pachytene
transition (Livera et al., 2000). While these studies provide interesting candidates,
convincing evidence of their action in vivo and the mechanism by which they promote

meiosis in ovary but not the testes is missing.
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Sex and meiosis

How similar is meiosis in embryonic female germ cells to that in postnatal male
germ cells? The timing and the continuity of the process differ between the sexes.
Meiosis in female germ cells makes several starts and stops and can span decades. Male
germ cell meiosis only lasts a little over a week and is a continuous process. Emerging
evidence from meiotic knockouts provides an additional insight — female meiosis appears
to be more resilient to mutations than male meiosis (Hunt and Hassold, 2002). Most
meiotic mouse mutants analyzed so far exhibit different phenotypes and arrest points in
males and females (Fig. 3). For example, males deficient for Scp3 are infertile and exhibit
a zygotene arrest (Yuan et al., 2000), while Scp3 deficient females are only subfertile
(Yuan et al., 2002). Unfortunately, most of these mutants have not been analyzed in pure
strain mice and variable genetic background may influence the phenotype. Also, several
meiotic mutants also remain characterized only in one sex and not the other, and it

remains to be seen if this trend holds up in most meiotic mutants.

Why do most male meiotic mutants arrest earlier than female meiotic mutants? In
yeast, it has been shown that an early control mechanism operates in meiotic prophase — a
pachytene checkpoint (Roeder and Bailis, 2000). It is thought that this checkpoint may
be similar to the DNA damage checkpoint and respond to unresolved double-stranded
breaks (Roeder and Bailis, 2000). Sex-specific regulation of this checkpoint in mice may

explain a more stringent response to mutations in males (Hunt and Hassold, 2002).
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Figure 3: Arrest points in mutants with meiotic phenotypes. Black line implies
similar development in both sexes while blue (male) and red (female) lines denote
sex-specific phenotypes, vertical line shows meiotic arrest, dotted line shows that

only a subset of cells is surviving (adapted from Hunt and Hassold, 2002).
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Germ cell reduction — a biological clock ticking before birth?

Germ cell death is a prominent feature of ovarian germ cell embryonic
development. After ovarian germ cells cease to proliferate mitotically at about E13.5,
their population is at its peak. In mice, this number is approximately 25,000 — 30,000.
From the onset of meiosis until two days after birth, this pool is depleted continuously
resulting in a two-thirds reduction (Borum, 1961; Bakken and McClanahan, 1978; Morita

and Tilly, 1999).

The continuous germ cell reduction model has been challenged recently by using
the MVH antibody to label germ cells. It has been proposed that the decrease of oocyte
number is limited to two days after birth when germ cell cysts are breaking down
(Pepling and Spradling, 2001). However, a more recent study using GCNA and MVH
antibodies to label germ cells contradicted these results and confirmed a continuous
decline in the number of germ cells through the progression of meiotic prophase during

embryonic development (McClellan et al., 2003).

Little is understood about the cause of this massive culling of germ cells inside
ovaries before and shortly after birth. It has been suggested that much of the cell death
could be accounted for by aberrant progression through meiotic prophase (Borum, 1961).
In classical studies, a major reduction of germ cells was documented specifically in
pachytene (Borum, 1961; Bakken and McClanahan, 1978). An alternative theory
suggests that germ cell death does not necessarily target cells which are defective but

rather kills a proportion of the germ cell population so that they can serve as nurse cells
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and provide nutrients and mitochondria to the surviving germ cells via the cytoplasmic
bridges (Pepling and Spradling, 2001). Alternatively, massive germ cell loss would
increase the number of granulosa support cells per surviving germ cell (Ohno and Smith,
1964).

The mechanism of germ cell death is no better understood. From the onset of
meiosis until two days after birth, germ cells are progressing through many different
stages of the cell cycle. It is hard to imagine that a single mechanism could kill germ cells
at such different times. Recent studies have also suggested that multiple mechanisms
might be at play. Mice lacking Bcl-2 associated X protein (Bax), a key apoptotic
component, end up with a larger number of oocytes than their wild type siblings —
however - they still experience oocyte loss during the progression of meiotic prophase
similarly to their wild type siblings. These results demonstrate that germ cells in meiotic

prophase are lost by a Bax independent mechanism (Alton and Taketo, 2007).

Pluripotency wave

In addition to meiotic markers, another set of genes exhibits an intriguing
expression pattern in ovarian germ cells. Several markers of pluripotency - namely POU
domain, class 5, transcription factor 1 (Oct4/PouSfl), sry-box containing gene 2 (Sox2),
developmental pluripotency associated 5 (Dppa5), and developmental pluripotency
associated 3 (Dppa3) - have been shown to be downregulated in an anterior to posterior
expression pattern in ovarian germ cells but are maintained longer in testicular germ cells

(Menke et al., 2003; Bullejos and Koopman, 2004; Western et al., 2005; Lin, 2005).
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Little is understood about pluripotency markers and their regulation in the germ
cells of both sexes. During migration and upon arrival at the gonad, germ cells express
pluripotency markers (Western et al., 2005). Subsequently, ovarian germ cells
downregulate pluripotency markers in an anterior to posterior wave by E16.5 (Menke et
al., 2003; Bullejos and Koopman, 2004; Western et al., 2005). Interestingly, at least one
of these markers, Oc#4, is re-expressed again in the postnatal ovary. The function of this

Oct4 expression pattern in postnatal ovary is unknown.

Male germ cells have also been shown to downregulate mRNAs of pluripotency
markers Sox2 and Dppa5 before birth (Western et al., 2005). However, this down
regulation is much faster than in ovaries and does not appear directional. Furthermore,
pluripotency markers are detectable in testicular germ cells in the postnatal testes. The

significance and regulation of this process is currently unknown.

It is not known if there is a link between the meiotic and the pluripotency waves.
In mice of C57BL/6 background, the Oct4 anterior-to-posterior disappearance starts 12-
24 hours after the first appearance of Stra8 (Menke et al., 2003). This observation
suggests that the meiotic wave precedes the pluripotency downregulation. Stra8
expression may cause the downregulation of Oct4 (and/or its downstream targets) or both

of them may be regulated independently by a third factor.

What causes the ovarian anterior-to-posterior waves in general? It has been

suggested that the order in which the germ cells arrive into the gonad may establish the
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anterior-to-posterior distribution. However, time lapse movies suggest that germ cells do
not colonize the gonad in any particular order (e.g. anterior-to-posterior) and quickly
become immobilized within the gonad. While some germ cells arrive earlier and others
later, their location within the gonad appears to be random (Molyneaux et al., 2001,
Molyneaux, 2006). The somatic gonad itself differs between the anterior and posterior
ends suggesting that perhaps some intrinsic differences between the poles of the gonad
might lead to the waves. Another option is that diffusion of factor(s) in an anterior-to
posterior direction could induce gene expression in a similar direction. However,

evidence to support any of these models is lacking.

Follicle formation

Primordial follicles are formed in ovaries perinatally. Oocytes arrested in the
diplotene stage become surrounded by a single layer of somatic cells to form primordial
follicles (Matzuk et al., 2002). This surrounding process and subsequent transition to
primary follicles requires the breakdown of ovigerous cords and the remodeling of the
basal membrane. Each primordial follicle is composed of a single germ cell surrounded

by flattened granulosa cells.

In mice, there is sufficient evidence that germ cells are the directors of primordial
follicle formation as well as the subsequent progression into primary follicles and later
stages of folliculogenesis. Without germ cells, primordial follicle formation never occurs.
Folliculogenesis specific basic helix loop helix (Figla), a germ cell-specific gene

expressed from E13.5 onwards, is required for primordial follicle formation (Soyal et al.,
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2000). In the Figla-/- ovaries, germ cells eventually die a few days after birth when they
fail to recruit granulosa cells around them. It is not known by what mechanism Figla

regulates primordial follicle formation and how the timing is regulated.

Growth differentiation factor 9 (Gdf9), another germ cell-specific gene, is
required for further maturation of primordial follicles into primary follicles (Dong et al.,
1996). NOBOX oogenesis homeobox (Nobox) also plays a role in follicle formation,
because Nobox deficient ovaries exhibit a delay in primordial follicle formation and do
not transition into primary follicles (Rajkovic et al., 2004). Furthermore, they express
decreased levels of Gdf9 suggesting that Nobox regulates its expression (Rajkovic et al.,

2004).

What are the XY germ cells up to?

What happens to XY germ cells in the testes after E13.5, when their ovarian
counterparts start entering meiotic prophase? In comparison to the many processes going
on in XX germ cells during this time period until about birth, germ cells in the testes
appear remarkably passive. However, this observation may reflect gaps in our

understanding of the processes occurring in testicular germ cells at this time.

Germ cells in the testes start entering mitotic arrest at E13.5. Whether this arrest
represents the GO or the G1 phase of the cell cycle is unknown. Testicular germ cells do
not enter mitotic arrest synchronously but over a span of three days. Unfortunately, it is

not known if any sort of directionality exists (e.g. anterior to posterior or center to pole)
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or if the arrest is a random process. It is also not known what mechanism underlies the
arrest. XX germ cells placed in testes also arrest, suggesting that the testis itself is
somehow involved in its regulation. Testicular germ cells remain arrested until after birth

when mitosis is re-initiated prior to meiotic prophase.

Currently, only a few mouse knockouts have shown defects in achieving GO arrest
in male germ cells. In each case, failure to arrest coincides with ongoing germ cell death
and postnatal testicular tumor formation. Conditional loss of phosphatase and tensin
homolog (PTEN) in germ cells leads to defective entry into GO arrest, increased apoptosis
of testicular germ cells and tumor formation (Kimura et al., 2003b). Authors note that
their phenotype is very similar to that of 129/Sv-ter mice (Noguchi and Stevens, 1982;
Noguchi, 1996). The ter mutation in the dead-end 1(Dndl) gene has been shown to cause

germ cell loss and testicular germ cell tumors (Youngren et al., 2005).

Between E15.5 and E18.5, XY germ cells show marked increase in
methylcytosine antibody staining, suggesting that de novo DNA methylation has been
initiated in testicular germ cells (Coffigny et al., 1999; Hajkova et al., 2002; Kimura et
al., 2003b; Allegrucci et al., 2005). In contrast, ovarian germ cells delay re-methylation
until after birth (Obata and Kono, 2002; Hiura et al., 2006). The methyltransferase
Dnmt3a and Dnmt3L are the most likely players in de novo DNA methylation of male
germ cells (Bourc'his and Bestor, 2004; Kaneda et al., 2004). It is unknown how sex-

specific timing of de novo DNA methylation is regulated or why it exists.
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Aims of my thesis

Germ cell behavior inside the embryonic gonads has been studied during much of
the last century, primarily through physical manipulation of cells, microscopy and
morphological observations. Advances in molecular biology have facilitated generation
of new insights and reexamination of established theories. Importantly, a number of
markers for different processes have been identified in germ cells. These markers allow a

closer look at the regulation of germ cell embryonic development at the molecular level.

I have become interested in germ cell sex determination — specifically, why
embryonic XX, but not XY germ cells express Stra8. Since Stra8 is one of the earliest
known molecular markers specific to XX germ cells and the only known gene required
for pre-meiotic DNA replication, development of new insights into its transcriptional

regulation will improve our understanding of germ cell sex determination.

My work examines the role of retinoic acid in embryonic germ cell development
and regulation of Stra8 expression. Retinoic acid is a derivative of vitamin A (retinol).
The biosynthetic pathway for generating retinoic acid from retinol involves two oxidation
steps, the first of which generates retinaldehyde (retinal). However, the rate limiting step
in the retinoic acid biosynthesis pathway is the second and final step, which is catalyzed
by retinaldehyde dehydrogenases. These enzymes are expressed selectively in some

tissues
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Figure 4: The biosynthetic pathway for the synthesis and metabolism of all-trans
retinoic acid and its signaling mechanism in the cell (modified from Petkovich,

2007).

36



Retinoic acid synthesis, metabolism and signaling

Retinol ~ ———— potinal ——p  Retinoic Acid

(Vitamin A) €———— /

0 CYP26A1
CYP26B1
OH CYP26C1
All-Trans Retinoic Acid

18-OH-RA 4-OH-RA

-—#ws#—: }
4-oxo-RA

RARE l

A Excretion
Differentiation Proliferation

Apoptosis

X7



during embryonic development to ensure site specific exposure to retinoic acid
(Niederreither et al., 2002b). Local concentration of retinoic acid is negatively regulated
by cytochrome p450 enzyme, family 26 (Cyp26) enzymes, which hydroxylate retinoic
acid and render it inactive. It has been shown that the main function of CYP26 enzymes

is to protect tissues from retinoic acid exposure (Niederreither et al., 2002a) (Fig. 4).

Retinoic acid is an isoprenoid that binds to retinoic acid receptors (RARs). These
receptors are ligand-regulated transcription factors which belong to the nuclear hormone
receptor superfamily (Aranda and Pascual, 2001). In both deficiency and excess, retinoic
acid causes many developmental defects in mouse embryos. Knockouts of genes involved
in its signaling and chemical manipulations in vitro and in vivo have demonstrated that
retinoic acid is required for the development of many tissues in the embryo including

lungs, limbs, and the central nervous system.

Prior to this work, there was little evidence for retinoic acid signaling in
embryonic gonads with the exception of one study that suggested retinoic acid hastened
meiotic entry in cultured embryonic ovaries (Livera et al., 2000). The most suggestive
piece of evidence for the in vivo role of retinoic acid in gonads came from our laboratory.
A cDNA subtraction experiment revealed that E12.5 embryonic testes but not embryonic
ovaries, expressed cytochrome p450, family 26, subfamily b, polypeptide 1 (Cyp26bl), a
member of the retinoic acid-metabolizing enzyme family (Menke and Page, 2002). This
discovery, together with our improved understanding of Stra8 function, led to the present

work exploring the role of retinoic acid in embryonic germ cell development.

38



References

Adams, I. R., and McLaren, A. (2002). Sexually dimorphic development of mouse
primordial germ cells: switching from oogenesis to spermatogenesis. Development /29,
1155-1164.

Albrecht, K. H., and Eicher, E. M. (2001). Evidence that Sry is expressed in pre-Sertoli
cells and Sertoli and granulosa cells have a common precursor. Dev Biol 240, 92-107.

Allegrucci, C., Thurston, A., Lucas, E., and Young, L. (2005). Epigenetics and the
germline. Reproduction 129, 137-149.

Alton, M., and Taketo, T. (2007). Switch from BAX-dependent to BAX-independent
germ cell loss during the development of fetal mouse ovaries. J Cell Sci 120, 417-424.

Andersen, c. B., ag; Grinsted, J (1981). Partial purification of the meiosis inducing
substance. In Development and Function of Reproductive Organs, a. P. Byskov, H, ed.
(Elsevier), pp. 73-80.

Anway, M. D., Cupp, A. S., Uzumcu, M., and Skinner, M. K. (2005). Epigenetic
transgenerational actions of endocrine disruptors and male fertility. Science 308, 1466-
1469.

Aranda, A., and Pascual, A. (2001). Nuclear hormone receptors and gene expression.
Physiol Rev 81, 1269-1304.

Bakken, A. H., and McClanahan, M. (1978). Patterns of RNA synthesis in early meiotic
prophase oocytes from fetal mouse ovaries. Chromosoma 67, 21-40.

Baltus, A. E., Menke, D. B., Hu, Y. C., Goodheart, M. L., Carpenter, A. E., de Rooij, D.
G., and Page, D. C. (2006). In germ cells of mouse embryonic ovaries, the decision to
enter meiosis precedes premeiotic DNA replication. Nat Genet 38, 1430-1434.

Bendel-Stenzel, M. R., Gomperts, M., Anderson, R., Heasman, J., and Wylie, C. (2000).
The role of cadherins during primordial germ cell migration and early gonad formation in
the mouse. Mech Dev 91, 143-152.

39



Beverdam, A., and Koopman, P. (2006). Expression profiling of purified mouse gonadal
somatic cells during the critical time window of sex determination reveals novel
candidate genes for human sexual dysgenesis syndromes. Hum Mol Genet 15, 417-431.

Borum, K. (1961). Oogenesis in the mouse. A study of the meiotic prophase. Exp Cell
Res 24, 495-507.

Bourc'his, D., and Bestor, T. H. (2004). Meiotic catastrophe and retrotransposon
reactivation in male germ cells lacking Dnmt3L. Nature 4317, 96-99.

Brennan, J., and Capel, B. (2004). One tissue, two fates: molecular genetic events that
underlie testis versus ovary development. Nat Rev Genet 5, 509-521.

Bullejos, M., and Koopman, P. (2004). Germ cells enter meiosis in a rostro-caudal wave
during development of the mouse ovary. Mol Reprod Dev 68, 422-428.

Byskov, A., and Hoyer, P (1994). Embryology of mammalian gonads and ducts (New
York, Raven Press).

Byskov, A. G. (1986). Differentiation of mammalian embryonic gonad. Physiol Rev 66,
71-117.

Cha, R. S., Weiner, B. M,, Keeney, S., Dekker, J., and Kleckner, N. (2000). Progression
of meiotic DNA replication is modulated by interchromosomal interaction proteins,
negatively by Spol1p and positively by Rec8p. Genes Dev 14, 493-503.

Chuma, S., and Nakatsuji, N. (2001). Autonomous transition into meiosis of mouse fetal
germ cells in vitro and its inhibition by gp130-mediated signaling. Dev Biol 229, 468-
479,

Coffigny, H., Bourgeois, C., Ricoul, M., Bernardino, J., Vilain, A., Niveleau, A., Malfoy,
B., and Dutrillaux, B. (1999). Alterations of DNA methylation patterns in germ cells and
Sertoli cells from developing mouse testis. Cytogenet Cell Genet 87, 175-181.

Crone, M., Levy, E., and Peters, H. (1965). The duration of the premeiotic DNA
synthesis in mouse oocytes. Exp Cell Res 39, 678-688.

40



Davis, L., Barbera, M., McDonnell, A., Mclntyre, K., Sternglanz, R., Jin, Q., Loidl, J.,
and Engebrecht, J. (2001). The Saccharomyces cerevisiae MUM2 gene interacts with the

DNA replication machinery and is required for meiotic levels of double strand breaks.
Genetics 157, 1179-1189.

Di Carlo, A. D., Travia, G., and De Felici, M. (2000). The meiotic specific synaptonemal
complex protein SCP3 is expressed by female and male primordial germ cells of the
mouse embryo. Int J Dev Biol 44, 241-244.

DiNapoli, L., Batchvarov, J., and Capel, B. (2006). FGF9 promotes survival of germ cells
in the fetal testis. Development /33, 1519-1527.

Dong, J., Albertini, D. F., Nishimori, K., Kumar, T. R., Lu, N., and Matzuk, M. M.
(1996). Growth differentiation factor-9 is required during early ovarian folliculogenesis.
Nature 383, 531-535.

Eijpe, M., Offenberg, H., Jessberger, R., Revenkova, E., and Heyting, C. (2003). Meiotic
cohesin REC8 marks the axial elements of rat synaptonemal complexes before cohesins
SMC1beta and SMC3. J Cell Biol 160, 657-670.

Enders, G. C., and May, J. J., 2nd (1994). Developmentally regulated expression of a
mouse germ cell nuclear antigen examined from embryonic day 11 to adult in male and
female mice. Dev Biol 163, 331-340.

Falconer, D. S., and Avery, P. J. (1978). Variability of chimaeras and mosaics. J Embryol
Exp Morphol 43, 195-219.

Gardner, R. L., Lyon, M. F., Evans, E. P., and Burtenshaw, M. D. (1985). Clonal analysis
of X-chromosome inactivation and the origin of the germ line in the mouse embryo. J
Embryol Exp Morphol 88, 349-363.

Gomperts, M., Garcia-Castro, M., Wylie, C., and Heasman, J. (1994). Interactions
between primordial germ cells play a role in their migration in mouse embryos.
Development 720, 135-141.

Grinsted, J., and Byskov, A. G. (1981). Meiosis-inducing and meiosis-preventing
substances in human male reproductive organs. Fertil Steril 35, 199-204.

41



Gu, W., Tekur, S., Reinbold, R., Eppig, J. J., Choi, Y. C., Zheng, J. Z., Murray, M. T,
and Hecht, N. B. (1998). Mammalian male and female germ cells express a germ cell-
specific Y-Box protein, MSY?2. Biol Reprod 59, 1266-1274.

Gubbay, J., Collignon, J., Koopman, P., Capel, B., Economou, A., Munsterberg, A.,
Vivian, N., Goodfellow, P., and Lovell-Badge, R. (1990). A gene mapping to the sex-
determining region of the mouse Y chromosome is a member of a novel family of
embryonically expressed genes. Nature 346, 245-250.

Guigon, C. J., and Magre, S. (2006). Contribution of germ cells to the differentiation and
maturation of the ovary: insights from models of germ cell depletion. Biol Reprod 74,
450-458.

Hajkova, P., Erhardt, S., Lane, N., Haaf, T., El-Maarri, O., Reik, W., Walter, J., and
Surani, M. A. (2002). Epigenetic reprogramming in mouse primordial germ cells. Mech
Dev 117, 15-23.

Hilscher, B., Hilscher, W., Bulthoff-Ohnolz, B., Kramer, U., Birke, A., Pelzer, H., and
Gauss, G. (1974). Kinetics of gametogenesis. I. Comparative histological and
autoradiographic studies of oocytes and transitional prospermatogonia during oogenesis
and prespermatogenesis. Cell Tissue Res 154, 443-470.

Hiura, H., Obata, Y., Komiyama, J., Shirai, M., and Kono, T. (2006). Oocyte growth-
dependent progression of maternal imprinting in mice. Genes Cells 11, 353-361.

Hu, Y. (2006). Personal Communication.

Hunt, P. A., and Hassold, T. J. (2002). Sex matters in meiosis. Science 296, 2181-2183.

Kaneda, M., Okano, M., Hata, K., Sado, T., Tsujimoto, N., Li, E., and Sasaki, H. (2004).
Essential role for de novo DNA methyltransferase Dnmt3a in paternal and maternal
imprinting. Nature 429, 900-903.

Kimura, T, Ito, C., Watanabe, S., Takahashi, T., Ikawa, M., Yomogida, K., Fujita, Y.,
Ikeuchi, M., Asada, N., Matsumiya, K., et al. (2003a). Mouse germ cell-less as an
essential component for nuclear integrity. Mol Cell Biol 23, 1304-1315.

Kimura, T., Suzuki, A., Fujita, Y., Yomogida, K., Lomeli, H., Asada, N., Ikeuchi, M.,
Nagy, A., Mak, T. W., and Nakano, T. (2003b). Conditional loss of PTEN leads to

42



testicular teratoma and enhances embryonic germ cell production. Development /30,
1691-1700.

Klein, F., Mahr, P., Galova, M., Buonomo, S. B., Michaelis, C., Nairz, K., and Nasmyth,
K. (1999). A central role for cohesins in sister chromatid cohesion, formation of axial
elements, and recombination during yeast meiosis. Cell 98, 91-103.

Koopman, P., Munsterberg, A., Capel, B., Vivian, N., and Lovell-Badge, R. (1990).
Expression of a candidate sex-determining gene during mouse testis differentiation.
Nature 348, 450-452.

Libby, B. J., De La Fuente, R., O'Brien, M. J., Wigglesworth, K., Cobb, J., Inselman, A.,
Eaker, S., Handel, M. A., Eppig, J. J., and Schimenti, J. C. (2002). The mouse meiotic
mutation meil disrupts chromosome synapsis with sexually dimorphic consequences for
meiotic progression. Dev Biol 242, 174-187.

Lin, Y. (2005). Personal Communication.

Lin, Y., and Page, D. C. (2005). Dazl deficiency leads to embryonic arrest of germ cell
development in XY CS57BL/6 mice. Dev Biol 288, 309-316.

Livera, G., Rouiller-Fabre, V., Valla, J., and Habert, R. (2000). Effects of retinoids on the
meiosis in the fetal rat ovary in culture. Mol Cell Endocrinol 165, 225-231.

Lyrakou, S., Hulten, M. A., and Hartshorne, G. M. (2002). Growth factors promote
meiosis in mouse fetal ovaries in vitro. Mol Hum Reprod 8, 906-911.

Mahadevaiah, S. K., Turner, J. M., Baudat, F., Rogakou, E. P., de Boer, P., Blanco-
Rodriguez, J., Jasin, M., Keeney, S., Bonner, W. M., and Burgoyne, P. S. (2001).
Recombinational DNA double-strand breaks in mice precede synapsis. Nat Genet 27,
271-276.

Marston, A. L., and Amon, A. (2004). Meiosis: cell-cycle controls shuffle and deal. Nat
Rev Mol Cell Biol 5, 983-997.

Martineau, J., Nordqvist, K., Tilmann, C., Lovell-Badge, R., and Capel, B. (1997). Male-
specific cell migration into the developing gonad. Curr Biol 7, 958-968.

43



Matzuk, M. M., Burns, K. H., Viveiros, M. M., and Eppig, J. J. (2002). Intercellular
communication in the mammalian ovary: oocytes carry the conversation. Science 296,
2178-2180.

Mazaud, S., Guyot, R., Guigon, C. J., Coudouel, N., Le Magueresse-Battistoni, B., and
Magre, S. (2005). Basal membrane remodeling during follicle histogenesis in the rat
ovary: contribution of proteinases of the MMP and PA families. Dev Biol 277, 403-416.

McClellan, K. A., Gosden, R., and Taketo, T. (2003). Continuous loss of oocytes
throughout meiotic prophase in the normal mouse ovary. Dev Biol 258, 334-348.

McLaren, A. (1984). Meiosis and differentiation of mouse germ cells. Symp Soc Exp
Biol 38, 7-23.

McLaren, A. (2003). Primordial germ cells in the mouse. Developmental Biology 262, 1-
15.

McLaren, A., and Monk, M. (1981). X-chromosome activity in the germ cells of sex-
reversed mouse embryos. J Reprod Fertil 63, 533-537.

McLaren, A., and Southee, D. (1997). Entry of mouse embryonic germ cells into meiosis.
Dev Biol 187, 107-113.

Menke, D. B. (2002) Sexual differentiation of somatic and germ cell lineages of the
mouse gonad, thesis, Massachusetts Institute of Technology, Cambridge.

Menke, D. B., Koubova, J., and Page, D. C. (2003). Sexual differentiation of germ cells
in XX mouse gonads occurs in an anterior-to-posterior wave. Dev Biol 262, 303-312.

Menke, D. B., and Page, D. C. (2002). Sexually dimorphic gene expression in the
developing mouse gonad. Gene Expr Patterns 2, 359-367.

Merchant, H. (1975). Rat gonadal and ovarioan organogenesis with and without germ
cells. An ultrastructural study. Dev Biol 44, 1-21.

Merchant-Larios, H., and Centeno, B. (1981). Morphogenesis of the ovary from the
sterile W/Wv mouse. Prog Clin Biol Res 59B, 383-392.

44



Molyneaux, K. (2006). Personal Communication.

Molyneaux, K. A., Stallock, J., Schaible, K., and Wylie, C. (2001). Time-lapse analysis
of living mouse germ cell migration. Dev Biol 240, 488-498.

Monk, M., Boubelik, M., and Lehnert, S. (1987). Temporal and regional changes in DNA
methylation in the embryonic, extraembryonic and germ cell lineages during mouse
embryo development. Development 99, 371-382.

Monk, M., and McLaren, A. (1981). X-chromosome activity in foetal germ cells of the
mouse. J] Embryol Exp Morphol 63, 75-84.

Morgan, H. D., Santos, F., Green, K., Dean, W., and Reik, W. (2005). Epigenetic
reprogramming in mammals. Hum Mol Genet /4 Spec No 1, R47-58.

Morgan, H. D., Sutherland, H. G., Martin, D. 1., and Whitelaw, E. (1999). Epigenetic
inheritance at the agouti locus in the mouse. Nat Genet 23, 314-318.

Morita, Y., and Tilly, J. L. (1999). Oocyte apoptosis: like sand through an hourglass. Dev
Biol 213, 1-17.

Mroz, K., Carrel, L., and Hunt, P. A. (1999). Germ cell development in the XXY mouse:
evidence that X chromosome reactivation is independent of sexual differentiation. Dev
Biol 207, 229-238.

Nef, S., Schaad, O., Stallings, N. R., Cederroth, C. R., Pitetti, J. L., Schaer, G., Malki, S.,
Dubois-Dauphin, M., Boizet-Bonhoure, B., Descombes, P., et al. (2005). Gene
expression during sex determination reveals a robust female genetic program at the onset
of ovarian development. Dev Biol 287, 361-377.

Nesterova, T. B., Mermoud, J. E., Hilton, K., Pehrson, J., Surani, M. A., McLaren, A.,
and Brockdorff, N. (2002). Xist expression and macroH2A1.2 localisation in mouse
primordial and pluripotent embryonic germ cells. Differentiation 69, 216-225.

Niederreither, K., Abu-Abed, S., Schuhbaur, B., Petkovich, M., Chambon, P., and Dolle,
P. (2002a). Genetic evidence that oxidative derivatives of retinoic acid are not involved
in retinoid signaling during mouse development. Nat Genet 31, 84-88.

45



Niederreither, K., Fraulob, V., Garnier, J. M., Chambon, P., and Dolle, P. (2002b).
Differential expression of retinoic acid-synthesizing (RALDH) enzymes during fetal
development and organ differentiation in the mouse. Mech Dev 110, 165-171.

Noguchi, M., Watanabe, C., Kobayashi, T., Kuwashima, M., Sakurai, T., Katoh, H. and
Moriwaki, K. (1996). The ter mutation responsive for germ cell deficiency but not
testicular nor ovarian teratocarcinogenesis in ter/ter congenic mice. Develop Growth

Differ 38, 59-69.

Noguchi, T., and Stevens, L. C. (1982). Primordial germ cell proliferation in fetal testes
in mouse strains with high and low incidences of congenital testicular teratomas. J Natl
Cancer Inst 69, 907-913.

Obata, Y., and Kono, T. (2002). Maternal primary imprinting is established at a specific
time for each gene throughout oocyte growth. J Biol Chem 277, 5285-5289.

Ohno, S., and Smith, J. B. (1964). Role of Fetal Follicular Cells in Meiosis of
Mammalian Ooecytes. Cytogenetics /3, 324-333.

Oulad-Abdelghani, M., Bouillet, P., Decimo, D., Gansmuller, A., Heyberger, S., Dolle,
P., Bronner, S., Lutz, Y., and Chambon, P. (1996). Characterization of a premeiotic germ
cell-specific cytoplasmic protein encoded by Stra8, a novel retinoic acid-responsive gene.
J Cell Biol 135, 469-477.

Pangas, S. A., Choi, Y., Ballow, D. J., Zhao, Y., Westphal, H., Matzuk, M. M., and
Rajkovic, A. (2006). Oogenesis requires germ cell-specific transcriptional regulators
Sohlh1 and Lhx8. Proc Natl Acad Sci U S A 703, 8090-8095.

Pepling, M. E. (2006). From primordial germ cell to primordial follicle: mammalian
female germ cell development. Genesis 44, 622-632.

Pepling, M. E., and Spradling, A. C. (1998). Female mouse germ cells form
synchronously dividing cysts. Development /25, 3323-3328.

Pepling, M. E., and Spradling, A. C. (2001). Mouse ovarian germ cell cysts undergo
programmed breakdown to form primordial follicles. Dev Biol 234, 339-351.

Petkovich, M. (2007). http://meds.queensu.ca/qcri/petkovich/ri_pmp.htm.

46



Rajkovic, A., Pangas, S. A., Ballow, D., Suzumori, N., and Matzuk, M. M. (2004).
NOBOX deficiency disrupts early folliculogenesis and oocyte-specific gene expression.
Science 305, 1157-1159.

Richards, A. J., Enders, G. C., and Resnick, J. L. (1999). Differentiation of murine
premigratory primordial germ cells in culture. Biol Reprod 67, 1146-1151.

Roeder, G. S., and Bailis, J. M. (2000). The pachytene checkpoint. Trends Genet 16, 395-
403.

Sawyer, H. R., Smith, P., Heath, D. A., Juengel, J. L., Wakefield, S. J., and McNatty, K.
P. (2002). Formation of ovarian follicles during fetal development in sheep. Biol Reprod
66, 1134-1150.

Scherthan, H. (2003). Knockout mice provide novel insights into meiotic chromosome
and telomere dynamics. Cytogenet Genome Res 103, 235-244.

Schmahl, J., Eicher, E. M., Washburn, L. L., and Capel, B. (2000). Sry induces cell
proliferation in the mouse gonad. Development /27, 65-73.

Scholzen, T., and Gerdes, J. (2000). The Ki-67 protein: from the known and the
unknown. J Cell Physiol 782, 311-322.

Soyal, S. M., Amleh, A., and Dean, J. (2000). FIGalpha, a germ cell-specific transcription
factor required for ovarian follicle formation. Development /27, 4645-4654.

Speed, R. M. (1982). Meiosis in the foetal mouse ovary. I. An analysis at the light
microscope level using surface-spreading. Chromosoma 85, 427-437.

Toyooka, Y., Tsunekawa, N., Takahashi, Y., Matsui, Y., Satoh, M., and Noce, T. (2000).
Expression and intracellular localization of mouse Vasa-homologue protein during germ
cell development. Mech Dev 93, 139-149.

Wang, D., Ikeda, Y., Parker, K. L., and Enders, G. C. (1997). Germ cell nuclear antigen
(GCNAL) expression does not require a gonadal environment or steroidogenic factor 1:

examination of GCNA1 in ectopic germ cells and in Ftz-F1 null mice. Mol Reprod Dev
48, 154-158.

47



Western, P., Maldonado-Saldivia, J., van den Bergen, J., Hajkova, P., Saitou, M., Barton,
S., and Surani, M. A. (2005). Analysis of Esgl expression in pluripotent cells and the
germline reveals similarities with Oct4 and Sox?2 and differences between human
pluripotent cell lines. Stem Cells 23, 1436-1442.

Yao, H. H., DiNapoli, L., and Capel, B. (2003). Meiotic germ cells antagonize
mesonephric cell migration and testis cord formation in mouse gonads. Development
130, 5895-5902.

Youngren, K. K., Coveney, D., Peng, X., Bhattacharya, C., Schmidt, L. S., Nickerson, M.
L., Lamb, B. T., Deng, J. M., Behringer, R. R., Capel, B., et al. (2005). The Ter mutation
in the dead end gene causes germ cell loss and testicular germ cell tumours. Nature 435,
360-364.

Yu, J., Hecht, N. B., and Schultz, R. M. (2001). Expression of MSY2 in mouse oocytes
and preimplantation embryos. Biol Reprod 65, 1260-1270.

Yuan, L., Liu, J. G., Hoja, M. R., Wilbertz, J., Nordgvist, K., and Hoog, C. (2002).
Female germ cell aneuploidy and embryo death in mice lacking the meiosis-specific
protein SCP3. Science 296, 1115-1118.

Yuan, L., Liu, J. G., Zhao, J., Brundell, E., Daneholt, B., and Hoog, C. (2000). The
murine SCP3 gene is required for synaptonemal complex assembly, chromosome
synapsis, and male fertility. Mol Cell 5, 73-83.

Zamboni, L., and Upadhyay, S. (1983). Germ cell differentiation in mouse adrenal
glands. J Exp Zool 228, 173-193.

Zickler, D., and Kleckner, N. (1998). The leptotene-zygotene transition of meiosis. Annu
Rev Genet 32, 619-697.

Zickler, D., and Kleckner, N. (1999). Meiotic chromosomes: integrating structure and
function. Annu Rev Genet 33, 603-754.

48



CHAPTER 2

Retinoic acid regulates sex-specific timing of
meiotic initiation in mice

Jana Koubova, Douglas B. Menke, Qing Zhou,
Blanche Capel, Michael D. Griswold, and David C. Page

Author contributions:

Jana Koubova designed, performed and analyzed all experiments except for the
experiment involving vitamin A deficient (VAD) mice. Doug Menke provided Stra8-/-
ovaries, and participated in the design of several experiments. Qing Zhou and Mike
Griswold designed, performed and analyzed the VAD mouse experiment (mentioned
above). Blanche Capel taught Jana Koubova the organ culture technique. David Page
provided helpful discussions throughout the project and assisted during the writing of the

manuscript.

49



Abstract

In mammals, meiosis is initiated at different time points in males and females, but the
mechanism underlying this difference is unknown. Female germ cells begin meiosis
during embryogenesis. In males, embryonic germ cells undergo GO/G1 mitotic cell cycle
arrest, and meiosis begins after birth. In mice, the Stra8 gene has been found to be
required for the transition into meiosis in both female and male germ cells. Stra8 is
expressed in embryonic ovaries just prior to meiotic initiation, while its expression in
testes is first detected after birth. Here we examine the mechanism underlying the sex-
specific timing of Stra8 expression and meiotic initiation in mice. Our work shows that
signaling by retinoic acid (RA), an active derivative of vitamin A, is required for Stra8
expression and thereby meiotic initiation in embryonic ovaries. We also discovered that
RA is sufficient to induce Stra8 expression in embryonic testes and in vitamin A-
deficient adult testes in vivo. Finally, our results show that cytochrome p450 (CYP)-
mediated RA metabolism prevents premature Stra8 expression in embryonic testes.
Treatment with an inhibitor specific to RA-metabolizing enzymes indicates that a CYP26
enzyme is responsible for delaying Stra8 expression in embryonic testes. Sex-specific
regulation of RA signaling thus plays an essential role in meiotic initiation in embryonic
ovaries and precludes its occurrence in embryonic testes. Since RA signaling regulates
Stra8 expression in both embryonic ovaries and adult testes, this portion of the meiotic

initiation pathway may be identical in both sexes.
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Embryonic development of the mammalian gonad is a dynamic process during
which both germ and somatic cells acquire sex-specific characteristics. In mice,
differences between the somatic components of ovaries and testes are microscopically
evident by embryonic day 12.5 (E12.5). Germ cells, however, remain indistinguishable
between the sexes until E13.5, when ovarian germ cells initiate prophase of meiosis and
testicular germ cells arrest in the GO/G1 stage of the mitotic cell cycle (McLaren, 1984).
In fhis study, we address the question of why ovarian germ cells initiate meiosis
embryonically, while testicular germ cells postpone meiosis until after birth. In this

context, we examine the role of retinoic acid (RA) signaling in meiotic initiation.

Our studies are based on the recent finding that Stimulated by Retinoic Acid Gene
8 (Stra8) is required for meiotic initiation in both sexes (Baltus et al., 2006). Stra8
expression in ovarian germ cells occurs over a period of four days starting at E12.5, just a
day before meiotic germ cells with characteristically condensed chromatin can be
observed (Menke et al., 2003). Stra8 expression in the ovary occurs in an anterior-to-
posterior wave, which is followed by anterior-to-posterior waves of expression of meiotic
markers such as DmcI (a meiotic recombinase) and Scp3 (a synaptonemal complex
protein) (Menke et al., 2003; Yao et al., 2003; Bullejos and Koopman, 2004). In contrast,
embryonic testes do not express Stra8 (Menke et al., 2003). Instead, Stra8 is first
expressed in the mitotic germ cells of postnatal testes, and subsequently in the premeiotic
germ cells (spermatogonia) of adult testes (Oulad-Abdelghani et al., 1996; Menke et al.,

2003).
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Stra8 expression is stimulated by RA in embryonal carcinoma cells and
embryonic stem cells in culture (Oulad-Abdelghani et al., 1996). We wondered whether
RA also regulates endogenous Stra8 expression in the germ cells of embryonic ovaries
and postnatal testes. RA is an important regulator of embryonic patterning and
development (Ross et al., 2000). It is generated by a series of oxidative reactions from
dietary vitamin A (retinol) (Ross et al., 2000). Local levels of RA are regulated by
retinaldehyde dehydrogenases, which catalyze the last step of RA synthesis, and by the
CYP26 family of cytochrome p450 enzymes, which degrade RA (Abu-Abed et al., 2001;
Niederreither et al., 2002; Duester et al., 2003). RA serves as a ligand to a family of
nuclear hormone receptors known as RARs (retinoic acid receptors), which bind to RA
response elements (RARES) in the regulatory regions of target genes (Chambon, 1996).
Three major RAR isotypes have been identified (RAR-alpha, RAR-beta and RAR-
gamma), and these exhibit overlapping expression patterns and functional redundancy in

many tissues (Kastner et al., 1995; Chambon, 1996).

Retinoic acid receptors (RARs) are expressed in the gonads of both sexes (Dolle
et al., 1990; Morita and Tilly, 1999; Vernet et al., 2005) and several lines of evidence
suggest that RA may play a role in the regulation of meiosis in both postnatal testes and
embryonic ovaries. First, spermatogenesis is blocked in males fed a vitamin A-deficient
(VAD) diet (Wolbach and Howe, 1925). Their testicular tubules are depleted of all
meiotic cells, and the only remaining germ cells are undifferentiated spermatogonia and
preleptotene spermatocytes (Thompson et al., 1964; Morales and Griswold, 1987). Since

administration of RA to VAD animals is sufficient to restore and synchronize
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spermatogenesis in all seminiferous tubules, it has been suggested that RA is necessary
for proper meiotic prophase (Morales and Griswold, 1987; van Pelt and de Rooij, 1991;
de Rooij D.G., 1994). Second, RA treatment of embryonic rat ovaries in culture hastens
meiotic prophase (Livera et al., 2000). Here, we examine the role of RA in the regulation
of Stra8, a gene necessary for meiotic initiation, and in this way explore the mechanism

behind the sex-specific timing of meiotic initiation.

Results

Stra8 Expression in Embryonic Ovaries Requires RAR Signaling. To determine if
RA is required for Stra8 expression in embryonic ovaries, we assayed the gene’s
expression in gonads cultured in the presence of RAR pan-antagonist BMS-204493. This
compound, which antagonizes all three RAR isotypes, prevents RA signaling by
stabilizing interactions between RARs and co-repressor proteins, thereby silencing
expression of genes normally up-regulated by RA (Germain et al., 2002). Ovaries
dissected at E11.5 and cultured for two days in control medium expressed Stra8, while
testes did not (Fig. 1A), recapitulating the endogenous expression pattern. In contrast,
ovaries cultured in the presence of RAR antagonist BMS-204493 did not express Stra8
(Fig. 1B), though expression of a control germ cell marker, Oct4, was maintained (Fig.
1C). We conclude that RAR signaling is required for Stra8 expression in embryonic

ovaries.

These results, taken together with the observation that Stra8 is required for

meiotic initiation in embryonic ovaries in vivo (Baltus et al., 2006), imply that meiotic
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Fig. 1. RAR signaling is required for Stra8 expression in embryonic ovaries. (A, B)
Whole-mount in situ hybridization with Stra8 probe in gonads dissected at E11.5 and
cultured for two days in (A) control medium or (B) with RAR pan-antagonist BMS-
204493. (C) Whole-mount ir situ hybridization with Oct4 probe in gonads dissected at
E11.5 and cultured for two days with BMS-204493. (D-F) Photomicrographs of
hematoxylin and eosin-stained sections of (D) wild-type ovary dissected at E11.5 and
cultured for four days in control medium or (E, F) Stra8 -/- ovaries cultured (E) in control
medium or (F) with RA. Long arrow indicates representative cell with meiotic prophase

condensation (D). We observed a few pyknotic nuclei in all samples (D-F, short arrows).
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initiation there requires RAR signaling. To confirm that RA acts through Stra8 to induce
meiotic prophase condensation in embryonic ovaries, we cultured Stra8 -/- ovaries with
and without RA. As expected, germ cells in wild-type ovaries dissected at E11.5 and
cultured for four days in control medium displayed chromatin condensation (Fig. 1D)
indicative of early meiotic prophase (McLaren and Southee, 1997; Livera et al., 2000).
No such condensation was observed Stra8 -/- ovaries cultured in control medium (Fig.
1E) or with RA (Fig. 1F). Thus, RA failed to rescue the loss of meiotic prophase
condensation in Stra8 -/- ovaries. We conclude that RA induction of Stra8 expression in
ovarian germ cells is essential to achieve the chromatin condensation of meiotic

prophase.

Exogenous RA Induces Stra8 Expression in Embryonic Testes. Testicular germ cells
do not express Stra8 until after birth (Menke et al., 2003) despite the fact that testicular
cells express RARs during embryonic development (Dolle et al., 1990). Perhaps the
germ cells of embryonic testes are not exposed to RA in vivo. To determine if exogenous
RA can induce Stra8 expression in embryonic testes, we assayed the gene’s expression in
gonads cultured with all-trans-RA added to the medium. As expected, testes dissected at
E12.5 and cultured for two days in control medium expressed no Stra8 (Fig. 2A). By
contrast, testes cultured with all-trans-RA displayed abundant expression of Stra8 (Fig.

2B).

Although this RA-induced expression of Stra8 appeared to be limited to

embryonic testis cords, we wanted to determine whether it was restricted to germ cells,
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where Stra8 is normally expressed in adult testes and embryonic ovaries. Embryonic
gonads were depleted of germ cells by busulfan treatment (Merchant, 1975), and then
cultured with all-trans-RA added to the medium. Stra8 expression was lost in both
embryonic testes and ovaries treated in this manner (Fig. 2C). The simplest interpretation
of these findings is that RA signaling induces Stra8 expression only in the germ cell
lineage. (Though less likely, we cannot exclude the possibility that, in this experimental
context, Stra8 is expressed in somatic cells, but only in the presence of germ cells.)
Similar experiments were performed with testes from W' /W’ embryos, which are
severely depleted of germ cells due to a point mutation in the c-kit tyrosine kinase
receptor (Nocka et al., 1990). Like busulfan-treated testes, testes from W/W* embryos
failed to express Stra8 when cultured with all-frans-RA (data not shown). Again, the
simplest interpretation of these findings is that exogenous RA induces Stra8 expression in

the germ cells but not in the somatic cells of embryonic testes.

In rats, all three RAR isotypes are known to be expressed in embryonic testes
(Dolle et al., 1990; Cupp et al., 1999), and, in theory, any one might mediate the
premature induction of Stra8 observed in mouse embryonic testes treated with
exogenous RA. To address this question empirically, we cultured embryonic gonads in
the presence of RAR agonists selective for each of the three RAR isotypes: BMS-194753
(RAR-alpha), BMS-213309 (RAR-beta), and BMS-270394 (RAR-gamma). Treatment
with any of these selective RAR agonists induced Stra8 expression in embryonic testes
(Fig. 2D, E, F). These results suggest that, in embryonic testes, all three RAR isotypes

are capable of activating Stra8 transcription.
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Fig. 2. RA and agonists to all three RARs induce Stra8 expression in testes. Whole-
mount in situ hybridization with Stra8 probe in gonads dissected at E12.5 and cultured
for two days (A) in control medium, (B) with RA, (C) with RA after busulfan treatment,
(D) with RAR-alpha agonist BMS-194753, (E) with RAR-beta agonist BMS-213309, or

(F) with RAR-gamma agonist BMS-270394.
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RA Induces Stra8 Expression in VAD Adult Testes. Does RA also regulate Stra8
expression in the premeiotic cells of adult testes? If so, we might expect Stra8 expression
to be low in the testes of VAD (vitamin A-deficient) male mice, but to increase following
injection of such mice with retinol (vitamin A), the precursor of RA. To test this
prediction, we removed a single testis from each of several adult VAD males, after which
each of the mice was injected with all-trans-retinol (ROL) in oil, or with oil alone. The
second testis from each animal was harvested 24 hours later, and Stra8 transcript levels —
pre- and post-injection — were compared by quantitative RT-PCR. Stra8 expression
increased dramatically in the testes of VAD males following injection of ROL, but not
following injection of oil alone (Fig. 3). This result demonstrates that RA signaling can
induce Stra8 expression in adult testes in vivo and thus represents a shared element of the

regulatory pathway required for meiotic initiation in adult testes and embryonic ovaries.

CYP-mediated Metabolism of RA Prevents Stra8 Expression in Embryonic Testes.
The absence of Stra8 expression in embryonic testes in vivo implies that RA signaling
there differs from that in embryonic ovaries. In theory, embryonic testes might
synthesize less RA, or metabolize RA more efficiently, or both. Lower levels of RA
synthesis in embryonic testes have not been reported. However, several cytochrome
p450 (CYP) enzymes, including some that may degrade RA, are known to be expressed
in embryonic testes but not embryonic ovaries (Abu-Abed et al., 2002; Menke and Page,
2002; Nef et al., 2005). One of these CYP enzymes could metabolize RA and thereby

shield testicular germ cells from RA signaling.
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Fig. 3. Quantitative RT-PCR analysis of Stra8 expression in retinol-injected or control
(oil-injected) adult VAD testes compared to pre-injection, contralateral testes. (Error

bars indicate standard deviation; P < 0.022, paired ¢ test, two-sided.)
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To determine whether a testis-specific CYP enzyme could be responsible for the
lack of Stra8 expression in embryonic testes, we assayed Stra8 expression in gonads
cultured in the presence of ketoconazole, a potent but non-specific CYP inhibitor
(Higashi et al., 1987, Van Wauwe et al., 1988). As expected, testes dissected at E12.5
and cultured for two days in control medium did not express Stra8 (Fig. 4A). However,
embryonic testes cultured in the presence of ketoconazole displayed robust expression of
Stra8 (Fig. 4B). Ketoconazole had no detectable effect on embryonic ovaries. Busulfan-
treated testes failed to express Stra8 after treatment with ketoconazole (Fig. 4C),
suggesting that ketoconazole induced Stra8 expression only in germ cells.

Given the diversity of CYP enzymes inhibited by ketoconazole, it was important to

confirm that the compound’s effects on Stra8 expression required RAR activation.

Accordingly, we dissected testes at E12.5 and cultured them for two days in the
presence of both ketoconazole and RAR pan-antagonist BMS-204493. As expected, the
RAR antagonist blocked the effect of ketoconazole in embryonic testes (Fig. 4D). This
dual treatment was not toxic to germ cells, as judged by expression of the germ cell
marker Oct4 (Fig. 4E). Taken all together, the experiments involving ketoconazole
strongly suggest that, in embryonic testes, germ-cell transcription of Stra8 is prevented

by a CYP enzyme that metabolizes RA.

Implicating the CYP26 Family in RA Degradation in Embryonic Testes. Several

CYP enzymes are capable of metabolizing RA, but enzymes of the CYP26 family are
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Fig. 4. CYP26 activity prevents Stra8 expression in embryonic testes. (A-D, F-I) Whole-
mount in situ hybridization with Stra8 probe in gonads dissected at E12.5 and cultured
for two days (A, F) in control medium, (B) with CYP inhibitor ketoconazole, (C) with
ketoconazole after busulfan treatment, (D) with RAR pan-antagonist BMS-204493 and
ketoconazole, (G) with CYP26 inhibitor R115866, (H) with R115866 after busulfan
treatment, or (I) with BMS-204493 and R115866. (E, J) In situ hybridization with Oct4
probe in gonads dissected at E12.5 and cultured for two days (E) with BMS-204493 and

ketoconazole or (J) with BMS-204493 and R115866.
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particularly specific and efficient (White et al., 1997). While ketoconazole is a
nonspecific inhibitor of CYP enzymes, the compound R115866 is a highly selective
inhibitor of CYP26-mediated metabolism of RA in vivo (Stoppie et al., 2000). To test if
CYP26-media<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>