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ChapterI ABSTRACT

Germ cells are specialized for transmitting genetic information to the next
generation. A unique property of germ cells which sets them apart from other cell types is
their ability to undergo meiotic differentiation to from haploid gametes in gonads. The
formation of mouse germ cell is accomplished by inductive interaction of the epiblast cells of
early post-implantation embryo by signals emerged from the extra-embryonic tissue, which
contrasts with the mode of formation of germ cells in many species by the action of germ cell
determinants. Mouse primordial germ cells (PGCs) are identified conventionally by the
expression of strong activity of tissue non-specific alkaline phosphatase (TNAP; encoded by
Akp2), and Pou5fl, Dppa3 and Nanog. However, expression of those genes are not unique
to the PGCs and is found also in pluripotent cell types such as the cells of the inner cell mass
(ICM), embryonic stem (ES) and embryonic germ (EG) cells.

The present study has identified five novel germ-line specific markers which were
initially discovered in a subtractive screening of migratory PGCs and ICM of blastocysts
(Tanaka and Matsui, Mech. Dev. 119S, S261-267, 2002). Specially, the expression pattern
of two of these genes, Lrp4 (encoding for mouse ortholog of low density lipoprotein receptor-
related protein 4) and Ipol3 (Importini3), has been fully characterized during mouse germ
cell development. Functional analyses of Ipol3 activity revealed a potential role of IPO13
in the nuclear-cytoplasmic trafficking of protein cargoes and the regulation of meiosis of the

germ cells.



Chapter I GENERAL INTRODUCTION

Germ cells have a specialized role for transmitting genetic information to the next
generation. Only germ cells have acquired the specific properties to undergo meiotic
division and differentiate into haploid gametes. To understand the mechanism of germ cell
formation and development will give us insights in the function of germ cells.

Germ cell formation is accomplished by the two different modes of action, the
inductive interaction and the action of germ cell determinants (Wylie 1999; McLaren, 2003).
In many animal species, such as Drosophila and Caenorhabditis (C.) elegans, maternal
factors via the ‘germ-plasm’ determine the germ-line fate of embryonic cells. Blastomeres
containing the germ-plasm give arise to germ cells, and others without the germ-plasm
differentiated into somatic cells (Eddy 1975; Rongo and Lehmann 1996). In other species,
such as in the mouse, tissue-/cell-interaction facilitates germ cell formation.

In the mouse, lineage-analysis demonstrated that germ cells are derived from the
cells localized in the proximal region of epiblast of pre-streak embryo (Fig. 1; Lawson and
Hage, 1994). Recent findings demonstrated that Prdmi/Blimp] is activated progressively in
a group of cells in the proximal epiblast of the pre-gastrulating Embryonic day (E) 6.25
embryo which form primordial germ cells (PGCs) in mice (Ohinata et al., 2005). Loss of
Prdm1 function results in marked reduced number of PGCs (Ohinata et al., 2005; Vincent et
al., 2005), and the few PGCs remaining display inappropriate Hoxal and Hoxbl activity in
the mutant embryo (Ohinata et al., 2005). In Drosophila and C. elegans, a period of
transcriptional quiescence in the early germ cell precursors is essential the formation and

survival of the germline (Leatherman and Jongens, 2003). Consistent with this, it implies
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Figure 1 Four phases of mouse germ cell development; 1) lineage-restriction, 2)
PGC specification, 3) PGC differentiation and migration, 4) germ cell differentiation
in meiosis

Mouse germ cell precursors arise in the proximal region of epiblast of pre-streak embryo.
Primordial germ cells (PGCs) are first found in the cluster at the base of allantoic bud at
E7.25. Mouse PGCs are found in the endoderm derived hindgut at E8.5~9.5.  After
arriving at gonad region, female germ cells enter into the meiosis. On the other hand,
male germ cells cease mitotic division and entry in meiosis after birth.



that the repression of somatic gene expression in germ cell precursors may facilitate mouse
germ cell formation. Although Prdml positive putative PGC precursors are first found in the
pre-gastrulating embryo (Ohinata et al., 2005), PGCs could be derived from distal epiblast
cells that did not express Prdmlif there were transplanted into the proximal epiblast region
where they would be exposed to the inductive signals at E 6.5 (Tam and Zhou, 1996). These
findings suggest that the establishment of mouse germ-line may take place progressively
around gastrulation (McLaren and Lawson, 2005). Analyses on mutant mice lacking the
activity of bone morphogenetic protein (BMP) signaling pathway revealed the deficient in
PGC formation and/or maintenance. BMP4 and -8 activities in the extra-embryonic
ectoderm (ExE) and BMP-2 activity in adjacent visceral endoderm (VE), and the BMP
receptor ALK?2 function in VE of the pre-gastrula embryo are required for germ cell formation
(Lawson et al., 1999; Zhao and Garbers, 2002; de Sousa Lopes et al., 2004).

Mouse PGCs are first detected in E7.25 gastrula-stage embryos by the strong tissue
non-specific alkaline phosphatase (AP, encoded by Akp2) activity in a tight cluster of the cells
in the posterior primitive streak at the base of the allantoic bud (Fig. 1; Ginsburg et al., 1990).
It was postulated that this clustering of cells might enhance the physical interaction which
facilitates the specification of the PGCs (Yoshimizu et al., 2001; Saitou et al., 2002; Matsui
and Okamura, 2005).

During gastrulation of the mouse embryo, PGCs transit from the mesoderm to the
definitive endoderm (Anderson et al., 2000). PGCs actively proliferate and migrate from
hindgut to dorsal mesentery. PGCs start to colonize the genital ridges at around E10.5 (Fig.

1; McLaren, 2003; Molyneaux and Wylie, 2004). In female fetal gonads, germ cells start to



enter prophase of meiotic division at E13.5 and reach the pachytene stage at around E17.5
(Fig. 2A; Pepling and Spradling, 2001; McLaren, 2003). By 5 days after birth, all oocytes,
which are contained with a follicle composed of follicular cells, are arrested at the diplotene
stage of the prophase of the first meiotic division. In the adult ovary, oocytes recommence
the meiotic division and initiate follicular growth by hormonal stimuli (Fig. 1). On the other
hands, male germ cells enter mitotic arrest at E13.5 and only recommence proliferation and
differentiation in the postnatal testis (McLaren, 2003). About 10 days after birth, the meiotic
germ cells differentiate into spermatogonia and resting spermatocytes (Fig. 2B). These
primary spermatocytes reach an early pachytene stage of meiotic prophase at about 12 days
after birth and it lasts for 7 days. Primary spermatocytes complete the first meiotic division
and mature into secondary spermatocytes around 3-weeks after birth, and they terminally
differentiate into haploid spermatids around 4-weeks after birth. Finally, they differentiate
into mature sperm (Fig. 2B; Russel et al., 1990). During the migration, PGCs are known to
express Akp2, Dppa3 (Stella/PGC7), and Pou5f1 (Oct-3/4) (MacGregor et al., 1995; Saijoh et
al., 1996; Pesce et al., 1998; Sato et al., 2002; Saitou, et al., 2002; Payer et al., 2003).
However, these molecular markers are also expressed in cell types other than the germ cells
including the embryonic stem (ES) and embryonic germ (EG) cells. Functional analyses of
these genes did not show the essential role in PGC formation and development. For example,
Akp2 mutant mice (MacGregor et al., 1995) and Dppa3 null offspring (Payer et al., 2003) did
not show any abnormality in germ cell development. However, Dppa3 null female mice
displayed reduced fertility due to a lack of maternally inherited DPPA3 protein in their

oocytes (Payer et al., 2003). Pou5f1 and Nanog show crucial roles in the embryonic
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Figure 2 Mouse germ cell differentiation in meiosis

Female germ cells enter into the meiosis at E13.5 and reach the pachytene stage at around
E17.5 (A). Male germ cells cease mitotic division and entry in meiosis after birth in
seminiferous tubule, reach an early pachytene stage of meiotic prophase at around 2-
weeks and mature into secondary spermatocytes around 3-weeks (B).



lineage specification in the blastocyst or epiblast of the early implanted embryo development,
but their functions in germ cells remain unclear (Nichols et al., 1998; Chambers et al., 2003;
Mitsui et al., 2003).

To identify specific markers that may distinguish germ cells from the stem cells in
early embryos, a subtractive screening of cDNAs isolated from migratory PGCs of E8.5-9.5
embryos and the inner cell mass (ICM) of E3.5 blastocysts was performed (Tanaka and
Matsui, 2002). Five genes that are differentially expressed in the PGCs were isolated (Fig.
3). Two out of them are mouse orthologs of interferon-induced transmembrane protein
(Ifitm) genes 1 (mil-2) and -3 (mil-1/fragilis) (Tanaka and Matsui, 2002).

Ifitm3 was also identified independently in a screen of transcripts expressed in
single presumptive PGCs of the mouse gastrula (fragilis; Saitou et al., 2002). During germ
cell formation, Ifitml expression is detected in precursors of PGC and is down-regulated in
PGCs. [Ifitml is re-expressed in the migratory PGCs homing to the urogenital ridges and in
gonadal germ cells. [Ifitm3 expression is detected in precursors of PGC at an earlier stage
than Ifitml expression, and is continuously expressed in migratory and gonadal PGCs (Saitou
et al., 2002; Tanaka and Matsui, 2002; Lange et al., 2003; Tanaka et al., 2004). During the
relocation of PGCs from the mesoderm to the embryonic definitive endoderm, Ifitml
expression is found in the mesoderm but not in PGCs, and [Ifitrml activity is required for the
repulsive guidance of PGC transition from the mesoderm to the endoderm. In contrast,
Ifitm3 expression in PGCs may play a role in the homing guidance of PGCs regionalizing to
posterior hindgut endoderm (Tanaka et al., 2005).

This project focuses on the characterization of the other two candidate genes, Ipol3
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Figure 3 Candidate genes identified by a subtractive screening of migratory
primordial germ cells and the blastocyst

Five cDNAs are differentially expressed in the primordial germ cells (PGCs) (Tanaka
and Matsui, 2002). [fitml activity is required for PGC repulsion from mesoderm to
endoderm; in contrast, Ifitm3 expression may play a role in PGC homing to posterior
hindgut endoderm (Tanaka et al., 2005). Lrp4 is expressed in migratory and gonadal
germ cells (Chapter III). Ipol3 plays a role in stage-specific nuclear-cytoplasmic
translocation of cargo which may regulate the meiotic differentiation of the mouse
germ cells (Chapter VI). #185 is a novel gene, which shows stage-specific
expression in meiotic germ cells (unpublished data). Bla, blastocyst. PGC,
collected PGCs from E8.5~9.5 embryos. As controls, expression of Pou5f1, a marker
of primordial germ cells and G3pdh were included in the assays.
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and Lrp4 (Chapter III and IV-1). Further analysis was performed on the functional role of

IPO13 in a regulation of meiotic differentiation of the germ cells (Chapter I'V-ii and -iii).
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Chapter III Expression pattern of mouse ortholog of LRP4

in mouse germ cells

1. INTRODUCTION

Members of low density lipoprotein receptor-related protein (LRP) family are
involved in the cellular uptake of extra-cellular ligands and regulate diverse biological process
in including lipid and vitamin metabolism and cell-surface protease activity, and play a role of
multi-functional receptors in nervous system (Herz and Bock, 2002).

Human LRP4/MEGF7, which encodes a LDL receptor like protein with multiple
EGF-like motifs, was originally identified by bio-informatic analysis of human brain cDNA
clones that contain EGF-like motif (Nakayama et al., 1998). Mouse Lrp4/Megf7 gene,
which encodes a 7.8kb full size transcript, was previously known as LDLR dan in the NCBI
database (Simon-Chazottes et al., 2000). LRP4 is reputed to be an integral component of the
cell membrane and is predicted to function in calcium binding, receptor activity and
endocytosis (FANTOM consortium, 2002; Nykjaer and Willnow, 2002). The structural
organization of the extra-cellular domain especially four of EGF-like motifs of LRP4 closely
resembles that of another LRP family, LRPS and LRP6, which are known to act as co-receptor
of Wnts (Fig. 4C, Pinson et al., 2000; Herz and Bock, 2002).

Lrp6 mutant embryos exhibit axial truncation due to reduction in the size of the
tail bud, neural tube closure defects, and abnormal patterning of the limb bud, the phenotype
is reminiscent of that associated with loss of Wnt function (Pinson et al., 2000). The related
family member, Lrp5 is widely expressed in embryo (Hey et al., 1998) and may limit the Wnt-

phenotypes observed in Lrp6 mice (Pinson et al., 2000). Another member of Lrp family
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genes, Lrpl, which gene activity plays a role in the action of receptor of variously lipo-
proteins, is abundantly expressed in hepatocytes and neurons. Lrpl knockout mice die
during early and mid-gestation due to the deficient in implantation (Herz et al., 1992; Herz
and Bock, 2002). Therefore, the expression patterns of Lrp family genes including Lrp4 in
germ cells have not been reported.

In this chapter, the analysis of the expression of Lrp4 reveals that this gene is
expressed in migratory PGCs and matured germ cells, but not in the blastocyst, the epiblast,

and the ES and EG cells.
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2. RESULTS

The subtractive screening of cDNA of migratory PGCs and the blasotcysts
identified a 300bp partial sequence of the 3’-UTR of Lrp4 (f1, Fig. 4B; accession number;
NM_172668) (Fig. 4A). The predicted amino acid sequences of mouse LRP4 (1905 amino
acids) were similar to that of human (95.0%) and rat (98.1%) protein (Fig. 5). The structural
organization of LRP4 and another LRP family, LRP5/6 and LRP1, are shown in Fig. 4C.

The predicted protein structure of the extracellular domain of LRP4 closely
resembles to one of LRP5/6 (Fig. 4C). On the other hand, the intracellular domain of LRP4
has a copy of NPXY motif, and LRP1 also has NPXY motifs, but LRP5/6 has no NPXY motif
(Fig. 4C; Herz and Bock, 2002; Johnson et al., 2005).

The differential expression of Lrp4 was validated by RT-PCR analysis of total RNA
pools of the blastocysts, the tissue of the dorsal mesentery of E9.5 embryo and the E13.5
gonads pooled from both sexes (Fig. 6A). Consistent with the result of the cDNA
subtractive screening, Lrp4 was expressed in the tissues of the dorsal mesentery and the
gonads that contain PGCs, but not in the blastocyst (Fig. 6A). Lrp4 was also not expressed
in the embryonic stem (ES) cells, the embryonic germ (EG) cells or the STO feeder cells (Fig.
6B). The absence of Lrp4 expression in the ES cells implicates that Lrp4 is not expressed in
the Pou5Sfl-expressing ICM cells from which the ES cells are derived. In the adult mice, Lrp4
was expressed in the testis and ovary, and also in the kidney and brain (Fig. 6C).

Whole mount in sifu hybridization revealed that Lrp4 expression was not detectable
in the E6.5 early-gastrula embryo (Fig. 7A) and was weakly expressed in the allantoic bud

and the amnion of the E7.5 late-bud stage embryo (Fig. 7B, B’). In the E9.0 embryo, strong
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Figure 4 Cloning of mouse ortholog of Lrp4.

PCR amplification of Lrp4 from cDNA prepared from blastocysts (Bla) and the Pou5f1-
GFP expressing primordial germ cells (PGC) of E9.5 embryo (A). Lrp4 mRNA
containing the putative open reading frame (ORF), identified by the f1 fragment in the PGC
cDNA library (B). Comparison of structure between LRP4, LRP5/6 and LRP1 (C). PI:
riboprobe for in situ hybridization, P2: probe for Northern analysis.
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Figure 5 Alignment of LRP4 proteins

Comparison of putative amino acid sequences of LRP4 protein (1905 amino acids) of
mouse, rat and human. The predicted mouse LRP4 amino acid sequences were similar to
that of human (95.0%) and rat (98.1%) protein.
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Figure 6 Expression profile of Lrp4 in embryonic and adult tissues and cell lines

(A) Lrp4 expression is absent from the Pou5fI-positive blastocyst (Bla) but is co-expressed
with Pou5fl in the tissue of the dorsal mesentery (DM) and the gonads (G) of E13.5
embryos (samples pooled for both sexes), analysed by RT-PCR. (B) No expression of Lrp4
in STO feeder cells, D3 ES cell and EG (EG1) cells was detected by Northern analysis.
Lrp4 expression in the adult brain tissue (BR) was shown as a control. (C) Expression of
Lrp4 in adult testis, ovary, liver, kidney, brain and heart by RT-PCR analysis. Expression of
Hprt and Gdph provided the loading controls.
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Figure 7 Lrp4 expression in postimplantation embryos.

Undetectable expression in the early-streak (E6.5) embryo (A). Weak expression in
allantoic bud and the amnion of the E7.5 late-bud stage embryo (B and B’, B’: an enlarged
view of the boxed region in B; AL, allantoic bud; posterior to the right). Expression was
not detected in E9.0 hindgut (C and C’, C’: an enlarged view of the boxed region in C).
Whole embryo at E9.5 (D). BA, branchial arches. Expression in the forelimb bud and the
urogenital ridges of the E9.5 embryo (E and E’, E’: an enlarged view of the boxed region
in E; FL, forelimb). Bars =40um.
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Lrp4 expression was not detected in any tissue including hindgut where PGCs are localized
(Fig. 7C, C’) but was present in the cells in the urogenital ridges of E9.5 embryo (Fig. 7E’).
Lrp4 was also expressed in the branchial arches (Fig. 7D), and the forelimb bud of the E9.5
embryo (Fig. 7D, E).

The co-expression of Lrp4 and Pou5fI in the dorsal mesentery and the fetal gonad
(Fig. 6A) suggests that Lrp4 may be expressed in the germ cells. To determine if Lrp4 is
expressed specifically in the germ cells, double in situ hybridization was performed to detect
the co-expression of Lrp4 and Pou5fl. In the E9.5 embryo, weak Lrp4 expression was
detected in the PouSfl-expressing PGCs in the dorsal region of the hindgut (Fig. 8A, B-B”).
A strong Lrp4 expression was detected in the PouSfl-expressing PGCs in the dorsal
mesentery (Fig. 8C, D-D”), the Pou5fI-positive germ cells in the genital ridge of E10.5 (Fig.
8E, F-F”) and E11.5 embryos (Fig. 8G, H-H”), and the Pou5fI-positive germ cells in the
fetal testis (Fig. 8I, J-J”) and fetal ovary (Fig.8K, L-L”) of E13.5 embryos. Lrp4
expression is therefore specific to the germ cells during the migration from the hindgut to the
fetal gonad.

In the E16.5 fetal testis, Lrp4 was expressed in the DDX4/MVH-positive germ
cells in seminiferous tubules (Fig. 9A, B; Toyooka et al., 2000).  In the neonatal testis, the
spermatogonia that are localized to the central region of the seminiferous tubules and positive
for TRA98 immunoreactivity (Fig. 9C; Tanaka et al., 1997) expressed Lrp4 (Fig. 9D-D’).
Similarly in the adult testis, Lrp4 was also strongly expressed in the TRA98-positive
spermatogonia (Fig. 9E, F-F’). However, Lrp4 expression was restricted mainly to the

spermatogonia and was not detected in mature spermatocytes or haploid spermatids (Fig. 9
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Figure 8 [Expression of Lrp4 in Pou5fl-expressing PGCs by double in situ
hybridization

(A, B-B”) the hindgut (HG) and (C, D-D”) the dorsal mesentery (DM) of E9.5 embryo, (E,
F-F”) the genital ridge (GR) of E10.5 embryo and (G, H-H”) E11.5 embryo, and (I, J-J”)
the fetal testis and (K, L-L”) the fetal ovary of E13.5 embryos. (A, C and E) Bright field
images of the tissue (yellow box marks the region shown in higher resolution confocal
image). (G, J and K) Whole mount genital ridges showing in sifu hybridization for Lrp4
expression (black box marks the region shown in higher resolution confocal image). (B*’,
D, F’,H”, J’, L”) Merged images showing co-expression of Lrp4 (B, D, F, H, J, L) and
Pou5fl (B*,D’, F’, H’, J’, L) in the germ cells. Bars =40um.
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Figure 9 Lrp4 expression in developing and adult gonads.

(A) DDX4/MVH-positive germ cells in the seminiferous tubules of the E16.5 fetal testis.
(B) Lrp4 expression in germ cells in the seminiferous tubules of the E16.5 fetal testis.
Immunoreactivitiy of TRA98 was found in spermatogonia in the newborn (C) and adult (E)
testis. (D) Lrp4 expression in the spermatogonia in the newborn testis (D’: an enlarged
view of the boxed region) and (F) the adult testis (F’: an enlarged view of the boxed region)
White-doted lines outline the seminiferous tubules (C, D, E, F). (G) DDX4 positive germ
cells in E16.5 fetal ovary expressed (H) Lrp4. In the adult ovary, Lrp4 was expressed in
immature oocytes (arrows), as well as in follicular cells (I), but only weakly in mature
oocyte (J, arrow). Bars =10 um (A-D’, F’, G, H). Bars=40 um (E, F, I, J).
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F). In the E16.5 female gonads, Lrp4 was expressed in the DDX4-positive meiotic germ
cells (Fig. 9G, H). In the adult ovary, Lrp4 expression was found in the immature oocytes
(Fig. 91, arrows), and in follicular cells (Fig. 9I). Lrp4 expression was down-regulated in

the maturing oocytes (Fig. 9J, arrow).
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3. DISCUSSION

In the mouse, Akp2, Pou5f1, Dppa3 and Nanog are expressed in the migratory PGCs
and also detected in the ICM of blastocysts, ES cells, the ICM-derived epiblast in the early
post-implantation embryos and the EG cells (MacGregor et al., 1995; Saijoh et al., 1996;
Pesce et al., 1998; Sato et al., 2002; Saitou, et al., 2002; Chambers et al., 2003; Mitsui et al.,
2003; Payer et al., 2003; Yamaguchi et al., 2005). The present results showed that Lrp4
expression is specific to the migratory PGCs and the germ cells in the gonad, and is not
detectable in the blastocyst, the epiblast, and the ES and EG cells. Lrp4 expression therefore
provides a molecular signature that distinguishes the germ-line cells from the other
pluripotent cell types in the early mouse embryo.

The structural organization of the extra-cellular domain of LRP4 closely resembles
that of LRP5 and LRP6, co-receptors of Wnts, while the inter-cellular domain of LRP4 is
different from one of LRP5/6. Consistent with this structure difference, co-expression of
Lrp4 with Lrp5/6 showed the inhibition of Wnt-signaling in the transfected cells in vitro
(Johnson et al., 2005). In addition, co-expression of LRP1 with LRP5/6 also showed the
inhibition of Wnt signaling, and both Lrp/ and Lrp4 have NPXY motif in their intercellular
domains, but the function of NPXY motif in the signal transduction of Wnts is still unknown
(Johnson et al., 2005).

The function of Megf7/Lrp4 has recently been studied by loss-of-function mutation
of Lrp4 in the mouse (Johnson et al., 2005). The knock-out mice were growth-retarded, with
fully penetrant polysyndactyly in their fore and hind limbs (Johnson et al., 2005).

Developmental abnormality was apparent in E9.5 limb bud, when Lrp4 is expressed in the
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apical ectodermal ridge (AER). The abnormal limbs show thickening of the AER (Johnson
et al., 2005). Ectopic expression of several molecular regulates of limb patterning, including
Fgf8, Shh, Bmp2, Bmp4 and Wnt7a, and WNT- and BMP-responsive transcription factors
LmxI1b and MsxI, accompanies reduced apoptosis and expansions of the AER (Johnson et al.,
2005).

Lrp4 expression is found in PGCs. Lrp4, however, is not expressed in ICM, ES
cells, and EG cells implying that Lrp4 expression in PGCs will be down-regulated during EG
cell formation. Recently, Sato et al. (2004) reported that Wnt-signaling is required the self-
renewal of pluripotent ES cells. Activation of Wnt-signaling by glycogen synthase kinase
(GSK)-3-specific inhibitor maintains self-renewal and the expression of pluripotent state-
specific transcription factors in ES cells (Sato et al., 2004). From these results, it implies
that a loss-of Lrp4 activity may lead to loss of tissue potency in the limb bud cells, which may
under in abnormal limb development. During PGC differentiation, Lrp4 expression is up-
regulated in migratory PGCs before onset of homing to embryonic gonads (Fig. 6E, E’, Fig.
7A-F’’), and Wnt ligands are known to be expressed in the region near the genital ridge. For
example, Wnt-4 expresses in the genital ridge and this gene activity is required for the
embryonic female gonad development (Vainio et al., 1999). In the Wnt-4 mutant embryo, a
postmeiotic loss of oocytes was also found, but it is still unclear that WNT-4 signaling appears
to be directly or indirectly involved in differentiation of the female germ line. It is predicted
that Lrp4 is required for the inhibition of the activation of Wnt-signaling in PGCs, which may
be involved in PGCs proliferation and/or differentiation. Consistent with this concept, a lack

of the tumor suppressor gene, Pten, which is involved in the suppression of Wnt-signaling
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pathway in germ cells, leads to enhance the efficiency of EG cell formation from germ cells in
the embryonic gonad (Kimura et al., 2003). Their recent literature also reported that a
stabilization of B-catenin, which is a signal-transducer of canonical Wnt signaling, is involved
in cell cycle progression in PGCs (Kimura et al., in press). However, germ cell development
in the Lrp4 mutant mouse embryo was not investigated. Further analysis of Lrp4 activity in
germ cells will give us a new insight in the molecular mechanism of germ cell differentiation

and EG cell formation.
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Chapter IV  Stage specific expression of Importinl3 is required

in meiotic germ cell differentiation
1. INTRODUCTION

Ipol3 gene is a one of the Importinf family, which encodes nuclear and
cytoplasmic transport factors, and mammal cell has about 22 putative members. Members
of this family are accountable for the recognition of the majority of nuclear transport cargo,
and through the nuclear pore complex to shuttle between nuclear and cytoplasm depending on
Ran-GTPase gradient rule (Strom and Weis, 2001; Weis, 2003). Nucleo-cytoplasmic
trafficking of cargo molecules by Importins is crucial for cell functions, such as the cell cycle
progression and proliferation, the transduction of signaling activities and the regulation of cell
differentiation (Yoneda, 2000; Weis, 2002). However, regulatory mechanisms of the stage-
specific translocation of cargo molecules are still unclear.

In Drosophila, several Importins are expressed in successive stages of
spermatogenesis (Giarre et al., 2002): Importin-a2 is expressed in the spermatogenic cell
spanning the spermatogonial stage to the end of second meiotic division.  Importin-ol is
expressed in the germ cells till they differentiate into early spermatids and Importin-o3 is
expressed in post-meiotic cysts. Loss of function of Importin-a2 blocks spermatogenesis,
and leads to the production of defective sperm and male sterility (Giarre et al., 2002;
Gorjanacz et al., 2002; Mason et al., 2002). The sterility could be rescued by reconstituting
Importin-o2 activity or by expressing Importin-al or -o3 (Mason et al., 2002), pointing to a
functional overlap of these three Importins. 1In C. elegans, Importin-al, —a2 and —a3 are

expressed in germ line cells (Geles and Adam 2001). Specifically, RNAi experiments
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demonstrate that Importin-a3 protein is required for the progression of meiotic prophase I
during oocyte development (Geles and Adam 2001). However, the expression of these
Importins is not specific to the stage when these mutants show the defects in germ cells, and
the cargoes of these Importins are also unknown. In the mouse testis, orthologs of Importin-
B (Umportin-B1/Kpnbl) and Importin5 (Importin-B3/Ranbp5/Kpnb3) are expressed in the
spermatogenic cells (Anway et al., 2003; Loveland et al., 2005) in addition to Ipol3, which is
identified in the present study. However, the functional roles and cargoes of Importin- and
Importin5 in the meiotic germ cells are still not known.

Mingot et al. identified human Ipol3 gene by the bioinformatic analysis of human
expression sequence tags (ESTs), and they demonstrated that human [PO13 works for both of
an importer and exporter of the specific cargo (Mingot et al., 2001). Human [PO13 mediates
specific nuclear import of ubiquitin-conjugating enzyme 9 (UBC9), RNA-binding motif
protein 8 (RBMS), and human homologue of Drosophila mago nashi protein (MGN), and it
also mediates nuclear export of eukaryotic translation initiation factor 1A protein (Eifla)
protein (Mingot et al., 2001). Human IPO13 interacts with UBC9, and specifically mediates
nuclear localization of UBC9 in HeLa cells solely, but not by another Importins (Mingot et al.,
2001). Rat Ipol3 gene also identified by the representational difference analysis to search
for glucocorticoid-inducible genes in developing lung of fetal rat, and it also referred to late
gestational lung 2 (LGL2) gene (Zhang et al., 2000). Rat Ipoli3 is differentially expressed in
fetal lung (maximal during the pseudoglandular stage, gestational Days 14 to 16), induced by
glucocorticoid, and enriched in epithelium relative to the mesenchyme during fetal lung

organogenesis (Zhang et al., 2000).
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Here, I investigated the stage-specific expression of /pol3 in meiotic germ cells and

the potential role of Ipol3 activity in meiotic differentiation.
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2. RESULTS
2-i. Stage specific expression of Importinl3 in germ cells

A cDNA clone #B94, which encoded a 308bp partial sequences of mouse
Importinl3 gene (Ipol3, accession number; NM_146152, Fig.10) was identified by
subtractive screening of the cDNA of migratory PGCs (ES8.5-9.5) and E3.5 blastocysts (Fig.
11A; Tanaka and Matsui, 2002).

By RT-PCR analysis, Ipol3 transcript is detected in the hindgut and fetal gonads but
not in blastocysts (Fig. 11B). Northern blot analysis using the #B94 fragment as a probe
showed expression of 3.4kb Ipol3 transcript predominantly in the adult testis, brain and
kidney (Fig. 11C). In the adult testis, a 1.6kb transcript, which was not reported previously,
is also expressed (Fig. 11C).

These two different size cDNAs were identified 5° and 3’ rapid amplification of
cDNA ends (RACE) of #B94 fragment in adult testis using Marathon cDNA amplification kit
(Clontech). 5’ RACE leads to show two partial cDNA products and 3 RACE also does one
cDNA product of the putative full-length aDNA of #B94. By the sequencing, these RACE
products are matched to mouse Ipol3. By the end-to-end PCR analysis and sequencing, two
transcripts were obtained from the RACE products: first one encoded a full-length of mouse
orthologue of Ipol3 gene, and another short one also encoded mouse Ipol3 gene but its
transcriptional start site was found in 6th intron of mouse Ipol3 genome (Fig. 10). These
results are consistent with the result of Northern blot and suggest that two transcripts of
mouse Ipol3 are arose as a result of the utilization of different transcription start sites.

These two transcripts are therefore designates as long form of full-length mouse Importini3
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Figure 10 Genomic structure of Ipol3

The mouse Ipol3 gene encodes two transcripts via the utilization of different
transcription start sites. The full-length transcript (L-Ipol3) contains the coding
sequences of all 20 axons. The shorter testis-specific (7S-Ipol3) transcript contains 75
bp sequence (black box) of 6th intron and the sequence of the 7th to 20th axons of the
gene. The genomic regions corresponding to #B94 partial cDNA fragment, the L-probe
(that is specific for the full-length transcript), the C-probe (which detects both the full
length and the short transcript) are underlined. The sequences targeted by the siRNA
reagents: sSiRNA#1 and siRNA#2 are indicated by the bold bars, and those recognized by
L1, L2, L3, L4, TS1 and TS2 primers are indicated by arrowheads.

30



M
- -4.40
L-lpo13 '
-2.37
TS-lpo13
—_—
$1.35

188

Figure 11 Ipol3 expression in fetal and adult tissues

A: PCR amplification of Ipol3 from cDNA prepared from blastocysts (BL) and the

Pou5f1-GFP expressing primordial germ cells

B: Expression of Ipol3 in hindgut and fetal gonads of both sexes which contain Pou5fI-
expressing germ cells. Ipol3 is not expressed in the Pou5f1-expressing inner cell mass of

the blastocyst (BL). Hprt, loading control.
C: Expression of L-Ipol3 and TS-Ipol3 in the
molecular size; /8§, loading control.
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(L-Ipo13) and testis-specific short Importinl3 (TS-Ipol3). TS-Ipol3 cDNA has 75bp of 6th
intron sequences and from 7th to 20th exons of L-Ipol3 gene (Fig. 10). Moreover, the
putative protein (963 amino acids, L-IPO13) encoded by the L-Ipol3 transcript is conserved
between mouse, human (99.2%) and rat (98.8%), and the putative 438 amino acids protein
(TS-IPO13) encoded by the T'S-Ipol3 transcript is identical to the C-terminal fragment of L-
IPO13 (Fig. 12A). Western blot analysis with anti-IPO13 antibody in the adult testis
revealed two bands for full-length L-IPO13 and predicted TS-IPO13, respectively (Fig. 12B).

The expression of L-Ipol3 in PGCs was confirmed by double probed whole mount
in situ hybridization of E9.5 embryos and E13.5 gonads using ribo-probes for Pou5fI and L-
Ipol3 genes respectively (Fig. 13). In E9.5 embryos, L-Ipol3 is expressed in the PouSf]
positive PGCs in the hindgut (Fig. 13A-A’’). L-Ipol3 and Pou5fI are also co-expressed in
the germ cells of the male (Fig. 13B-B”’) and female E13.5 gonad (Fig. 13C-C”’).

To further elucidate the expression profiles of Ipol3 genes in germ cells, I examined
the expression of L-Ipol3 and TS-Ipol3 in developing fetal and adult gonads. L-Ipol3
transcript is expressed in the gonad of the fetus, the neonatal (1-week-old) and adult mice of
both sexes (Fig. 14A). A significantly stronger signal was detected in the E17.5 fetal ovary
and the adult testis in which a substantial population of meiotic germ cells is present. In
contrast, TS-Ipo13 is detected only in the adult testis (Fig. 14A).

In the male gonads, the expression profile of L-Ipol3 and TS-Ipol3 was examined
in a finer time scale in the testes of 1-, 2-, 3-week-old and adult (more than 6-weeks) mice to
determine the stage when the strong Ipol3 expression commences. L-Ipol3 expression

reaches the adult level at 3-weeks-old testis, when many spermatocytes have reached the
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Figure 12 (A) Comparison of putative amino acid sequences of Ipol3 of the full length
(IPO13: 963 amino acids) and the testis-specific (TS-IPO13: 438 amino acids) proteins, and
that of the rat and human. TS-IPO13 is identical to the C-terminal part of IPO13. Under
line is showing position of antigen sequence of anti-Ipol3 antibody. (B) Western blot
analysis with the anti-Ipol3 antibody in the adult testis revealed two different sizes of
protein: full-length L-IPO13 (Ca. 92kDa) and predicted TS-IPO13 (Ca. 40 kDa).
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Figure 13 Double in situ hybridization of primordial germ cells

Expression of Ipol3 is detected in the PouSfI-positivie PGCs in the mesentery of the
hindgut of E9.5 embryo (A-A”), and germ cells in the E13.5 fetal testis (male: B-B”) and
fetal ovary (female: C-C”). Bar:s=20 um.
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Figure 14 The expression profile of L-Ipol3 and TS-Ipol3 transcripts during
gonadal development

L-Ipol3 and TS-Ipol3 expression in fetal (E13.5 and 17.5), neonatal (1week) and adult
gonads of both sexes, and in the W/W" adult testis that is deficient of spermatogenic cells
(A). Hprt, loading control for RT-PCR.

L-Ipol3 and TS-Ipol3 expression in neonatal testes (1-, 2- , 3- and 4-week-old) and adult
testis. The 3.4 kb L-Ipol3 transcripts and the 1.6 kb 7'S-Ipol3 are detected by Northern
blot (B). 18§, loading control.
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pachytene stage of prophase I of meiosis (Fig. 14B). In contrast, 7S-Ipol3 expression is first
detected in the 4-week-old testis (fig. 14B) and attains the strongest expression in the adult
testis (Fig. 14B). A low level of expression of L-Ipol3 and no TS-Ipol3 transcripts are
detected in the testis of the W/W" mutant mice (Fig. 14A). The faint expression of L- Ipol3
in the mutant testis may be related to the depletion, though not complete absence, of
spermatogenic cells (Ohta et al., 2003). These findings strongly suggest that L-Ipol3 is
expressed predominantly in the male germ cells. The pattern of expression of L-Ipol3 in the
meiotic germ cells was examined by in situ hybridization on histological preparations of the
adult testis. Using L-Ipol3-specific L-probe (Fig. 10), strong expression of L-Ipol3 is
revealed in the pachytene stage spermatocytes localized immediately next to the
spermatogonia (Fig. 15B-B’ and 15C-C’), while non-specific signals are found in the outer
spaces of seminiferous tubules using control sense probe (Fig. 15A-A’). In situ
hybridization using the C-probe (Fig. 10), which recognizes both L-Ipol3 and TS-Ipoil3
transcripts, revealed no significant difference in the pattern of expression (Fig. 15D).  To
investigate the cell-type that expresses TS-Ipol3, TS-Ipol3 specific probe (75bp of TS-Ipol3
specific sequence that the position is showed in Fig. 10) was used for hybridization, but no
specific signals were detected in the adult testis (Fig. 15E). TS-Ipol3 expression is therefore
restricted in germ cells at late-pachytene to spermatid stage. In the spermatocytes,
localized signals for Ipol3 ribo-probe can also be detected in the nucleus (Fig. 15B’, 15C’,
15D, 17D and 17F).

In the female gonads, to elucidate the stage when L-Ipol3 highest expression

commences during oogenesis, RT-PCR is performed on the fetal ovaries of E13.5-20.5
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Figure 15 In situ hybridization of L-Ipol3 in pachytene stage germ cells in testis

A~E: Expression of Ipol3 transcripts in adult testis. Using with a sense control riboprobe,
non-specific signals were found in the connective tissue cells out of the seminiferous
tubules (A and A’). L-Ipol3 specific L-probe showed the expression in the primary
spermatocytes (B~C’’, white arrows, expression is revealed by the green fluorescence
produced by the fluorescein-labelled riboprobe). C~C’’ is the magnified view of the
boxed area in B’. (D) Similar expression pattern was found using C-probe, which detects
both L-Ipol3 and TS-Ipol3 transcripts, while (E) TS-Ipol3 specific TS-probe (75bp) did
not show any obvious signals. Roman numerals indicate the stage of development of the
seminiferous epithelium (Russell et al., 1990). Scale bar: 20 um.
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embryos. Strongest expression of L-Ipol3 is also detected at E17.5-19.5 ovary where
pachytene germ cells are present, and by E20.5 the expression returns to the low E13.5
level (Fig. 16A). To confirm the germ cell predominantly expression of L-Ipol3 in fetal
ovary, I performed in situ hybridization on E17.5 and 19.5 ovary sections using a
fluorescein labeled ribo-probe (L-probe, position showed on Fig. 10). L-Ipol3 is
expressed predominantly in the pachytene stage Ddx4 (Mvh)-positive oocytes of the E19.5
(Fig. 16B-B’ and 16C-C’) and E17.5 fetal ovary (Fig. 16D-D’’). In E17.5 and E19.5
ovary which germ cells undergo mid and late-pachytene stage of meiotic progress,
according to McClellan et al. (2003).

L-Ipo13 therefore is expressed most strongly in male and female germ cells at the

pachytene stage of meiosis 1.
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Figure 16 Expression pattern of Ipol3 in pachytene stage germ cells in ovaries.
A: Ipol3 expression in fetal (E13.5 ~20.5) ovaries. G3PDH, loading control for RT-PCR.

B-D’”’: Expression of (B’) L-Ipol3 and (C’) Ddx4/Mvh transcripts in oocytes in E19.5 fetal
ovary. L-Ipol3 transcript is detected (D’’) in the primary oocytes (Ddx4-positive, D) in
E17.5 fetal ovary (D’’’: merged image). B, C, D: bright-field images. Arrowheads
indicate either L-Ipol3- or Ddx4-positive oocytes. Scale bar: 10 um.

39



2-ii. Enforced expression assay of Importinl3 in male germ cells

In human, IPO13 is reputed to regulate the nuclear localization of UBC9 (Mingot et
al., 2001). In the adult testis, the nuclear localization of UBC9 is found in the pachytene and
later stage spermatocytes in the stage specific manner (Fig. 17A, 17B-B’ and 17C-C”’).
This result suggests that the stage specific expression of L-Ipol3 may be associated with the
regulation of stage specific nuclear localization of UBCO in the pachytene spermatocytes,
which is consistent with previous report of the presence of UBC9 in the synaptonemal
complexes (Kovalenko.et al., 1996) at late-pachytene spermatocytes.

I examined if the expression of L-Ipol3 may coincide with the nuclear localization
of UBCO in a stage-specific manner in the meiotic germ cells by in sifu hybridization of the L-
Ipol3 and immunostaining of UBC9 in the serial sections of the adult testes. In the
pachytene stage spermatocytes that express L-Ipol3 transcripts (Fig. 17D and 17F), UBC9
protein is widely distributed in the cytoplasm (Fig. 17E and 17F’-F”, white arrows) in the
stage V seminiferous tubule. UBC9 shows nuclear localization characteristically in the
round spermatids that have down-regulated L-Ipol3 expression (Fig. 17F-F”’, black arrows).
These results show that elevated expression of L-Ipol3 in the pachytene stage spermatocytes
precedes the nuclear accumulation of the UBC9 protein (Fig. 17G).

To further elucidate if L-IPO13 mediates nuclear import of UBC9, the distribution
of UBC-MYC fusion protein was examined in GC1 cells (the cell line which were derived
from spermatogenic cells; Hofmann et al., 1992) that expressed L-Ipol3-IRES-GFP. In cells
that expressed L-IPO13 (Fig. 17H a”), UBC9-MYC fusion protein was localized

predominantly in the nucleus (Fig. 17H a, a’, white arrows, see legend for further details).
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In contrast, UBC9-MYC was not localized to the nucleus of GC1 cells that expressed the TS-
IPO13 (Fig. 17C b-b”’) and in cells that expressed the IRES-GFP construct that encodes no L-
IPO13 (Fig. 17C c-¢”). No epitope that may cross-react with the anti-MYC antibody were
detected in GC1 cells expressing only the GFP (Fig. 17C d-d”), suggesting that the
immunoreactive protein detected in the L-IPO13 and TS-IPO13 expressing cell is likely to be
the UBC9-MYC fusion protein. The expression pattern of L-Ipol3 and UBCO in the primary
spermatocytes in vivo and the effect of L-Ipol3 expression on the sub-cellular localization of
UBCO9 in the GC1 cells suggest that the activity of the L-IPO13 influences the nuclear
accumulation of a cargo of human IPO13, UBC9, in the germ cells.

To test if the activity of L-Ipol3 might be counteracted by TS-IPO13, GC1 cells
were co-transfected with constructs coding the two isoforms separately. As previously
shown, UBC9-MYC fusion protein was localized predominantly in the nucleus in the L-
IPO13 expressing cells (19/20 = 95%; Fig. 171 a-a’’, arrows). In contrast, about 36% of
GCl1 cells co-expressing L-IPO13 and TS-IPO13 failed to display nuclear localization of
UBCO9-MYC (Fig. 171 b-b*”, arrowheads). Only 64% of cells that co-expressed L-IPO13
and TS-IPO13 showed nuclear localization of UBC9-MYC fusion protein (14/22), as
contrasted to about 95% of cells expressing L-IPO13 (significant difference at P<0.05 by Chi-
squared test). This finding showed that L-IPO13 meditated nuclear import of cargo
molecules (such as UBC9-MYC fusion protein) may be negatively regulated by the activity of

TS-IPO13.
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Figure 17 IPO13 mediates nuclear accumulation of UBC9

A-C”: The nuclear localization of UBC9 protein in the pachytene-stage primary
spermatocytes of the adult testis in the stage VIII seminiferous tubules (immunostaining
by anti-UBC9 antibody). B’: HE-stained image of B. C-C’’ is the magnified view of the
boxed area in B’. UBC9 localization (C) was found in nuclei (C’: HE-stained) in the
spermatocytes (C’’: merged).

D-F’’: Expression of (D) L-Ipo13 transcripts and (E) UBCO9 in the stage V seminiferous
tubules.Non-overlapping distribution of spermatogenic cells (F) displaying expression of
L-Ipol3 mRNA and (F’) those showing nuclear accumulation of the UBC9 in the stage V
seminiferous tubules (F’’: merged image). In early spermatocytes showing strong
expression of L-Ipol3, UBC9 protein is distributed widely the cytoplasm (marked by
white arrows in F’”) whereas in round spermatids that ceased to express L-Ipol3 strongly
UBC9 is localized to the nucleus (black arrows in F’’). BM, basement membrane.

G: Schematic illustration showing developmental stages of male germ cells expressing L-
Ipol3 and showing nuclear accumulation of UBC9, according to the staging of the
seminiferous tubules by Russell et al. (1990).

H: In L-Ipo13-IRES-EGFP transfected GC1 cells (a”), UBC9-MYC (produced by
expression of the pCMV-Ubc9-Myc construct) is accumulated preferentially in the nucleus
(a, a’; white arrows in a’).  About 50% of the GFP-positive cells showed nuclear
localization of UBC9-MYC and the remaining showed both nuclear and cytoplasmic
localization. No GFP-expressing cells were found to display only cytoplasmic
distribution of UBC9-MYC. In contrast, expression of 7.S-Ipol3 (b”) did not lead to any
nuclear accumulation of UBC9 (b, b’; white arrowhead in b’). The UBC9 protein (c)
does not show any nuclear accumulation (white arrowheads in ¢’) when the cells were
transfected with the IRES-GFP construct (¢”). No other molecules containing the epitope
that may be recognized by the anti-MYC antibody was detected (d, d’) in cells expressing
only the IRES-GFP construct (d”). a-d: red immunofluorescence with anti-MYC
antibody; a’-d’: DAPI staining for the nucleus merged with a-d; a’’-d’’: GFP expression in
transfected cells merged with a’-d’.  Three replicate experiments were performed, and
between 60-70 cells were scored in total for each of the four transfection-types. Scale
bar: 10 um

I: In L-Ipo13-IRES-EGFP transfected GC1 cells (a”), UBC9-MYC is accumulated
preferentially in the nucleus (a, a’; white arrow). In contrast, cells which co-express both
L-Ipol13-IRES-EGFP and TS-Ipol3-IRES-EGFP (b”) did not show the nuclear
accumulation of UBC9-MYC (8/22; b, b’; white arrowhead). Scale bar: 10 um
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2-iii. Down regulation of Importini3 leads to delay of meiosis

To further elucidate the role of L-IPO13 in germ cell differentiation, I performed
siRNA (short interference RNA) knockdown of Ipol3 activity in the fetal ovaries cultured in
vitro, which based on ovary in vitro culture system. QOocytes enter the prophase of meiotic
division at around E13.5 and reach the pachytene stage at E15.5-19.5 (Fig 2A). Staging of
oocyte was done based on the nuclear morphology (revealed by DAPI staining) and the
synaptonemal complex (anti-SCP3 staining pattern) structure respectively (Schalk et al.,
1998; McClellan et al., 2003; Park and Taketo, 2003). The Zygotene/Pachytene (Zy/Pa)
stage oocytes have irregularly shaped nucleus, and thick and long strands of synaptonemal
complex on the condensed chromatid (Fig. 18A Zy/Pa). The mid-pachytene (M-Pa) and
late-pachytene (L-Pa) oocytes are identified by the spherical and enlarged nuclei. The M-Pa
oocytes show decondensing chromatids which are still decorated with strands of SCP3-
positive synaptonemal complex (Fig. 18A M-Pa), whereas the L-Pa oocytes show more
extensively de-condensed chromatids and clumping of SCP3-positive material (Fig. 18A L-
Pa). The Pachytene/Diplotene (Pa/Di) stage oocytes have large and spherical nucleus
containing completely de-condensed chromatids and one to two clumps of anti-SCP3
antibody stained material (Fig. 18A Pa/Di).

The transfection and culture procedures were tested for their impact on the meiotic
differentiation of the oocytes in the fetal ovaries cultured in vitro. Either electroporation of
CMV-GFP vector (Fig. 18B, a) or micro-injection of liposome solution of CMV-GFP was
localized enforcing vector expression in E15.5 fetal ovary (Fig. 18B, b). In contrast,

lipofection of siRNA with scrambled sequence tagged by Alexa488 was found to be more
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Figure 18 Introduction of transgenes on ovary culture system

A: Staging of oocyte was done based on the morphology of the nuclei (revealed by
DAPI staining, blue) and the synaptonemal complex (anti-SCP3 staining pattern, red).
B: Whole mount view of the cultured fetal ovaries transfected CMV-GFP either (B, a)
by the electroporation, or (B, b) by the micro-injection of the lipofection solution.

GFP expression showed the tansfection efficiencies on the E15.5 cultured ovaries.

C: Introduction of siRNA on the E15.5 ovary. Whole mount view of the cultured fetal
ovary transfected Alexa488 tagged siRNA by the lipofection (C, a; bright-field image,
and b; fluorescence image). The siRNA lipofected and cultured fetal ovary showing
(C, a and b) green fluorescence due to the Alexa488 tagged scrambled sequence (SS)
siRNA. In frozen section of the cultured fetal ovary (C, c), oocytes are showing (C,
d) green fluorescence of siRNA-Alexa488 and red immunofluorescence with anti-
SCP3 antibody. Scale bar: 10 um
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wide and efficient than electroporation and micro-injection of liposome solution when the
stromal tissues of fetal ovary was exposed microsurgically (see material and method; Fig.
18C a-b). In the fetal ovary treated with siRNA with scrambled sequence tagged by
Alexa488 at E15.5 and cultured for 3 days in vitro, 60-95% (average: ca. 80%) Alexa488
positive oocytes (Fig. 18C a-b) also stained positively with anti-SCP3 (synaptonemal
complex protein 3) antibody (Fig. 18C ¢). This finding shows that the transfection and
culture procedures are efficient and have no impact on the meiotic differentiation of the
oocytes.

The role of L-IPO13 in germ cell differentiation was examined by siRNA knock-
down of Ipol3 activity. Two siRNA constructs were used; siRNA#1 and siRNA #2, which
are directed to different sequences of the L-Ipol3 mRNA (Fig. 10). Both reagents were
found to be effective in the knockdown of L-IPO13: The amount of L-IPO13 protein (about
92 kDa) was significantly reduced in the siRNA-treated ovary when compared to that in fetal
ovaries treated with siRNA comprising of a scrambled sequence (SS) (Fig. 19A a, b).
Consistent with this result, RT-PCR analysis also demonstrated that L-IPO13 expression level
was reduced in siRNA-treated ovary (Fig. 19A ¢, d).

To confirm the impact of L-/PO13 knockdown on trafficking of cargo molecules, we
examined a subcellular localization of UBC9 in the knockdown oocytes. The results showed
that a nuclear accumulation of UBC9 (92.5% in control oocytes; Fig. 19B a and a’) was
impeded in the knockdown oocytes at pachytene stage (67.9% in knockdown oocytes; Fig.
19B b and b’; significant difference at P<0.01 by Chi-squared test. Number of oocytes (n)

examined were: control oocytes, n=40; siRNA treated oocytes, n=56). Therefore, it
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suggested that knockdown of L-/PO13 inhibits trafficking of cargo molecule(s) in the meiotic
oocytes.

To determine the impact of L-IPO13 knockdown on meiosis, we have examined the
relative frequency of meiotic oocytes at different stages of prophase I in the siRNA-treated
fetal ovary. Staging of oocyte was done based on the nuclear morphology (revealed by
DAPI staining) and the synaptonemal complex (anti-SCP3 staining pattern) respectively
(Schalk et al., 1998; McClellan et al., 2003; Park and Taketo, 2003).

In the E15.5 fetal ovary collected at the beginning of the in vitro culture experiment,
all oocytes are at the zygotene/pachytene stage (Fig. 19C E15.5 in vivo). In the E18.5 fetal
ovary (Fig. 19C E18.5 in vivo), the oocytes are at different stages of prophase of meiosis I:
6.1% at Zy/Pa, 40.8% at M-Pa, 20.4% at L-Pa and 32.7% at Pa/Di (Fig. 19C). In the
untransfected (Fig, 19C not transfected) or siRNA treatment control (Fig. 19C SS;
scrambled sequence) ovaries cultured from E15.5 for 3 days in vitro to the equivalent age of
E18.5, the distribution of oocytes to the four meiotic prophase I stages were not different from
the E18.5 fetal ovary (Fig. 19C E18.5 in vivo), suggesting that the in vitro culture condition
supports normal progression of meiosis, and the lipofection of exogenous RNA have no
adverse effect on the differentiation of the oocytes. In marked contrast, fetal ovary treated
with either siRNA#1 or siRNA #2 and cultured for the same period after treatment contained
about 50% fewer L-Pa stage oocytes that were transfected with the siRNA tagged by the
Alexa488. There was a concurrent increase in the proportion of M-Pa oocytes among the
meiotic germ cells (Fig. 19C siRNA#1; siRNA #2). Knockdown of L-IPOI3 activity

therefore impedes the progression of meiosis to the L-Pa phase in about 10-11% of the
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Figure 19 TPO13 function is required for the progression of prophase I of meiosis
during oogenesis

A: The extent of knockdown of IPO13 in fetal ovary treated by siRNA (reagents #1 and #2)
relative to the level of protein expression in the control with scrambled sequence siRNA
(SS).  Western analysis showing reduced amount of IPO13 in the siRNA-treated fetal
ovary (a), and the band containing IPO13 as detected by coomassie brilliant blue (CBB)
staining also shows reduced amount of protein in the siRNA-treated fetal ovary (b). One
ovary (E15.5 + 3 days in vitro) was loaded for a each lane. Reduction of Ipo13 expression
was also detected by RT-PCR in the knockdown ovary. c: Ipol3 expression; d: Hprt
expression (control).

B: Ipol3 knockdown inhibits nuclear accumulation of UBC9 in oocytes. Nuclear
accumulation of UBC9is impeded in knockdown oocytes (arrow-heads in b and b’) but not
in SS (arrows ina and a’).  Scale bar: 5 um

C: Four different stages of meiotic prophase: Zygotene/Pachytene (Zy/Pa), Mid-pachytene
(M-Pa), Late-pachytene (L-Pa) and Pachytene-Diplotene (Pa/Di).

Zy/Pa: irregularly shaped nuclei, and thick and long strands of SC (synaptonemal complex),
M-Pa: spherical nuclei and decondensing chromatid with strands of SC, L-Pa: spherical and
enlarged nuclei with decondenced chromatid with clumping of anti-SCP3 stained material,
Pa/Di: large spherical nuclei and completely decondenced chromatid with one to two
clumps of anti-SCP3 stained material. Scale bar: 5 um

The tabulated results show the distribution of the siRNA-treated oocytes (identified by the
expression of green Alexa488 fluorescence) to the four categories of oocytes at different
stages of meiotic prophase I in E15.5 (in vivo) fetal ovary (beginning of the experiment)
and E18.5 (in vivo) fetal ovary and in the cultured ovaries (E15.5+3 days in vitro;
equivalent to E18.5) which were not transfected (not transfected) or treated with scrambled
sequence (SS) siRNA and the two experimental groups treated by siRNA of siRNA#1 and
siRNA#2. There are increases in proportion of mid-pachytene stage oocyte and
corresponding decreases in late-pachytene and pachyene-diplotene stage oocytes in the two
siRNA treatment groups (significant difference between SS and siRNA#1 or siRNA#2 at
P<0.05 by Chi-squared test). Three replicate experiments were performed for the not-
transfected, SS, siRNA#1 and siRNA#2 groups and results of each experiment were
obtained from three cultured specimens. Three samples of fetal ovaries each of E15.5 (in
vivo) and E18.5 (in vivo) were scored for the number of germ cells at different meiotic
stages. Numbers of oocytes (n) examined were: E15.5 (in vivo), n=65; E18.5 (in vivo),
n=49; not transfected, n=51; SS, n=116: siRNA#1, n=119; siRNA #2, n=162.
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oocytes. This finding therefore implicates a role of L-IPO13 in regulating the progression

through the pachytene stage of prophase I of meiosis.
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3. DISCUSSION
Expression of Importinl3 accompanies the progression through the pachytene stage of
meiosis during gametogenesis

In general, Importin-B family genes are not known to be expressed in lineage- or
stage-specific pattern. The present study showed the identification of two transcripts of the
mouse Ipol3 gene, which are encoded as L-Ipol3 and TS-Ipol3, and demonstrated that L-
Ipol3 is expressed predominantly in the migratory PGCs and in the germ cells that colonize
the E13.5 fetal gonad of both sexes. L-Ipol3 expression is elevated fetal ovary when the
germ cells enter into meiosis, and the expression is detected predominantly in the pachytene
stage oocytes. The elevated expression is detected at E17.5-19.5 ovary where pachytene
germ cells are present. In the male mouse, L-Ipol3 1is strongly expressed in the
spermatocytes as they enter into the pachytene stage of the prophase I of meiosis and is down-
regulated in germ cells past the pachytene stage in adult testis. The temporal relationship of
the stage-specific expression of L-Ipol3 in the pachytene stage primary spermatocytes and
primary oocytes is consistent with a role of L-IPO13 in the regulation of progression of the
prophase I of meiosis during gametogenesis.

Members of Importin family mediate nuclear transport of molecular cargoes
depending on the gradient of GTPase activity of Ras-related nuclear protein (Ran-GTPase).
Members of this family are accountable for the recognition of the majority of nuclear import
and export cargoes through the nuclear pore complex (NPC) to shuttle between nuclear and
cytoplasm by the RanGTP gradient rule, which RanGTP gradient across the nuclear envelop,

with a high concentration of RanGTP molecules and low levels in the cytoplasm controls
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cargo binding and release (Strom and Weis, 2001;Weis, 2003). The differential expression
of L-Ipol3 during meiosis of the male germ cell may be functionally linked to the cargo
delivery activity of the Ran-GTPase genes, Ran/M1 or Ran/M2, that are also expressed in the
pachytene spermatocytes and round spermatids (Lopez-Casas et al., 2003).

In Drosophila and C. elegans, Importin-o. family genes are shown to have a
function in meiotic germ cell differentiation, but the expression of thos Importin-a genes are
not specific to the stages when they show the critical functions in germ cells (Geles and Adam
2001; Giarre et al., 2002; Gorjanacz et al., 2002; Mason et al., 2002). In mouse
spermatogenesis, the regulation of the nuclear-cytoplasmic transport is proposed to be critical
for germ cell differentiation, but such transporting machinery is still unclear (Hogarth et al.,
2005). Present study on L-IPO13 provides a novel clue in understanding the regulatory
mechanisms of meiotic germ cell differentiation by the nuclear-cytoplasmic transport
machinery in the stage-specific manner in mice. A compelling indication of the critical
function of L-IPO13 in the progression of prophase I of meiosis is shown by the delay in the
transition from mid- to late-pachytene of female germ cells in the Ipo13-siRNA treated fetal

mouse ovaries.

The two forms of Importinl3 protein; may have different functions in spermatogenesis

Importin-p family proteins bind RanGTP via the amino-terminal domain and cargo
via the carboxy-terminal domain, and a nuclear import cargo can bind C-terminal domain
when these proteins do not associate to RanGTP that concentrated in nucleus (Strom and Weis,

2001). The putative peptide encoded by T'S-Ipol3 transcript lacks the N-terminal RanGTP-
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binding domain but has the C-terminal cargo-binding domain of the full-length L-Ipoil3
transcript. Members of Importin-p family are known to mediate the transport of molecular
cargoes between the nucleus and the cytoplasm in response to a graded Ran-GTPase activity
which regulates the kinetics of binding and release of the cargoes is mediated by the activity
of the RanGTP-binding domains in the N-terminal part of the Importin-f3 protein. The
response to Ran-GTPase activity leads to the coupling of Importing with the cargo via the
carboxy-terminal domain (Strom and Weis, 2001). Consistent with this concept, protein
pull-down assay has revealed that rat IPO13 protein is coupled to the functional RanGTP-
binding domain in the N-terminal amino acids 1-488 fragment, but not in the C-terminal 489-
963 amino acids fragment (Tao et al., 2004). The putative peptide encoded by TS-Ipol3
transcript lacks the RanGTP-binding domain encoded by the N-terminal exon 1-6 sequences
of the full-length L-Ipol3 transcript. In the HeLa cells, the fusion protein encoded by the C-
terminal fragment of rat IPO13 protein tagged with EYFP is confined primarily to cytoplasm,
while the EYFP-tagged full-length protein is distributed to both the nucleus and the cytoplasm
(Tao et al., 2004), suggesting that TS-IPO13 might therefore be unable to respond to RanGTP
activity due to the absence of binding domain for RanGTP. It is not known if the lack of
RanGTP binding domain prohibits the trafficking of TS-IPO13 to the nucleus or disables the
off-loading of the cargo from TS-IPO13 while it is in the nucleus. However, it has been
shown that for Importin-f family protein, binding of the to C-terminal domain of the protein
can occur even in the absence of any interaction with RanGTP (Strom and Weis, 2001).
Definitive evidence for the binding activity of TS-IPO13 to cargo molecules is not available

yet. Nevertheless, the end-result is that the cargo, such as UBC9, cannot be imported to the
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nucleus in the presence of TS-IPO13, as revealed by the lower frequency of nuclear
accumulation of UBC9-MYC in GC1 cells co-expressing TS-IPO13 and L-IPO13. In view
of the different effect of TS-IPO13 and L-IPO13 on the nucleo-cytoplasmic distribution of
UBC9, it may be inferred that TS-IPO13 and L-IPO13 proteins function differently in germ
cells during spermatogenesis. It is likely that TS-IPO13 may act as a dominant negative
regulator of the L-IPO13 nuclear import activity by binding with cargo molecules in the
cytoplasm. The switch in the mode of trafficking of cargo may be accomplished by
changing the relative amount of the two isoforms of IPO13 via the utilization of different
transcription start sites. The modulation of the nuclear import activity of IPO13 via the
interaction of the native protein and the dominant negative isoform highlighted a heretofore

unrecognized paradigm for the regulation of Importin function.

UBC(9 is a cargo of L-IPO13 in the mouse germ cells

In the male germ cells, expression of the L-Ipol/3 mRNA in the pachytene
spermatocytes precedes the accumulation of UBC9 in the nucleus of the late-pachytene-
diplotene spermatocyte, when presumably the L-IPO13 is synthesized. UBC9 is a member
of the ubiquitin-conjugating E2 enzymes, which regulate post-transcriptional modification or
degradation of target proteins via the ubiquitin-dependent activity (Melchior, 2000; Seeler and
Dejean, 2003). Loss of Ubc9 in the mouse embryo is associated with major chromosome
condensation and segregation defects in blastocysts (Nacerddine et al., 2005) which is
consistent with a critical role of UBC9 in regulating chromosome dynamics. UBC9 protein

is a known cargo of human IPO13 and expression of human IPO13 alone is sufficient to drive
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nuclear accumulation of UBC9 in HeLa cells. This effect on UBC9 localization cannot be
produced by Importin—f, -5, -7, or the a/p heterodimer or other forms of transportin (Mingot
et al., 2001). In contrast to other Importing-f family protein, IPO13 mediates import in and
export without any requirement to partner with Importin-a. (Mingot et al., 2001).

Recently, human ubiquitin-conjugating class III E2 enzymes, UbcM2, UbcH6 and
UBE2E2, were shown to be imported into nucleus by Importin-11 (IPO11). This is
accomplished in an ubiquitin activation-dependent manner, such that only the ubiquitin-
loaded form efficiently binds to IPO11 (Plafker et al., 2004). However, in contrast to the
interaction of IPO11 and UbcM2 (Plafker et al., 2004), a robust interaction was detected
between recombinant [PO13 and non-ubiquitin-loaded form of UBC9 (Mingot et al., 2001).
This may suggest that interaction of UBC9 and IPO13 is not dependent on the ubiquitin
activation of UBCO9.

In Drosophila, mutations of lesswright (Iwr/Ubc9) suppress the non-disjunction and
the cytological defects that affect spindle formation in the female meiotic germ cells,
suggesting that LWR plays a role in the dissociation of homologous sequences in the
heterochromatic regions of the chromosome at the end of meiotic prophase I (Apionishev et
al., 2001). In the mouse, UBC9 protein, which is localized at the synaptonemal complex,
interacts with the Rad51 DNA recombination/repair enzyme and co-localizes with this
enzyme in the synaptomenal complexes of late-pachytene spermatocytes (Kovalenko.et al.,
1996).

Recently, other cargoes carried by IPO13 have been identified: they include the NF-

YB/NF-YC heterodimeric transcriptional activator (Kahle et al., 2005) and the paired-type
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homeodomain transcriptional factor PAX6, PAX3 and CRX (Ploski et al., 2004). Further
identification and characterization of cargo molecules of L-IPO13 in meiotic germ cells is still
remained.

In summary, L-Ipol3 expression is up-regulated at the pachytene stage in the
prophase of meiosis I, and the activity of L-IPO13 protein mediates the nuclear localization of
UBCO in the stage specific manner in meiotic germ cells during the gametogenesis. In the
female germ cells, L-IPO13 activity is required for progression through the pachytene stage of
prophase I of meiosis. These findings imply that the stage specific elevation of L-Ipol3
expression may be a trigger of nuclear import of cargoes, which are essential for regulating

meiosis.
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Chapter V Region-specific genetic activity at the stage of PGC formation
1. INTRODUCTION

Lineage analysis of the pre- to early-streak (E6.0-6.5) mouse embryo has revealed
that precursors of the primordial germ cells (PGCs) are localized in the proximal region of the
epiblast (Lawson and Hage, 1994; Tam and Zhou, 1996).

It is known that certain molecular activities, which are specifically expressed in
proximal epiblast of the pre-gastrulating embryo. Little is known about the region-specific
gene activity that may influence gem cell formation. Prior to gastrulation, Ifitm3 1is
expressed widely in the population of proximal epiblast cells where PGC precursors reside.
During gastrulation, expression of Ifitrm3 is progressively restricted to the cluster of putative
PGC precursors at the base of the allantoic bud. Ifitml is also expressed in the cluster of
putative PGC precursors begins in mid- to late-streak-stage embryos (Tanaka and Matsuli,
2002; Saitou et al., 2002; Lange et al., 2003; Tanaka et al., 2004). However, knock-down of
Ifitm1 activity in the embryo does not seem to affect PGC formation (Lickert et al., 2005), and
the impact of loss of Ifitrm3 function is yet unknown. In view of the lack of information on
the molecular mechanisms of PGC formation, it would be worthwhile to identify additional
genes that display regionalized expression in the epiblast containing the PGC precursors. In
this chapter, the isolation of the region-specific genes that are expressed in the proximal

epiblast of the pre-gastrulating embryo was described.
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2. RESULTS

cDNA pool synthesis and the subtraction procedure were according to the method
by Shimono and Behringer (1999). First-strand cDNAs were synthesized from about fifty
cells of dissected proximal epiblast and distal epiblat of the E6.25 embryo with the addition of
Poly-d(A) onto 3’ end of the cDNA by terminal transferase (Roche), and then the cDNAs
were amplified by PCR with poly-d(T) containing primer. PCR-based subtraction was
carried out 2 times to generate a proximal epiblast-specific subtracted cDNA library. To
validate the experimental procedure, analysis of the subtracted cDNA libraries revealed that
Ifitm3 display proximal-specific expression (Fig. 20), as predicted by the pattern of gene
expression (Saitou et al., 2002; Tanaka and Matsui, 2002).
Clones from the 2nd subtracted library were screened by Southern blot hybridization using
two probes: unsubtracted proximal and distal epiblast cDNAs. To further verify whether the
positive clones were specifically expressed in proximal epiblast, positive clones were used as
probes for Southern blots of cDNA pools of proximal epiblast and distal epiblast. Screening
of 500 clones of the subtracted ¢cDNA library indicated 8 cDNA fragments that are
differentially expressed in the cDNA pool of the proximal epiblast tissue (Fig. 20A). Among
the 8 genes, two known genes, which are encode plectin (Plecl) and mitochondria-specific
thioredoxin-2 (Txn-2), has been validated their regionalized expression by whole mount in

situ hybridization (Fig. 20B).
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A Clone No. | gene name NCBI accession No.
#16 Mrvlde2 BC049919
#34 Similar to Rat Pairbpl NM_145086
#38 a-NAC NM_01360
or U22151
#58 U2 snRNP-A AF230356
#83 protein phosphatase 2A regulatory subunit B BC006626
#88 Similar to prostate tumor over expressed genel BC038159
#100 Txn-2 NM_019913
#388 Plecl BC024074
Plec1 Ifitm3
Pro Dis

Pro Dis
% O

Figure 20 Subtractive screening between the proximal and the distal epiblasts
Eight candidate genes are identified from the screening of 500 cDNA clones of the

subtractive cDNA library (A).

Txn -2 and Plec-1 are shown the expression in the

proximal epiblast at the pre-gastrulation by whole mount in situ hybridization (B).
Pictures of Ifitm-3 modified from figure.5 in Tanaka and Matsui, 2002.

Bars=100um.

60



3. DISCUSSION

Two candidate genes showed regionalized expression in the proximal epiblast of
E6.25 embryos, where PGC precursors are localized. Plecl encodes the versatile
cytoskeletal linker protein, and has an important role in maintaining the structural integrity of
diverse cells and tissues (Wiche, 1998). The Plecl null mice died 2-3 days after birth
exhibiting skin blistering caused by degeneration of keratinocytes (Andra et al., 1997). Txn-
2 is a mitchondria specific member of the thioredoxin superfamily, which encodes redox
protein and regulates the redox state (Tanaka et al., 2002). 7xn-2 homozygous mutant
embryos are shown embryonic lethal after implantation at around E10.5. The mutant
embryos displayed open anterior neural tube and elevated apoptosis (Nonn et al., 2003). The
potential function of Plec-1 and Txn-2 activity in germ cell formation has yet been

investigated.
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Chapter VI GENERAL DISCUSSION
1) Search for germ-cell specific molecular factors

Several genes are identified that are specifically expressed in germ cells during
early mouse development. These genes are categorized into four groups by their potential
functions in A) germ cell-lineage-restriction, B) pluripotency of PGCs, C) migratory PGC
differentiation, and D) germ cell differentiation in gonad (Fig. 21). Interestingly, some
genes, which are known to express in ICM, ES cells and EG cells, are also expressed in
PGCs.

In the gastrulating embryo, it has shown that Ifitm3 expressed in population of
proximal epiblast cells, which may be activated in response to BMP4 signaling (Saitou et al.,
2002; Tanaka and Matsui, 2002; Tanaka et al., 2004). Prdmi-expressing PGC precursors are
induced amongst proximal epiblast cells (Ohinata et al., 2005). The relationship between
cell populations that express Prdml, Ifitm3 and genes that were differentially expressed in the
proximal epiblast (Chapter V) is unclear.

Prior to PGC formation, expression of Nanog and Dppa3, which is known to be
expressed in ICM and ES cells and EG cells, is down-regulated in the entire epiblast, and
PGCs re-acquire the expression after the PGC formation at E7.5 (Saitou et al, 2002; Sato et al.,
2002; Yamaguchi et al., 2005). Promoter analysis of Pou5fI revealed that transcriptional
activity of PouSfl switched through usage of enhancer elements: the proximal enhancer
drives the expression in the epiblast, whereas the distal enhancer is for the expression in the
ICM and PGCs (Yeom et al., 1996). Pou5fl and Nanog are known to be involved in the

maintenance of pluripotency of ICM, ES cells and EG cells, and predicted to be involved in
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/gonads

Tissue C gut endoderm
compartment e Idorsal mesentry
B epiblast
Pou5f1, Dppa3 and Nanog primitive streak
A epiblast

Ifitm3 and Prdm1

L J

Developmental age 6.25 6.5 7.25

(Embryonic day)

13.5 14.5

8.5 9.5 10.5
0w

Figure 21 Schematic of mouse germ cell developmental gene expression profile
Ifitm3 and Prdml positive PGC precursors are observed in proximal epiblast (A). The
pluripotency of PGCs is associated with the expression of Pou5f1, Dppa3 and Nanog (B).
In migratory PGC, Lrp4 and Ipol3 are expressed (C). On germ cell differentiation after
homing of PGCs in gonad, the expression of Akp3, Pou5fl, Dppa3 and Nanog is down
regulated. Sycp3 expression is up regulated in germ cells in female gonads, and DDX4
expression is observed in both sexes of germ cells. TRA98 antigen is also observed in
germ cells in male gonads (D).
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the potential function in the maintenance of pluripotency of PGCs. In contrast, two genes
that were studied for this project, Lrp4 and Ipol3, are expressed in PGCs, but not in ICM,
epiblast, ES cells and EG cells. Therefore, Lrp4 and Ipol3 are a one of the PGC specific

property that distinguishes germ cells from stem cells at the migratory stage.

2) Germ-cell-specific molecules in migratory PGCs

After entry of PGCs into the genital ridge, PGCs start to show the expression of
specific genes, i.e., meiosis-associated genes, and differentiate into gametes depending on the
sex of the embryonic gonad (McLaren, 2003). Expression of TRA98 antigen is known to be
found in male germ cells from E12.5 (Tanaka et al., 1997). Meiotic-germ-cell-specific
Sycp3 expression is up-regulated at around E13.5 in germ cells in female gonads (Chuma and
Nakatsuji, 2001). Germ-cell-specific DDX4 expression also begins to be found in germ
cells in the genital ridges in both sexes (Fujiwara et al., 1994; Toyooka et al., 2000). DDX4
has been shown to influence germ cell proliferation in male embryonic gonads (Tanaka et al.,
2000). Expression of mouse Dazl homolog is first found in the post-migratory PGCs in the
E11.5 embryonic gonad, which gene activity seems to be required for development and
survival of male germ cells in the embryonic gonad in mice of the inbred C57/BL/6
background (Lin and Page, 2005). In contrast, Lrp4 and Ipol3 are novel germ-cell-specific

genes which were expressed in migratory PGCs before the entry into the genital ridge.

3) Wnt signaling and the derivation of EG cells

Pou5f1 and Nanog are known to be involved in the maintenance of pluripotency of
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ICM, and ES cells and EG cells. Expression of those genes in PGCs is therefore consistent
with the potential of PGC to form EG cells under culture conditions. Pou5fl and Nanog
expression is down-regulated in germ cells in the female embryonic gonad at around
E13.5~15.5 and in the spermatocytes in the testis respectively (Pesce et al., 1998; Yamaguchi
et al., 2005). Consistent with the changes in the genetic activity, the efficiency of the
derivation of EG cells from E12.5 PGCs is much lower than one from E8.5 PGCs, and the
germ cells from the E15.5 gonads did not give rise to EG cell lines under the culture
conditions (Labosky et al., 1994). The down-regulation of the stem-cell-specific genes, and
other molecule(s) may have direct implication on ability of the derivation of EG cells. In ES
cells, active Wnt-signaling plays a crucial role in the self-renewal and maintenance of
pluripotency (Sato et al., 2004). In mouse germ cell development, little is known about the
role of Wnt-signaling. A postmeiotic loss of oocytes was found in the Wnt-4 deficient gonad
(Vainio et al., 1999) and a lack of Pten, which is involved in the suppression of Wnt-signaling
pathway in part, in germ cells leads to enhance an efficiency of EG cell derivation (Kimura
et al., 2003). Lrp4 expression is first detected in migratory PGCs in the dorsal mesentery at
E8.5~9.5 (Chapter III). Lrp4 gene activity may suppress PGC self-renewal by modulating of
Whnt-signaling in germ cells and thereby induces cell differentiation. This may have bearing
to the lower efficiency in deriving EG cells from E12.5 Lrp4-expressing PGCs than the E8.5
PGCs (Labosky et al., 1994). It would be informative to test if Lrp4 gene activity may be

correlated with potency of EG formation.

4) Nucleo-cytoplasmic traffic and L-IPO13
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This study on the Ipol3 gene activity in germ cells highlighted a mechanism of the
nucleo-cytoplasmic transport that regulates cell differentiation in the meiotic germ cells. For
understanding L-IPO13 function in the nucleo-cytoplasmic trafficking in the meiosis of germ
cells, it is important to characterize the cargo molecules transported by the Importin
molecules. One of the known cargo molecules of human [PO13 is MGN, human homolog of
Drosophila mago-nashi (Mingot et al., 2001), which gene activity is required for germ cell
formation in Drosophila (Boswell et al., 1991). However, human MGN homolog showed a
ubiquitous expression pattern in adult tissues. The potential function of mammalian mago-

nashi homolog in germ cells is not known (Zhao et al., 1998).

5) Regulation of Importinl3 function

This study on Ipol3 gene activity in germ cells also highlighted potential regulatory
mechanisms of Importin function in the nucleo-cytoplasmic trafficking, which is so for
unrecognized. Temporal expression of L-Ipol3 in germ cells mediated nuclear accumulation
of UBC9, which is required for meiotic differentiation in mice, in contrast to the non-specific
expression of Importin-a proteins in Drosophila and C. elegans to the stages when they show
the critical functions in germ cells (Geles and Adam 2001; Giarre et al., 2002; Gorjanacz et al.,
2002; Mason et al., 2002). Furthermore, TS-IPO13 and L-IPO13 proteins function
differently in germ cells during spermatogenesis. It is likely that TS-IPO13 may act as a
dominant negative regulator of the L-IPO13 nuclear import activity by binding with cargo
molecules in the cytoplasm. The switch in the mode of trafficking of cargo may be

accomplished by changing the relative amount of the two isoforms of IPO13 via the
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utilization of different transcription start sites. It is known that some members of Importin
family proteins appear to lack Ran-GTP binding domain, but their function in the nucleo-
cytoplasmic trafficking are still unclear. The modulation of the nuclear import activity of
IPO13 via the interaction of the native protein and the dominant negative isoform highlighted
a heretofore unrecognized paradigm for the regulation of Importin function. Further
elucidation of the functional relationship with 7S-Ipol3 and L-IPOI3 in the nucleo-
cytoplasmic trafficking will shed a light on understanding the regulatory mechanisms of

importin function in the cell differentiation.
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Chapter VIIL MATERIALS AND METHODS

Collection of embryos

Embryos were collected from pregnant mice of ICR x B6D2F1 or ARC/S strain. The use of
animal in Children’s Medical Research Institute is approved by the Animal Care and Ethics
Committee (ACEC) of the Children’s Medical Research Institute and the Children’s Hospital
at Westmead under ACEC project 138. E6.5 to 20.5 embryos, and newborn and adult (more
than 6-week-old) gonads were dissected in Dulbecco’s modified Eagle medium (DMEM)
supplemented with 10% calf serum or in phosphate buffered (PB)-1 medium.

Northern Blot

Total RNA was extracted by using either RNeasy (QIAGEN) or ISOGEN (Nippongene) from
several tissues, i.e., testis, ovary, brain, liver and kidney of adult mice (more than 8-weeks),
and male and female gonads of different the developmental stages. ES cells (D3) and EG cells
(EG1) were cultured on STO feeder cells. Cells were trypsinized and total RNAs were
isolated using ISOGEN reagents (Nippongene). For the northern blot analysis, 40 ug of
total RNA of ES cells, EG cells and STO cells, 20 ug of total RNA of adult tissues, and 10 ng
of total RNA of ovaries and testes were loaded on each lane and transferred to a Hybond-N*
membrane (Amersham). The P2 probe corresponding to a 3’-UTR region of Lrp4 (829bp;
from 6530bp to 7302bp) was used for the hybridization (Fig. 4B). Hybridization with a
416bp PCR fragment of Gdph (from 809bp to 1224bp) provided the internal control. The
genomic regions that correspond to positions of the cDNA clone #B94, the L-probe for L-
Ipol13 mRNA and C-probe for both L-Ipol3 and TS-Ipol3 mRNA were shown in Fig.10.
For the hybridization, the membrane was incubated with the **P-labeled probe in 50%
formamide hybridization buffer at 42°C for 16 hours, and the membrane was washed in 0.2X

standard saline citrate (SSC) containing 0.1% SDS at 65°C for 20 minutes twice.

RT-PCR

Poly-A RNAs were extracted using Micro Fast Track mRNA purification kit (Invitrogen)
from blastocysts, E9.5 dorsal mesentery and E13.5 fetal gonads. Total RNAs were extracted
using RNeasy (QIAGEN) from adult tissues. Reverse transcription was carried out using 0.2
ug mRNA using Superscript II (Invitrogen). PCR amplification was performed using Ex-taq
system (Takara) or Taqg DNA Polymerase (Roche). PCR amplification was performed for
Lrp4 with 33 cycles of 1 minute at 94 °C, 1 minute at 55 °C and 1 minute at 72 °C. PCR
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amplification of Hprt was performed with 25 cycles of 1 minute at 94 °C, 1 minute at 60 °C
and 1 minute at 72 °C. PCR amplification was performed with 22 cycles for Gdph and 28
cycles for Pou5fl of 1 minute at 94 °C, 1 minute at 58 °C and 1 minute at 72 °C. PCR
amplifications were performed with 35 cycles for L-Ipol3, 45 cycles for TS-Ipol3 and 25
cycles for Hprt of 1 minute at 94°C, 1 minute at 60C°, and 1 minute at 72°C, respectively.
The PCR products logarithmically increased with the cycles examined, and the products were
verified by sequencing. Primer sets for the PCR amplification were:

Lrp4; 5’-cagtgaagatgtaaagtgg-3’ and 5’-atgcctggetgctgatetetg-3°.

Gdph; 5’-acatcaagaaggtggtgaage-3’ and 5’-ggtagttatttcaagcgacgt-3’.

Hprt; 5’-ggatttgaaattccagacaag-3’ and 5’-gcatttaaaaggaactgttgac-3’.

Pou5f1; 5’ -tcgagtatggttctgtaaccg-3’ and 5’-aatgatgagtgacagacagge-3’ .

L-Ipol3,L.1: 5’-catggcatctgecgtattgc-3’ and L2: 5°-tgcatcageccacatgeactg-3°.

TS-Ipol3, TS1: 5’-atcctgattcectetgeecte-3” and TS2: 5°-gcaggttcttcaggatctee-3°.

The corresponding genomic positions of the primer sets for Lrp4 and Ipol3 are shown in Fig

4B and Fig. 10 respectively.

Rapid amplification of cDNA ends (RACE)

5’ and 3’ RACE were performed by using Marathon cDNA amplification kit according to the
manufacturer’s instruction (Clontech). First strand cDNAs were synthesized from a poly(A)
RNA, which was purified using Oligotex-dT30 (Roche) from adult testis total RNA. To
confirm the expression of two RACE products as intact transcripts, end-to-end RT-PCR was
carried out with L-Ipol3 or TS-Ipol3 specific primer sets. Sequences of the primer sets are
listed below and the corresponding genomic positions are shown in Fig 10.

L-Ipol3,1.3: 5’-agatggagcggcgggaggag-3’ and L4: 5’-ctcagtagtcagetgtgtag-3’.

TS-Ipol3, TS1: 5’ -atcctgattcectetgeecte-3” and L4: 5’°-ctcagtagtcagetgtgtag-3°.

Sample preparation for in situ hybridization and histochemistry

Embryos and adult tissues were fixed with 4% paraformaldehyde (PFA) in phosphate buffer
saline (PBS). Testes were collected from adult mice that were anaesthetized and perfused by
4% PFA in PBS for fixation of tissues. After dehydration in graded ethanol-series, tissue
specimens were cleared in xylene and embedded in paraffin (Paraplast; Oxford labware), and
10 wm section were prepared for in situ hybridization and immunohistochemistry.

For the whole-mount in situ hybridization, E6.5 to 9.5 embryos and the genital ridge of E10.5
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to E13.5 embryos were dissected and fixed with 4% PFA in PBS containing 1% Tween-20
(Sigma) overnight. After dehydration in graded methanol-series, tissue specimens were kept

in 100% methanol at —20 °C before use.

Riboprobes for in situ hybridization

The in situ hybridization was performed using the P1 riboprobe which was an 808bp PCR
fragment targeted to the 3’ end of Lrp4 coding region (from 4921bp to 5728bp, Fig. 4B), L-
Ipo13-specific L-probe and C-probe which recognizes both L-Ipol3 and TS-Ipol3 transcripts
(Fig. 10) and riboprobes of 1.3 kb full-length cDNA for detection of Pou5fI (Oct-3/4) cDNA
(gift from Prof. H. Hamada) and a 503 bp cDNA spanning in ORF of germ-cell-specific Ddx4
(Mvh) (Fujiwara et al., 1994).

Whole-mount in situ hybridization

Procedure for in situ hybridization was described by Wilkinson (1992). In brief, tissue
specimens were incubated with the digoxygenin-labeled probe (Roche) in 50% formamide
hybridization buffer at 70C° for at least 16 hours. After the washing with tris-buffered serine
tween (TBST), the digoxygenin-labeled probe was detected by alkaline phosphatase-

conjugated anti-digoxygenin antibody according to the manufacture’s instruction (Roche).

Fluorescence double whole-mount ir situ hybridization

Fluorescence double whole-mount in situ hybridization was performed as described by
Tanaka and Matsui (2002) using digoxygenin-labeled probe for either Lrp4 or Ipol3, and
biotin-labeled probe for Pou5f1 (Oct-3/4) probe (Roche). The dorsal mesentery and slices of
the trunk of E9.5 embryo, the genital ridge of E10.5 and E11.5 embryos, and the gonads of
E13.5 embryo were dissected. The digoxygenin-or biotin-labeled probe was detected by
FITC conjugated anti-digoxygenin antibody or Rhodamine complexed strept avidin according
to the manufacture’s instruction (Roche), respectively. Fluorescence images were captured

by Leica DMRB/E and Leica SP2 confocal scanning system.

Section in situ hybridization

Procedures for the section in situ hybridization are according to the methods in Saijoh et al.
(1996). The specimens were incubated with digoxigenin—labeled probe for Lrp4, or both
digoxigenin—labeled probe for Ipol3 and biotin-labeled riboprobe for Ddx4 in 50%
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formamide hybridization buffer at 55C° for 40 hours. Fluorescence imaging was performed
using an Olympus BX51 microscope and digital images were recorded using Olympus DP-11

camera.

Immunohistochemisry

Immunostaining of DDX4 in fetal gonads was done with anti-DDX4 antibody (1:5000) (gift
from Dr. T. Noce; Toyooka et al., 2000) and Alexa488-tagged anti-rabbit secondary antibody
(1:1000; Molecular Probe). Anti-TRA98 antibody staining in newborn and adult testes was
done with anti-TRA98 serum (1:5)(gift from Prof. Y. Nishimune; Tanaka et al., 1997) and
Alexa350-tagged anti-rat secondary antibody (1:1000; Molecular Probe). Fluorescence
imaging was performed using an Olympus BX51 microscope and Olympus DP-11 camera
system.

For the immunostaining of UBCO in the germ cells, 10 um paraffin sections of adult testis and
fetal ovary were incubated with retrieval solution according to the manufacturer’s instructions
(pH 6.0, DAKO). After treatment with 0.3% Boheringer blocking reagent (BBR; Roche),
sections were incubated with 1/250 dilution of anti-UBC9 mouse monoclonal antibody
(Pharmingen) in 0.1% BBR at 4°C for 16 hours. Detection was done by ABC staining kit
according to manufacture’s instructions (Vectastain). The images were recorded using
Nikon OPTIPHOT-2 microscope and SPOT camera with SPOT advanced version 4.0.1
acquisition soft ware (Diagnostic Instruments Inc, USA).

For immunostaining of germ cells in cultured and intact fetal ovaries, the specimens were
fixed with 4% PFA and embedded in OCT compound (Tissue-Tek). Frozen 10 wm-thick
sections were prepared by Cryostat, and treated with 1/200 dilution of anti-SCP3 rabbit
monoclonal antibody (gift from Prof. N. Nakatsuiji; Chuma and Nakatsuji, 2001). The
sections were then treated with Alexa594-tagged anti-rabbit secondary antibody at 1/1000
dilution (Molecular Probe), followed by DAPI (SIGMA) staining. Immunostaining of Myc-
tagged fusion-protein was done using anti-MYC antibody at 1/250 dilution (SIGMA) and
Alexa594-tagged anti-mouse secondary antibody at 1/750 dilution (Molecular Probe).
Fluorescence imaging was performed using an Olympus BX51 microscope and Olympus DP-

11 camera system.

Enforced expression of IPO13 in GC1 cells

Expression vectors compromising of a CMV-promoter and an IRES-EGFP expression vector
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(pIRES-EGFP; Clontech; also used as a control vector) into which sequences coding for full
size IPO13 protein (pCMV-L-Ipol3-FLAG-IRES-EGFP) or the short isoform of IPO13
(pCMV-TS-Ipo13-FLAG-IRES-EGFP) were incorporated. Open reading frames of either L-
Ipol3 or TS-Ipol3 were amplified by RT-PCR and fused in frame to a FLAG-tag at the C-
terminal end, then inserted into the multi-cloning site of p/RES-EGFP. Construction of pCI-
Ubc9-Myc expression vector was described by Machon et al. (2000). GC1 cells were
cultured in DMEM containing 10% FCS on a four well chamber slide (NUNC). Expression
vectors of IPO13 and UBC9 were lipofected using Lipofect-amine 2000 transfection reagent
(QIAGEN), according to manufacture’s instructions. About 6 hours after transfection at
37°C, cells were fixed with 4% PFA to examine the distribution of UBC9-MYC fusion-

protein in the cells.

Western Blot

Western blot analysis was performed by using the anti-IPO13 rabbit antibody against IPO13
peptides (RERVNKRRVKEMVK, Hokkaido System Science Co.). Both anti-IPO13 and
anti-FLAG antibodies detected a same 92kDa band in pCMV-IPO13-FLAG-IRES-eGFP
lipofected STO cells (data not shown). For Western blot analysis, the detection of IPO13
protein either in adult testis (about 10000 cells per lane) or in fetal ovary (1 ovary per lane)
was done by using anti-IPO13 primary antibodies (1:500) and horseradish peroxidase
conjugated secondary antibody (1:10000; Bio-Rad) according to manufacturer’s instructions.
An additional 40kDa band for predicted TS-IPO13 was detected using with anti-IPO13
antibody in the adult testis.

In vitro culture and siRNA treatment of the fetal ovary

Results of a preliminary study on the efficiency of introducing EGFP expression construct by
lipofection showed that a more consistent outcome was achieved in fetal ovary than neonatal
testes. The experiment of down-regulation of L-Ipol3 activity on the progression of meiosis
was therefore performed on the E15.5 fetal ovary. EI15.5 ovaries were sliced open and
immersed for 4 minutes in a liposome solution containing one of the three siRNA reagents:
siRNA#1, siRNA#2 or scrambled sequence (QIAGEN) prepared as per RNAiFect methods
(QIAGEN). The sequence of the siRNA construct and the targeted Ipol3 sequences are:
siRNA#1: ccgaccagtatgaaagcttaa targeted to 913-933bp (NM_146152), siRNA#2:
cacggactacacagctgacta to 3497-3517bp (NM_146152), and scrambled sequence control:

72



aattctccgaacgtgtcacgt. The 3’ end of the sense sequence of each construct was tagged with
Alexa488 green Fluorescent dye (QIAGEN).

The treated ovaries were cultured for 3 days on 0.3 um of isopore membrane filters
(Millipore) floating on DMEM with 20% FCS in 5% CO, in air at 37°C (Park and Taketo,
2003). The efficiency of Ipol3 knockdown was assessed by Western blot and RT-PCR

analysis.

Generation of cDNA pools

cDNAs were synthesized and were amplified by PCR according to the method by Shimono
and Behringer (1999). In brief, about fifty cells of dissected proximal epiblast and distal
epiblast of the E6.25 embryo were lysed by heat treatment at 65°C and first-strand cDNA was
synthesized using a mixture of moloney murine leukemia virus (Gibco/BRL) and avian
myeloblastosis virus reverse transcriptase (Roche) with poly-d(T) primer at 37°C for 15 min.
Poly-d(A) was added onto 3’ end of the first-strand cDNA by terminal transferase (Roche) at
37°C for 15 min and then amplified by PCR with poly-d(T) containing primer.

Subtraction

The subtraction procedure was also according to the method of Shimono and Behringer
(1999). PCR-based subtraction was carried out 3 times to generate a proximal epiblast-
specific subtracted cDNA library. Amplified cDNA pools were electrophoresed and were
used for Southern blot analysis to monitor the subtraction efficiencies after each subtraction
step. After subtraction, the cDNA fragments were ligated into plasmid vectors (pBluescript

or pGemT Easy), which were further screened to obtain proximal epiblast-specific genes.

Screening of candidate clones by Southern blot hybridization

Ist screening 500 clones from the 2nd subtracted library were screened by Southern blot
hybridization using three probes: unsubtracted proximal and distal epiblast cDNAs and
cDNAs after the 3rd subtraction. For the hybridization, the membrane was incubated with
the *’P-labeled probe in hybridization buffer at 65°C for 16 hours, and the membrane was
washed in 0.2% X SSC containing 0.1% SDS at 65°C for 20 minutes twice. 23 clones
showed the specific hybridization pattern with proximal probes.

2nd screening To further verify whether the positive clones were specifically expressed in

proximal epiblast, positive clones were used as probes for Southern blots of cDNA pools of
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proximal epiblast and distal epiblast. 8 clones showed the specific hybridization pattern in

the proximal epiblast cDNA pool significantly.
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