(# ®i]
5. TP NBEBEBERTFREEATVRIZE SN IERELLERE
B O = 8 K o T OERT
= 1 oo o® T  #& # i
OB E—ER
E R EN R MERSFEL

]

Dilated Cardiomyopathy in a Transgenic Mouse Line Homozygous for
Sialyltransferase Transgenes

Akira NOGUCHI, Osarmu SUZUKI, Minako KOURA, Kaoru TAKANO,
Yoko NOGUCHI, Yoshie YAMAMOTO and Junichirc MATSUDA

Department of Veterinary Science, National Institute of Infectious Diseases

Summary

Dilated cardiomyopathy {DCM) is a serious human health problem for which a murine
model is needed. During our research on sialic acid metabolism, we developed multiple
transgenic mouse lines homozygous for the GalBl1,3GalNAca-23-sialyltransferase type II
(ST3Gal II) transgenes. The mice in one of these lines consistently developed DCM. The mice
were born healthy and grew normally until approximately seven months of age. At that point,
they manifested dyspnea, deformation of the thorax, and rapid weight loss, dying about a week
after the onset of symptoms. The average lifespan was 227£55 days (mean+S8D, »=30). At
necropsy, the hearts were enlarged, with dilated chambers and thin, low tensile strength walls.
Evident peritoneal and pleural effusion indicated circulatory failure. Pathological examination
revealed fibrosis with inflammatory infiltrates in the heart, and hyaline degeneration and
regeneration of muscle fibers in the skeletal muscles. To determine the mechanism underlying
the symptoms, we considered two potential contributing factors: the effect of genome disruption
by transgene insertion, and the effect of transgene overexpressien. The transgenes were mapped
to approximately 200 kb upstream of &-sarcoglycan (SGCD) on chromosome 11 by genomic
walking and BLAST search of the Ensembl genome database. However, no mRNA expression
of the gene found at the insertion site (LOC214380) was detected by RT-PCR in either
non-transgenic or homozygous transgenic mice. In addition, the level of SGCD expression in
homozygous transgenic mice was not different from that of non-transgenic mice. Despite the
substrate preference of the ST3Gal Il enzyme for glycolipids, no difference in ganglioside
composition was found in the brain or liver of the homozygous transgenic mice, relative to
non-transgenic mice. However, alteration of heart glycoproteins in the homozygous transgenic
mice was detected by a combination of two-dimensional pelyacrylamide gel electrophoresis and
wheat germ agglutinin staining. These results suggest that perturbation of protein glycosylation
by overexpressed ST3Gal II could be the principal cause of DCM in the transgenic mice; this
may represent a new form of degenerative muscular disease induced by abnormal glycosylation.
Still, the possible involvement of unexpected disruption of the endogenous genome cannot be
ruled out, as the absence of symptoms in hemizygous mice could not be explained solely on the
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249 BOVINE GRANULOSA CELLS MmRNA EXPRESSION OF PEROXISOME PROLIFERATOR-ACTIVATED
RECEPTOR-o AND THE PROTO-ONCOGENE c-Fos

A. Rodriguez®, LJ. Royo™, F Goyache®, C. Diez*, E. Moran®, A. Salas®, and E. Gomez*

AGenetica y Reproduccion-SERIDA, Gijon, Spain; BCitometria ¢ Inmunotecnologia, Universidad de Oviedo, Oviedo, Spain.
email: airodriguez@serida.org

PPARa and c-Fos are involved in regulation of gene expression and are known to be dependent on retinoic acid (RA), which in turn influences cocyte
growth and developmental competence (Duque et al., 2002 Hum. Reprod. 17,2706-2714; Hidalgo et al., 2003. Reproduction 125, 409—416), probably
acting in part through granulosa cells. Peroxisome proliferator-activated receptor-a (PPAR«) heterodimerizes with the retinoid receptor X (RXR),
while c-Jun/c-Fos heterodimerizes with liganded retinoic acid receptors (RARsS), then preventing formation of transcription factor activator protein 1
(AP-1) complexes capable of DNA binding. Cellular retinoic acid binding protein (CRABP) limits RA excess and regulates the transcriptional
potential of RA; CRABPII has been detected in rat granulosa cells from mature follicles and Juteal cells. The aim of this study was to investigate
PPARa, c-Fos and CRABPII mRNA expression in bovine granulosa cells, In parallel, other genes whose expression can be influenced by RA
were analyzed: luteinizing hormone receptor (LHr), follicle stimulating hormone receptor (FSHr), aromatase and growth hormone (GH). Ovaries
were collected at a local abattoir and kept in saline at 30-35°C. Granulosa cells were obtained by aspirating 2- to 7-mm antral follicle contents,
pelleted at 700g for 4 min and resuspended in RNA-later (Ambion®). Total RNA was isolated with a NucleoSpin® RNAI kit (Macherey-Nagel),
and mRNA was reverse transcribed into single-stranded ¢cDNA using a Ist Strand cDNA Synthesis Kit for RT-PCR (AMV) (Roche). A PCR standard
method was made using 1 pl. of the cDNA as a template. All PCR primer couples were designed on the basis of the bovine sequence, but ¢-Fos and
CRABPII primers were designed based on the human-murine sequences. Primers within the couple were located in different exons to distinguish
DNA from RNA amplification. CRABPII was further investigated in bovine whole ovary, corpus luteum {CL) and liver, in a search for positive
controls. Bovine §-actin, 18S and 288 were examined in each sample as positive controls for RNA isclation and cDNA synthesis efficiency. Ten
uL of product were loaded into an agarose 2% gel in TBE buffer containing ethidium bromide, and were separated by horizontal electrophoresis,
Gels were visualized with ultraviolet light and photographed using a digital camera. Gene expression in granulosa was demonstrated for PPARa,
¢-Fos, LHr, FSHr, aromatase, GH and controls (B-actin, 185 and 288) but CRABPII gene did not express in granulosa cells, whole ovary, CL or liver
under our experimental conditions. While lacking CRABPII expression remains intrigning, the expressed genes support a role of retinoid pathway
within granulosa cells under both in vivo and in vitro conditions, because granulosa cells used in the present experiments were derived from follicles
providing oocytes for [IVM-IVF. Grant support: Spanish Ministry of Science and Technology (AGL-2002-01175).

250 SPECIFIC GENE KNOCK DOWN OF OCT+4 IN MOUSE PREIMPLANTATION EMBRYOS USING
' SHORT INTERFERENCE RNA

MR, Shin®, X.S. Cui®, K.A. LeeB, JH. JunC, and N.-H. Kim*

ADepartment of Animal Science, Chungbuk National University, Cheongju, Korea; BGraduate School of Life Science and Biotechnology, Pochon
CHA University, Pochon, Korea; ©SamSung Cheil Hospital & Woman’s Healthcare Center, Seoul, Korea. email: nhkim@chungbuk.ac.kr

RNA interference is used to specifically and effectively inhibit the expression of cognate genes. In the present study we investigated the inhibitory
effect of gene expression in mouse embryos developing in vitro by injecting short interference RNA (siRNA). Fertilized mouse zygotes were obtained
from mated females 20-24 h after hCG injection. Chemically synthesized 21-nt siRNA was commercially obtained and injected into mouse zygotes.
The zygotes were then cultured in KSOM medium supplemented with 4% BSA at 37°C. Semi-quantitative RT-PCR was used to examine Octamer-
binding transcription factor (Oct-4) gene expression in a single mouse embryo developing in vitro following siRNA-injection, In order to determine
the expression and distribution of Oct-4 in mouse embryos, the mouse embryos were fixed in 4% paraformaldehyde for 20 min and permeabilized
with 0.2% triton x-100 for 10 min. Embryos were then incubated with rabbit Oct-4 polyclonal antibody for 1 h and with FITC-labeled goat anti-rabbit
antibody. Propidium iodide was used for DNA staining, siRNA injection did not retard the development of mouse zygotes. The number of blastocyst
cells and the ICM/TE ratio did not differ in the siRNA injected blastocysts and the non-injected control group. Semi-quantitative RT-PCR revealed
that Oct-4 expression was decreased at the 4-cell embryo stage and was significantly high at the morula and blastocyst stages. Injection of siRNA
into oocytes inhibited RNA expression of Oct4 and Nanog, but not of E-cadherin and Heat shock protein 70.1. Immunocytochemical staining
showed inhibition of Oct-4 synthesis of the morulae and blastocysts following injection of siRNA. After culture of the embryos in the ES cell-derived
conditioned medium, the embryos were stained for alkaline phosphatase (AP), a marker specific to pluripotent cells. AP was not detected in the
inner cell mass of blastocysts following siRNA injection. These results suggest that siRNA injection into a mouse zygote specifically inactivates
QOct-4 in mouse embryos developing in vitro.

251 SEARCH FOR GENES INVOLVED IN DEVELOPMENTAL COMPETENCE IN MOUSE OOCYTES
USING SUPPRESSION SUBTRACTIVE HYBRIDIZATION

Q. Suzuki, T. Hata, M. Koura, Y. Noguchi, K. Tukano, Y. Yamamoto, and J Matsuda
National Institute of Infectious Diseases, Tokyo, Japan. email: osuzuki@nih.go.ip

During the first month after birth, synchronous follicular growth ocours in the ovary of immature mice (first wave). Previously, we showed that mouse
oocytes during the first wave were more competent developmentally in older females (Suzuki O er al., 2002 Theriogenology 57, 628 abst), although
the nurhbers of mature oocytes did not differ with female age (17, 18, and 24 days old). In this study, we examined the genetic factors that affect
the developmental competence of mouse oocytes during the first wave using suppression subtractive hybridization (SSH). Oocytes collected from
17- and 24-day-old B6D2F| females (D17 and D24, respectively) without hormonal treatment were matured in Waymouth medium supplemented
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with pyruvate (0.23 mM), antibiotics, bovine fetuin (1 mg mL ™!}, and polyvinylpyrrolidone (3 mg mL™1). After 17-h culture at 37°C in an atmosphere
of §% CO3, 5% 02, and 90% N2, total RNA was isolated from oocytes whose germinal vesicles had broken down (mature oocytes), separately,
in three independent culture groups per age (each group contained oocytes from four animals) using Cell-to-cDNA Cell Lysis Buffer {Ambion,
Austin, TX, USA}, Some of the total RNA from each independent group was pooled by age (total of RNA from approximately 100 cocytes per
age) and used for SSH, A SMART cDNA Synthesis Kit (Clontech, Palo Alto, CA, USA) was used to reverse-transcribe total RNA to ¢cDNA. SSH
was performed with a PCR-Select cDNA Subtraction Kit (Clontech). The subtracted PCR products were cloned into pGEM-T vector (Promega,
Madison, W1, USA). Clones from the subtracted library (D24~D17) were sequenced and their identities were examined using the NCBI BLAST
search. The differential expression of candidate genes preferentiaily expressed in mature D24 ococytes suggested by SSH was confirmed with cDNA
transcribed separately in the three independent culture groups per age using real-time quantitative PCR with an ABI Prism 7900HT with TagMan
technology (Applied Biosystems, Foster City, CA, USA). Of 513 clones sequenced, the top six preferentially-expressed candidate genes in more
developmentally-competent D24 oocytes were spindlin (20 clones), bmi-1 (4 clones), cyclin Bl (4 clones), E330034G19Rik (4 clones), Jagged]
(4 clones), and Ndfip2 (4 clones). The expression of spindlin in mature D24 oocytes (relative threshold cycle: —3.84: 0.7, mean =+ 5D) was
confirmed to be approximately 11-fold higher than in D17 oocytes (—0.3 % 1.5) when GAPDH was used as an internal control (P < (.03, t-test).
Quantitative analyses of mRNA expression of the remaining genes are now under way. Our results suggest that spindlin is one of the key factors
leading to the acquisition of developmental competence in mouse oocytes during folliculogenesis. Supported by JSPS KAKENHI (No.145716000)
and MHLW.

252 A COMPARATIVE EXPRESSION ANALYSIS OF GENES IN PREIMPLANTATION DEVELOPMENTAL
STAGES OF BOYINE EMBRYOS PRODUCED IN VITRO OR IN VIVO

D, Tesfaye, K. Wimmers, M. Gilles, 5. Ponsuksili, and K. Schellander

Institute of Animal Breeding Science, Bonn, Germany. email; tesfaye@itz.uni-bonn.de

A comparative analysis of mRNA expression patterns between embryos produced under different in vitro and in vivo culture systems allows the
isolation of genes associated with embryo quality and investigation of the effect of culture environment on the embryonic gene expression. In this
study, expression analysis of four known (PSCD2, TCF7L2, NADH-subunit and PAIP 1} genes and one novel transcript, derived from differential
display PCR, was performed in in vitro (Ponsuksili et al., 2002, Thetiogenology 57, 1611-1624) or in vivo- (Moesslacher et al., 2001 Reprod. Dom.
Anim, 32, 37) produced bovine 2-, 4-, 8-, 16-cell, morula and blastocyst stage embryos using real time PCR technology. Poly{A) RNA was isolated
from four separate individual embryos from each developmental stage and embryo group {in vitro or in vivo) using Dynabeads mRNA kit (Dynal,
Oslo, Norway). After reverse transcription, quantitative PCR was performed with sequence specific primers in an ABI PRISM® 7000 Sequence
Detection System instrument (Applied Biosystems, Foster City, CA, USA) using SYBR® Green as a double-strand DNA-specific fluorescent dye.
Standard curves were penerated for target and endogenous genes using serial dilutions of plasmid DNA. Final quantification was done using the
relative standard curve method, and results were reported as relative expression or n-fold difference to the calibrator cDNA (i.e., the blastocyst stage)
afer normalization with the endogenous control (Histone2a). Data were analyzed using SAS version 8.0 (SAS Institute Inc., NC, USA) software
package. Analysis of variance was performed with the main effects being the developmental stage and embryo source (in vitro or in vivo) and
their interactions followed by multiple pairwise comparisons using Tukey’s test. No significant difference was observed in the relative abundance
of the PSCD2 gene between the two embryo groups. However, its expression was higher (20-fold) (P < 0.05) at the §-cell stage than the other
developmental stages among in vitro embryos. Higher expression (P < 0.05) of NADH-subunit mRNA was detected in vivo than in vitro at the 2-cell
stage of development. The TCF7L2 mRNA was expressed in the in vitro embryos but not in the in vivo ones. PAIP1 mRNA was higher (P < 0.05)
in in vitro (1500-fold) than in the in vivo embryos (500-fold} at the 2-cell developmental stage compared to the calibrator. The novel transcript was
also detected at higher level (P < 0.05) in the in vitro than in the in vive embryos at the 2-cell stage of development. However, the PAIP1 and the
novel transcript showed no significant difference in their expression between the two embryo groups beyond the 2-cell developmental stage. Both
PAIP1 and the novel transcript were detected only up to 8-cell stage in both embryo groups, suggesting their matemnal origin. In conclusion, the
variations in the expression of studied genes between in vitro and in vivo may reflect the effect of the two culture systems on the transcriptional
activity of early embryos.

253 BOVINE OOCYTE CYCLIN B1 MRNA UNDERGOES CYTOPLASMIC POLYADENYLATION
BEFORE THE BEGINNING OF IN VITRO MATURATION

K. Tremblay, C. Vigneault, G. Bujold, and M.-A. Sirard
Laval University, Quebec City, Quebec, Canada. ermnail: karinetremblaycrbr@hotmail.com

Maternal oocyte Cyclin Bl mRNA is known to be stored in the cytoplasm with a short poly({A) tail and be translationally dormant at GV stage. During
maturation, Cyclin B1 poly(A) tail is elongated by a process called cytoplasmic polyadenylation and driven by A/U-rich cis-acting elements in its
3 untranslated region (UTR) known as cytoplasmic polyadenylation elements (CPEs). The objective of this study was to elucidate whether GV-
stage bovine oocytes possess a stockpile of Cyclin Bl mRNA stored with a short a poly(A) tail that is elongated during maturation by CPE
regulation. The mRNA poly(A) tail length was measured by Rapid Amplification of cDNA Ends Polyadenylation test (Race-PAT) on oocytes
{n=100) at the GV stage and 3, 5, 8, 10, 15, 20, and 25 of in vitro maturation, The mRNA poly(A) tail length was also measured in tripli-
cate (n =20) on cold oocytes in GV (all manipulations on ice), warm oocytes in GV (ovaries transported in warm saline and manipulations on
ice) and warm +2 h 30 min oocytes in GV (oocytes left for an additional 2h and 30 min at room temperature). To assess for variation in mRNA
quantity, Cyclin Bl mRNA level was quantified by real-time PCR (Lightcycler, Roche, Indianapolis, IN, USA} in cold, warm or warm+2h
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Restoration of spermatogenesis by lentiviral gene
transfer: Offspring from infertile mice

Masahito Ikawa®, Vinay Tergaonkar®, Atsuo Ogura®, Narumi Ogonuki', Kimike Inoue’, and Inder M. Verma**

*Laboratory of Genetics, The Salk Institute, 10010 North Torrey Pines Road, La Jolla, CA 92037; and 'Bio Resource Center, Institute of Physical and Chemical

Ressarch (RIKEN), Tsukuba, ibarakl 305-0074, Japan
Contributed by Inder M. Verma, April 5, 2002

Disruption of spermatogenesis found in azoospermia and oligo-
zoospermla is thought to be of primarily genetic origin. SI/SM
mutant mice offer a model system In which lack of transmembrane
type ¢-kit ligand (KL2) expression on the somatic Sertoll cell surface
results in disruption of spermatogenesis. We Investigated the
ability of adeno-, adeno-associated-, retro-, and lentiviral vectors
to transduce Sertoli cells and found that transduction with either
adeno- or lentiviral vectors led to reporter gene expression for
more than 2 mo after testicular tubule injection, Because adeno-
viral vectors showed toxicity, lentiviral vectars were used to
express the c¢-kit ligand in 8//5/ Sertoli cells. Restoration of sper-
matogenesis was observed in all recipient testes. Furthermore, the
sperm collected from reciplent testes were able to generate normal
pups after intracytoplasmic sperm Injection. None of the offspring
carried the transgene, suggesting the inability of lentiviral vectors
to infect spermatogenic cells /n vivo. We propose that lentiviral
vectors can be used for gene therapy of male infertility without the
risk of germ-line transmission.

orldwide, up to 20% of couples are infertile. Approxi-
mately 30-50% of human infertility is attributable to male
infertility, 70-90% of which arises from disrupted or impaired
spermatogenesis with a clinical outcome of azoo- or oligosper-
mia (1, 2). Spermatogenesis takes place within the testicular
_seminiferous tubules that are composed of germ cells, Sertoli
cells, and peritubular cellslining the tubuke. This process involves
a mitotic germ cell proliferation, meiosis, and morphological
changes of haploid germ cells to mature spermatozoa. Successful
spermatogenesis, however, requires participation outside tu-
bules, interstitial cells such as Lydig cells that produce androgen,
macrophages, mast cells, and lymphoid cells. This intricate
network of interactions is regulated by many growth factors and
hormones and depends on intimate contact between germ cells
and somatic Sertoli cells (3). Sertoli cells play a seminal role in
normal spermatogenesis by providing not only structural support
but also a variety of growth factors required for differentiation
and proliferation of germ cells. In addition, inter-Sertoli cellular
tight junctions confer the “blood—testis barrier” and partition the
testis into an intratubular compartment {4, 5). Therefore, Sertoli
cell dysfunction will impair spermatogenesis and result in male
infertility. Currently there are no effective modalities to correct
such genetic defects in animals or humans (6, 7).

To investigate whether viral-vector mediated gene transfer can
be used for correcting Sertoli cell dysfunction, we used SI/SH
mutant male mice that have Sertoli cell dysfunction and are
consequently infertile. The S/ locus (steel) encodes both the
soluble and membrane-bound forms of c-kir ligand (KL} that
bind to the c-kir tyrosine kinase receptor synthesized by the W
locus (dominant white spotting). In the testis, the c-kif receptor
is expressed on the germ cells from spermatogonia, whereas the
c-kit ligand is produced by the somatic Sertoli cells, and inter-
action between these two factors is essential for spermatogonial
cell proliferation. The S/ mutation deletes the entire S/ gene,
whereas the 8§/ mutation deletes the transmembrane and intra-
cellular domain, thereby generating only soluble forms of the
c-kit ligand (KL1) and leading to azoospermia, Additionally,

7524-7529 | PNAS | May28,2002 | wol.99 | no. 1t

seminiferous tubules of these mice are virtually devoid of germ
cells, a clinical condition known as Sertoli cell only syndrome (8).
We therefore asked whether spermatogenesis can be restored in
SI/5H mice by transducing Sertoli cells with lentiviral vectors
generating functional the ¢-kit ligand, KL2. We report that not
only is spermatogenesis restored in all recipient testes, but also
spermatozoa collected from transduced testes were able to
generate normal pups by microinsemination.

Materials and Methods

Preparation of Viral Vector Plasmids and Viral Vector Production, The
AdV-CMV.nlslacZ {nls, nuclear localization signal; AdV, ad-
enoviral vector; CMV, cytomegalovirus) vector and the AAV-
CMV-lzeZ (AAV, adeno-associated virus type 2) veclor were

“prepared as described (9, 10). In this study, we constructed the

pRV-CMV-nlslacZ plasmid in the murine leukemia virus-based
retroviral vector, pCLNCX (11) by replacing a fragment con-
taining the neo resistant cassette and the CMV promoter with
CMV-nislacZ-WPRE (WPRE, woodchuck hepatitis virus post-
transcriptional regulatory element). We constructed the pLV-
CMV-nlslacZ and pLV-CMV-lacZ (LV, lentiviral vector) plas-
mids in the HIV-based self-inactivating lentiviral vector,
pRRLsin-hPGK-EGFP (EGFP, enhanced green fluorescent
protein) by replacing the hPGK-EGFP fragment with the CMV-
nlslacZ or CMV-lfacZ fragment, respectively (12). To construct
pLV-CMV.KL2, we replaced the nlslacZ fragment of pLV-
CMV-nlslacZ with the KL2 fragment amplified by PCR from the
testicular cDNA library with primers (KL2for: 3’-ctggatccgecac-
calgaagaagacacaaacttgg-3') and (KLZrev: 5'-ctgicgaclattacac-
ctctigaaattetete-3'). Vesicular stomatitis virus G enveiope
protein-pseudotyped retroviral and lentiviral vectors were gen-
erated as described (12).

Recipient Mice and Viral Vector injection Procedure. In the first
experiment, we injected recombinant adenoviral, AAV, retro-
viral, and lentiviral vectors into male C57BL/6 X DBA2 F1
hybrid mice (B6D2F1) at 6 wk of age. Approximately 10 ul of
viral vector solution containing 0.04% trypan blue was injected
into seminiferous tubules via the efferent ductules, Viral vector
was injected into the right testis and the left testis remained as
control. In the second experiment, B6D2F1 male mice were
injected with the LV-CMV-nlslacZ vector into both testes at 6wk
of age and housed with 3 B6D2F1 females for 3 mo, In the third
experiment, ~3 p! of LV-CMV-KL2 vector was injected into
$1/51 male mice at 3-6 wk of age. In all experiments, recipient
mice were anesthetized by i.p. injection of Avertin before the
operation. The seminiferous tubule injection was performed
according to the method described (13}, and more than 70% of
seminiferous tubules were filled with solution as determined by
trypan blue.

Abbreviations: AV, adenavirus; CMV, cytomegalovirus; X-Gal, §-bromo-4-chloro-3-indolyl
B-o-galactoside; nls, nuclear localization signal; W, infectious unit,

1Ta wham reprint requesss shoutd be addressed. E-mall; varma@salk.edu.
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Abstract

Several animal models of human disease, which have been developed by random or targeted modifications of genomic DNA
sequences, have furthered our understanding of pathogenesis and the development of therapeutics. However, these models have not
facilitated studies on mitochondrial diseases, since modifications to mitochondrial DNA (mtDNA) sequences are not possible using
current recombination techniques. Consequently, information on human mitochondrial diseases is relatively sparse, and issues
related to mitochondrial pathogenesis and inheritance remain unresolved. Recently, we reported the development of a new tech-
nique to generate mice carrying mutant mtDNA from a mouse cell line. In this report, we describe our techniques in detail, with
emphasis on the preparation of donor cytoplasts and the micremanipulative procedures for electrofusion of cytoplasts and recipient
zygotes, These steps are critically important for the successful introduction of exogenous mtDNA into embryos, and thereby into
animals, so that the mutant mtDNA is efficiently propagated in subsequent generations, © 2002 Elsevier Science (USA). All rights

reserved.

Keywords: Mitochondrial DNA: Mitochondrial disease; Mouse model; Electrofusion; Cytoplast; Zygote

1. Introduction

Point mutations or deletions in mitochondrial DNA
{(mtDNA) may result in defective oxidative phosphory-
lation [1] and thus affect a variely of tissues, particularly
those that require high-level energy sources for normal
function, such as the brain or skeletal muscles {2].
Moreover, it has been discovered that mutated mtDNA
participates in aging [3-5], diabetes mellitus [6,7)], and
renal [8-10] and neurodegenerative [11-13] diseases.
Genetic studies on patients suifering from these diseases
have provided important clues as to the inheritance and
genetics of mitochondrial disorders. Recently, mtDNA-
depleted p° cells have been used in vitro to examine the
relationship between mutated mtDNA sequences and
the pathogenicity of mitochondrial diseases [14-16].
However, the pathogenesis and genetics of mitochon-
drial disorders remain largely unresolved due to the lack
of suitable animal models for mitochondrial disorders.

" Corresponding author, Fax: +81-208-36-9172.
E-mail qddress: inove@ric.riken.go.jp (K. Inoue).

Several technical difficulties have been encountered in
generating animal models for mitochondrial diseases,
First, unlike nuclear DNA, it has not been possible 10
introduce mutations into mtDNA by conventional
transgenic techniques, because mtDNA recombination is
poor [17]. Second, it is extremely difficult to introduce
exogenous mtDNA into the intact mitochondria of most
animal cells. Third, a large proportion of the mtDNA in
each cell must be replaced with mutated mtDNA for
clinical symptoms to appear [15]. Fourth, no efficient
method has been established for the introduction of ex-
ogenous mtDNA into living animals. We previously es-
tablished a mouse mode! for mitochondrial disease (Fig.
1) that overcomes these difficulties [18,19]). The model
was developed by: (1) the establishment of a cell line with
a consistent proportion of mtDNA that had a 4696-bp
deletion; (2) the preparation (enucleation} of doner cells;
(3) the introduction of mtDNA into mouse zygotes by
electrofusion with the donor cytoplasts; (4) embryo
transfer of reconstructed embryos into recipient females;
and (5) analysis of the mice into which the 4696-bp de-
letion had been introduced. A relatively small amount of
the exogenous mtDNA was detected in the founder mice,

1046-2023/02/§ - see front matter © 2002 Elsevier Science (USA). All rights reserved.
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with increasing amounts of DRAPI protein
inhibited FoxH1 binding, whereas incubation
with nonspecific proteins or with Drl had no
effect (fig. S3). Finally, we assessed binding
of a FoxH1-Smad2-Smad4 transcription fac-
tor complex (activin-responsive factor, ARF)
(25, 26) to an activin/Nodal-response element
in nuclear extracts from activin-treated cells.
We found that addition of DRAP! alone, or
DRAP! together with Drl, could effectively
inhibit ARF binding, whereas Drl alone had
no detectable effect (Fig. 4F) (fig. §3). These
results indicate that DRAPI, independently
of Drl, can effectively compete for FoxHI
binding to DNA.

Our loss-of-function analysis has revealed
the earliest essential role for Drapl in em-
bryogenesis, in repressing the activity of the
Nodal signaling pathway. Although these
findings do not preclude multiple subsequent
functions for Drapl, they show that Drap/ is
not essential for numerous patterning and
differentiation events at pregastrulation stag-
es. On the basis of our protein interaction
data, we propose that DRAPT regulates Nod-
al signaling in vivo through an interaction
between DRAP! and FoxH1 that precludes
Fox!11-Smad2-Smad4 complex binding to its
cognate DNA targets. Notably, this model
implies that DRAP1-mediated repression is
not universally exerted by forming a complex
with Dr1 and TBP, in agreement with earlier
suggestions {11, 13).

These findings suggest that a normal func-
tion of DRAP1 is to down-modulate the tran-
scriptional response to Nodal signaling, par-
ticularly by attenuation of its positive feed-
back loop. Such a mechanism is fikely to be
essential for Nodal, which can function as a
long-range morphogenetic signal (27). First,
Drapi might function in nascent mesoderm
to allow specification of distinct mesoderm
fates in response to differing levels of induc-
ing signal. Second, Drap} might function in
epiblast cells to buffer the response to meso-
derm-inducing signals and maintain prospec-
tive ectoderm unresponsive to low levels of
mesoderm-inducing  signals. Thus, Drapl
may represent a key component of a mecha-
nism for limiting the spatial or temporal ex-
tent of the response to a polent morphogenet-
ic signal.
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Regulation of Spermatogenesis
by Testis-Specific, Cytoplasmic
Poly(A) Polymerase TPAP

Shin-ichi Kashiwabara,! Junko Noguchi,® Tiangang Zhuang,’
Ko Ohmura,! Arata Honda,' Shin Sugiura,’ Kiyoko Miyamots,’
Satoru Takahashi,2 Kimiko tnoue,* Atsuo Ogura,* Tadashi Baba'*

Spermatogenesis is a highly specialized process of cellular differentiation to
produce spermatozoa. This differentiation process accompanies morphological
changes that are controlied by a number of genes expressed In a stage-specific
manner during spermatogenesis. Here we show that in mice, the absence of a
testis-specific, cytoplasmic polyadenylate [poly(A}] polymerase, TPAP, results
in the arrest of spermiogenesis. TPAP-deficient mice display impaired expres-
sion of haploid-specific genes that are required for the morphogenesis of germ
cells. The TPAP deficiency also causes incomplete elongation of paly(A) tails of
particular transcription factor messenger RNAs. Although the overall cellular
level of the transcription factor TAF10 is unaffected, TAF10 is insufficiently
transported into the nucleus of germ cells. We propose that TPAP governs germ
cell morphogenesis by modulating specific transcription factors at posttran-

scriptional and posttranslational levels.

Poly(A} tails of eukaryotic mRNAs are impli-
cated in various aspects of mRNA metabolism,
including transport into the cytoplasm, stability,
and translational control (/, 2). Thus, the con-
trol of poly(A) tail length is one of the postiran-
scriptional regulators of gene expression. Sper-
matogenesis— differentiation of male germ
cells—is a specialized developmental process,
which is precisely regulated at the transcription-

Tinstitute of Applied Biochemistry, ?Institute of Basic
Medical Sciences, University of Tsukuba, Tsukuba Sci-
ence City, Ibaraki 305-8572, Japan. 3Germ Cell Con-
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8602, Japan. *Bioresource Center, The Institute of
Physical and Chemical Research (RIKEN), Tsukuba Sci-
ence City, Ibaraki 305-0074, Japan.

*To whotm correspondence should be addressed. E-
mail: acroman@sakura.cc tsukuba.acjp
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al, posttranscriptional, and translational levels
(3, 4). In previous work, we identified a testis-
specific, cytoplasmic poly(A) polymerase,
TPAP {PAPR), as a candidate molecule in-
volved in the additional extension of poly(A)
tails of preexisting mRNAs in haploid germ
cells, because this gene is expressed predomi-
nantly in round spermatids (5).

To elucidate the role of TPAP in spermat-
ogenesis, we produced mutant mice lacking
the functional TPAP gene (Tpap™), using
homologous recombination in embryonic
stem cells (6) (fig. S1). Analysis of testicular
RNA from Tpap™- mice revealed the absence
of TPAP mRNA, and protein extracts of the
mutant mouse testis completely lacked 70-kD
TPAP (6) (fig. S1). Tpap~~ male and female
mice were normal in health condition, size,
and behavior. However, Tpap™™ males were

1999



BIOLOGY OF REPRODUCTION 67, 7600-766 (2002)
DOI 10.1095/biolreprod.101.000612

Analysis of the Mechanism for Chromatin Remodeling in Embryos Reconstructed

by Somatic Nuclear Transfer’

Jin-Moon Kim,*s Atsuo Ogura,** Masao Nagata,® and Fugaku Aokiz*

Department of Veterinary Science,* National Institute of Infectious Diseases, Tokyo 162-8640, Japan
Department of Integrated Biosciences,® Graduate School of Frontier Sciences, University of Tokyo,

Kashiwa City, Chiba 277.8562, Japan

ABSTRACT

The objective of the present study was te understand the mo-
lecular/biochemical nature of chromatin remodeling that occurs
in the somatic nuclei transferred into oocytes. We produced the
reconstructed mouse embryos by two different protocals of nu-
clear transfer. The nucleus of a cumulus cell was transferred into
enucleated unfertilized oocytes (transferred before activation,
TA protacol) ar activated oocytes {(activated before transfer, AT
protacol). More than half (56.1%) of the embryos reconstructed
using the TA protocol developed to the morufa/blastocyst stage,
whereas very few (1.0%) of the embryos reconstructed using
the AT protocol reached the morula/blastocyst stage. These em-
bryos were analyzed for the events associated with transcrip-
tional regulation. Changes in transcriptional activity, nuclear ac-
cumulation of TATA box binding protein (TBP), and DNase |
sensitivity were examined after nuclear transfer. In the embryos
reconstructed by TA protoce!, all of these events occurred in a
manner similar fo that in the control diploid parthenogenetic
embryos. The transcriptional activity was silenced after nuclear
transfer and resumed at the {ate 1-cell stage. TBP was displaced
and subsequently accumulated at the early and the late 1-cell
stage, respectively. DNase | sensitivity was increased and then
decreased at the early and late 1-cell stage, respectively. In con-
{rast, embryos reconstructed using the AT protocol did not show
such changes in transcriptional activity, TBP accumulation, and
DNase | sensitivity. These events would be necessary for differ-
entiated nuclei to restore totipotency and are useful indices to
evaluate successful chromatin remodeling.

developmental biology, early development, embryo

INTRODUCTION

Successful generation of cloned animals by nuclear
transfer of somatic cells has been reported in several mam-
malian species [1-5]. These reports proved that somatic
nuclei could reverse their developmental clock to recover
totipotency when introduced into appropriate cytoplasmic
envirenments. In the initial stage of embryogenesis, the em-
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bryos are under the control of maternally derived proteins
and transcripts accumulated in the oocyte until activation
of the zygotic genome (zygotic gene activation). After that,
the development is controlled by the zygotic nucleus. Thus,
the transferred nuclei should change their gene expression
pattern to that of the early embryo nuclei for further suc-
cessful development. This change, which may affect the
subsequent gene expression pattern, is generally termed re-
programming and is preceded by altering the configuration
of chromatin, i.e., chromatin remodeling [6-8]. In spite of
its biological importance, little is known about the molec-
ular nature of the reprogramming event.

The methods used for cloning procedures fall into two
groups in terms of the cell cycle stage of the recipient cy-
toplasm. One method is transplanting the nuclei into meta-
phase 1I (MIl)-arrested unfertilized oocytes. This approach
leads to nuclear envelope breakdown (NEBDY) and subse-
quent premature chromosome condensation (PCC) due to
the high level of maturation/M-phase promoting factor
(MPF) in the oocyte cytoplasm [9-12]. The other method
is t0 use activated ova, which have been relieved from MII
arrest and have resumed the cell ¢ycle, as the recipient cy-
toplasm. In this case, NEBD and PCC of the donor nuclei
do not occur because the activity of MPF has already de-
clined [9, 13-15]. Earlier studies demonstrated that MII-
arrested nonactivated oocytes are far more effective for sup-
porting development of embryos reconstructed with differ-
entiated nuclei than are activated oocytes [16, 17]. Thus,
success in chromatin remodeling, from differentiated nuclei
to totipotent ones, is dependent on the cell cycle stage of
the recipient’s cytoplasm. The ability to allow remodeling
of chromatin apparently exists in MIl-arrested nonactivated
oocytes and disappears after activation.

The purpose of this study was to investigate the melec-
ular/biochemical basis of chromatin remodeling that occurs
in the somatic nuclei transferred into oocytes. We recon-
structed the embryos by two different nuclear transfer pro-
tocols, transfer of nuclei into the oocytes before and after
activation, to investigate the difference in the molecular/
biochemical events inveolved in chromatin remodeling when
the nuclei are successfully remodeled and when they are
not. This comparison would provide us with an important
key to understanding the mechanism of chromatin remod-
eling. The embryos reconstructed by two different protocols
were compared with each other using molecular/biochem-
ical eriteria such as transcriptional activity, distribution of
basal transcription factor, and DNase T sensitivity of the
chromosomes.

MATERIALS AND METHODS

Collection of Oocytes and Preparation of Donor Cells

Female B6D2F, (C57BL/6 x DBA/2 hybrid; SLC, Shizuoka, Japan)
mice 8-9 wk of age were superovulated with 7.5 1U eCG followed by 7.5

— 124 -



International Congress Series 1246 (2002) 151-1359

Epigenetic regulation in mammalian development
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Abstract

Although somatic cell cloning has been accomplished in several mammalian species, its
efficiency remains considerably low due to fetal mortality during the pre- and perinatal periods,
which suggests incomplete initialization of epigenetic memories during the somatic cloning
procedure. Genomic imprinting is an epigenetic mechanism that produces functional differences
between the paternal and matemal genomes, and plays an essential role in mammalian development
and growth. Therefore, it is very important to examine the genomic imprinting status of somatic
clones. The placenta is one of the most commonly affected organs in the somatic clones. We
confirmed that parental-origin-specific monoallelic expression of imprinted genes was maintained
faithfully in cloned embryos and abnormal placentas. However, reduced expression was observed for
several genes, including certain imprinted genes in both day 12.5 and term placentas. These results
suggest that the development process in cloned mice is not identical to that in normal mice. We
analyzed mouse clone embryos, which were produced from primordial germ cells (PGCs), and

Abbreviations: Peg, paternally expressed gene; Meg, matemally expressed gene; PGC, primordial germ cell;
DMR, differentially methylated region.
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Phenotypic Effects of Somatic Cell Cloning in the Mouse

A. OGURA,!? K. INOUE,* N. OGONUKI,! ]. LEE,2? T. KOHDA,?? and F. ISHINQ 23

ABSTRACT

Although a variety of phenotypes and epigenetic alterations have been reported in animals
cloned from somatic cells, the exact nature and consequences of cloning remain unclear. We
cloned mice using fresh or short-term cultures of donor cells (cumulus cells, immature Ser-
toli cells, and fetal or adult fibroblast cells) with defined genetic backgrounds, and then com-
pared the phenotypic and epigenetic characteristics of the cloned mice with those of fertil-
ization-derived control mice. Irrespective of the nucleus-donor cell type, about 50% of the
reconstructed embryos developed to the morula/blastocyst stage, but about 90% of these clones
showed arrested development between days 5 and 8, shortly after implantation. Most of the
clones were alive at term, readily recovered respiration, and did not show any malformations
or overgrowths. However, their placentas were two- to threefold larger than those of the con-
trols, due to hyperplasia of the basal {or spongiotrophoblast) layer. Although there was sig-
nificant suppression of a subset of both imprinted and non-imprinted placental genes, fetal
gene suppression was minimal. The seven imprinted genes that we examined were all ex-
pressed correctly from the parental alleles. These findings were consistent for every cell type
from the midgestation through term stages, Therefore, cloning by nuclear transfer does not
perturb the parent-specific imprinting memory that is established during gametogenesis, and
the phenotypic and epigenetic effects of cloning are restricted to placental development at
the midgestation and term stages. Twelve male mice that were born in 2 normal manner fol-
lowing nuclear transfer with immature Sertoli cells (B6D2F1 genetic background) were sub-
jected to long-term observation. They died earlier than the genotype-matched controls (50%
survival point: 550 days vs. 1028 days, respectively), most probably due to severe pneumonia,
which indicates that unexpected phenotypes can appear as a result of the long-term effects of
somatic cell cloning.

INTRODUCTION the individual cloning steps, which include the

enucleation of cocytes, oocyte activation, and em-

THE EFFICIENCY WITH WHICH CLONED ANIMALS are  bryo culture. However, unpredictable cloning-
produced from somatic cells has improved associated phenotypes still arise, some of which
consistently over the years due to optimization of  are fatal, especially in domesticated species. Al-

Bioresource Center, RIKEN, Tsukuba, Ibaraki, Japan.
2CREST, JST, Kawaguchi, Saitama, Japan.
3Gene Research Center, Tokyo Institute of Technology, Yokohama, Kanagawa, Japan.
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Birth of offspring following transplantation of
cryopreserved immature testicular pieces and in-vitro
microinsemination
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BACKGROUND: Fertility protection is an urgent clinical problem for prepubertal male oncology patients who
undergo either chemotherapy or radiotherapy. As these patients do not have mature sperm to be frozen, there is
as yet no effective method to preserve their fertility,. METHODS AND RESULTS: Single pieces of immature mouse
(1.5% 1.5 x 1.5 mm) or rabbit (2.0 X 2.0 X ~3.0 mm) testis were cryopreserved, thawed and transplanted into mouse
testes. Histological techniques were used to determine the presence of spermatogenesis, which was restored in both
mouse and rabbit testicular picees, and led to the production of mature sperm after both cryopreservation and
syngeneic or xenogeneic transplantation into mouse testes. Using sperm developed in the frozen~thawed transplants,
mouse offspring were born after in-vitro microinsemination, Furthermore, rabbit offspring were obtained using
rabbit sperm that developed in fresh transplants in a xenogeneic surrogate mouse. CONCLUSIONS: This approach
of ‘testicular tissue banking’ is a promising technique for the preservation of fertility in prepubertal male oncology
patients. Xenogeneic transplantation into immunodeficient mice may provide a system for studying spermatogenic

failure in infertile men.

Keywords: cancerfinfentility/in-vitro microinsemination/ testis/transplantation

Introduction

Recent advances in chemotherapy and radiotherapy have
significantly improved remission and complete recovery rates
in cancer patients. However, because germ cells are highly
susceptible to cytotaxic treatments, jatrogenic loss of fertility
has emerged as a major side effect of successful treatment
(Aslam er al., 2000). In males, sperm freezing is an established
method to preserve germline cells (Fossa et al., 1989; Royére
et al., 1996; Lass et al., 2001), and is performed routinely in
clinics for those patients who wish to preserve their fertility
before undergoing treatment for malignancy (Lass et al., 2001).
Despite the small amount and poor quality of semen specimens
from oncology patients (Fossa ef al., 1989; Hovatta, 2001),
pregnancies have been reported using frozen—thawed sperm
(Royére er al., 1996; Lass et al., 2001). Unfortunately, the
technique cannot be applied to prepubertal patients, who do
not have sperm, although their testes contain gonocytes or
immature spermatogonia. Approximately 1 in 650 children
develop malignancies during childhood and it is estimated
that, by 2010, one in 250 young adults (aged 20-29 years)

© European Societv of Human Reproduction and Embryology

will be long-term survivors of childhood cancer (Aslam ef al.,
2000). Thus, the preservation of male germline cells in
prepubertal boys is an urgent clinical problem {Askam er af.,
2000; Hovatta, 2001).

In females, transplantation of frozen-thawed ovarian pieces
has been successful in both laboratory and domestic animals.
Live hirths or pregnancies have been reported after orthotopic
transplantation of frozen—thawed ovarian tissues or whole
ovary in the mouse (Parrot, 1960), rat (Wang et al., 2002)
and sheep (Gosden er al., 1994). Based on the success in
animal experiments, the first ovarian transplantation trial
was recently initiated in humans, and the resulis demonstrated
the promise of possibly ‘frozen banking’ of an ovarian
tissue piece for female cancer patients (Oktay, 2001; Radford
et al., 2001).

Given the successful outcome of tissue cryopreservation in
females, a valuable strategy to preserve male fertility would
be to develop spermatogenesis from immature spermatogonia
in pieces of frozen-thawed testicle. Early attempts o freeze
testicular pieces met with limited success (Nugent ez al,, 1997},
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Short Communication

Improved Postimplantation Development of Rabbit
Nuclear Transfer Embryos by Activation with Inositol
1,4,5-Trisphosphate

KIMIKO INOUE,!? NARUMI OGONUKI,2 YOSHIE YAMAMOTO,? YOKO NOGUCHI 2
SHUJI TAKEIRI,? KUMIKO NAKATA * HIROMI MIKL* MAYUKO KUROME}
HIROSHI NAGASHIMA?Y, and ATSUO OGURA 234

ABSTRACT

Cloned rabbit embryos are characterized by their extremely poor postimplantation develop-
ment, despite their high survivability until the blastocyst stage in vitro. This study examined
whether the developmental failure of cloned rabbit embryos i1 vivo can be overcome by tech-
nical improvements to the activation protocol. Freshly collected cumulus cells were trans-
ferred into enucleated oocytes by intracytoplasmic injection. One to two hours later, the
oocytes were activated by electroporation with Ca?* or inositol 1,4,5-trisphosphate (IP3),
which is known to induce repeated rises in intracellular Ca?*, as in normal fertilization. Af-
ter transfer of embryos at the two- to four-cell stages, well-defined implantation sites with
remnant fetal tissue were observed at term (day 28) only in the IP3-stimulation groups (0.9%
and 5.8% per transferred embryo for single and triple stimulation groups, respectively). When
some recipients in the same group were examined at days 16-20, a viable cloned fetus (day
19) with normal organogenesis was obtained. These findings clearly demonstrate that the
oocyte activation protocol using IP3 enhances the postimplantation development of nuclear-
transferred rabbit embryos.

INTRODUCTION

FOR ABOUT 50 YEARS, rabbits have provided
good experimental models for the study of re-
productive biology. In 1988, the first intracyto-
plasmic sperm injection (ICSI)-derived offspring
in mammals was reported in the rabbit (Hosoi et

al.,, 1988). Successful rabbit blastomere cloning
was also reported as early as 1988 (Stice and Robl,
1988), following success in sheep (Willadsen,
1986) and cows (Prather et al, 1987). Despite
much effort, however, rabbit somatic cell cloning
has been hampered because of the inability of the
reconstructed embryos to undergo the implanta-

!Bioresource Center, RIKEN, Ibaraki, Japan.
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Paternal Expression of a Novel Imprinted Gene,
Peg12/Frat3, in the Mouse 7C Region Homologous
to the Prader-Willi Syndrome Region
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Paternally expressed imprinted genes {Pegs} were
systematically screened by comparing gene expres-
sion profiles of parthenogenetic and normal fertilized
embryos using an oligonucleotide array. A novel im-
printed gene, Pegl2/Frat3, was identified along with
10 previously known Pegs. Pegl2/Frat3 is expressed
primarily in embryonic stages and might be a positive
regulator of the Wnt signaling pathway. It lecates next
to the Z{p127 imprinted gene in the mouse 7C region,
which has syntenic homology to the human Prader-
Willi syndrome region on chromosome 15q11-q13, in-
dicating that this imprinted region extends to the te-
lomeric side in the mouse. © 2002 Elsevier Science

Key Words: genomic imprinting; Prader-Willi syn-
drome; Pegl12/Frat3; paternally expressed gene.

Among vertebrates, genomic imprinting is a mam-
malian-specific phenomenon in which functional differ-
ences between paternal and maternal genomes pro-
duce several parental-origin-specific phenotypes in de-
velopment, growth, behavior, and some human genetic
diseases and cancers (1-5). It is explained by the exis-
tence of two kinds of imprinted genes: paternally ex-
pressed genes (Pegs) and maternally expressed genes
(Megs). To systematically isolate imprinted genes, a
number of candidate genes were collected that showed
differential expression in uniparental (parthenogenetic
or androgenetic) and normal fertilized embryos: using
subtraction-hybridization and oligonucleotide arrays.
So far, nine Pegs (Pegl/Mest, Igf2, Peg3, Snrpn, Pegs/

' To whom correspondence and reprint requests should be ad-
dressed at Gene Research Center, Tokyo Institute of Technology.
4259 Nagatsuta-cho, Midori-ku. Yokohama 226-8501, Japan. Fax:
(+81)-45-924-5814. E-mail: fishino@bio.titech.ac.jp.
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Nnat, Peg9/Dikl, Ndn, Sgce, Impact) have been iden-
tified by these methods (6-10). Using an improved
version of GeneChip (Murine Genome U74 probe ar-
ray), we obtained additional candidates and proved
that PeglZ/Frat3 is a novel paternally expressed im-
printed gene.

PeglZ/Frat3 locates on the mouse 7C chromosomal
region syntenic to human 15q11-q13, which is involved
in Prader-Willi (PWS, MIM 176270) and Angelman
(AS, MIM 105830) syndromes. PWS is a neurogenic
disorder that is associated with significant develop-
mental, behavioral, and mental problems, which result
from a deficiency of the expression of paternally ex-
pressed imprinted genes in this region (5, 11). It is a
well-conserved region in human and mouse and, so far,
twelve Pegs—Zfipl27, Zfpl27as, Magel2, Ndn, Sunif
Snrpn, Pwerl, MBII-85, MBII-52, MBII-13, Ipw,
Ube3aas—are known to be clustered in the mouse 7C re-
gion (http://www.mgu har.mrc.ac.uk/research/imprinted/
imprin.html).

Mice that fail to express all the Pegs in this region
show phenotypes similar to PWS and serve as potential
mouse models of PWS. These include mice with (i)
maternal duplication/paternal deficiency of the 7C
chromosomal region, (ii) a large deletion of the PWS/AS
homologous region associated with a transgenic inser-
tion, and (iii) a 42-kb deletion of the putative PWS
imprinting center (IC) region (12-14). All of these
model mice show characteristics similar to human
PWS infants, such as feeding difficulties, decreased
movement, and failure to thrive. Although they show
100% lethality within approximately one week (for ex-
ample, 72% of IC mutation mice died within 48 h after
birth and none survived past 9 days), why the model
mice showed such a severe lethality remains unknown.

(0006-291X/02 $35.00
© 2002 Elsevier Science
All rights reserved.
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Erasing genomic imprinting memory in mouse clone embryos produced from

day 11.5 primordial germ cells
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SUMMARY

Genomic imprinting is an epigenetic mechanism that
causes functional differences between paternal and
maternal genomes, and plays an essential role in
mammalian development. Stage-specific changes in the
DNA methylation patterns of imprinted genes suggest that
their imprints are erased some time during the primordial
germ cell (PGC) stage, before their gametic patterns are re-
established during gametogenesis according to the sex of
individuals. To define the exact timing and pattern of the
erasure process, we have analyzed parental-origin-specific
expression of imprinted genes and DNA methylation
patterns of differentially methylated regions (DMRs) in
embryos, each derived from a single day 11.5 to day 13.5
PGC by nuclear transfer. Cloned embryos produced from
day 12.5 to day 13.5 PGCs showed growth retardation and
early embryonic lethality around day 9.5. Imprinted genes
lost their parental-origin-specific expression patterns
completely and became biallelic or silenced. We confirmed
that clones derived from both mate and female PGCs gave
the same result, demonstrating the existence of a common
default state of genomic imprinting to male and female
germlines. When we produced clone embryos from day 11.5
PGCs, their development was significantly improved,

allowing them to survive until at least the day 11.5
embryonic stage. Interestingly, several intermediate states
of genomic imprinting between somatic cell states and the
defanlt states were seen in these embryos. Loss of the
monoallelic expression of imprinted genes proceeded in
a step-wise manner coordinated specifically for each
imprinted gene. DNA demethylation of the DMRs of the
imprinted genes in exact accordance with the loss of their
imprinted monoallelic expression was also observed.
Analysis of DNA methylation in day 10.5 te day 12.5 PGCs
demonstrated that PGC clones represented the DNA
methylation status of donor PGCs well. These findings
provide strong evidence that the erasure process of genomic
imprinting memory proceeds in the day 10.5 to day 11.5
PGCs, with the timing precisely controlled for each
imprinted gene. The nuclear transfer technique enabled us
to analyze the imprinting status of each PGC and clearly
demonstrated a close relationship between expression and
DNA methylation patterns and the ability of imprinted
genes to support development.

Key words: Genomic imprinting, Primordial germ cells, PGC clones,
Imprinted genes, DNA methylation, Mouse

INTRODUCTION

The initialization and reprogramming processes of epigenetic
information during germ cell development are not fully
understood. In mammals, a parental-origin-specific gene
regulation mechanism, known as genomic imprinting, plays
an essential role in development, growth and behavior, by
regulating the expression of two kinds of imprinted genes:
paternally and maternally expressed genes (Pegs and Megs,
respectively) (Surani et al., 1984; McGrath and Solter, 1984;
Cattanach and Kirk, 1985; Barlow et al., 19591; Bartolomei et
al., 1991; DeChiara et al., 1991; Kaneko-Ishino et al., 1995;
Miyoshi et al., 1998). Parenta! imprinted memories persist in
somatic cells after fertilization, while it is necessary for them

to be erased and re-established during germ cell development
to reflect the gender of the individual (Reik and Walter, 2001).
The immigration of PGCs to the genital ridges starts at around
day 10.5 of the embryonic stage and is completed by day 11.5
{Rugh, 1990; Yeom et al., 1996; Molyneaux et al., 2001), when
differentiation of the testes and ovaries commences.

Previous studies have indicated that imprinted memories
were erased from day 11.5 to day 15.5 PGCs, judging from
changes in DNA methylation and the loss of the monoallelic
expression of imprinted genes (Grant et al., 1992; Kafri et al.,
1992: Brandeis et al., 1993; Szabo and Mann, 1995). Region
2 of the fgf2r gene, which shows the fully methylated pattern
of maternal alleles and the unmethylated pattem of paternal
alleles in somatic cells, becomes totally unmethylated in both
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Sertoli cells play a pivotal role in spermatogenesis through their
interactions with germ cells. To set up a strategy for treating male
infertility caused by Sertali cell dysfunction, we developed a Sertoli
cell gene transfer system by using an adenovirus vector, which
maintained long-term transgene expression in the testes of infer-
tile mice. Introduction of an adenovirus carrying the mouse Steel
{50) gene into Sertoli cells restored partial spermatogenesis in
infertile Steel/Steeldiie {§//5/) mutant mouse testes. Although
these males remained infertile, round spermatids and spermatozoa
from the testes produced normal fertile offspring after intracyto-
plasmic injection into oocytes. None of the offspring showed
evidence of germ line transmission of adenoviral DNA. Thus, we
demonstrate a successful treatment for infertility by using a gene
therapy vector. Therefore, adenovirus-mediated gene delivery into
Sertoli cells not only provides an efficient and convenient means
for studying germ cell-Sertoli cell interactions threugh manipula-
tion of the germ cell microenvironment in vivo, but also is a useful
method to treat male infertility resulting from a Sertoli cell defect.

nfertility affects =20% of couples, and severe spermatogenic

defects are present in ~5% of these cases, representing ~1%
of the male population (1). Spermatogenesis depends on an
intimate interaction between germ cells and Sertoli cells (2).
Sertoli cells are the only somatic cells in the seminiferous tubules
that have direct contact with germ cells. A defect in Sertoli cells
may result in abnormal spermatogenesis and male infertility. It
is possible that the germ cells in some infertile testes might be
functionally competent but deficiencies in Sertoli cells could
possibly inhibit the normal differentiation of germ cells. There
are currently no effective methods to correct such genetic defects
in animals or humans (3).

The SI mouse is used as a murine model of infertility (4). The
$!locus encodes soluble and membrane-bound forms of S factor
that binds to the c-kit tyrosine kinase receptor produced by the
W locus (5-7). In the testis, c-kir and S/ are expressed in
spermatogonia and Sertoli cells, respectively, and the interaction
between these two factors play an important role in the regu-
lation of spermatogonial cell proliferation (8). A mutation in 8/
deletes the entire $f gene, whereas the $I7 mutation deletes the
transmembrane and intracellular domains (9). Thus, mice with
the §1/5/ mutation do not have the membrane-bound S/ factor
and spermatogenesis does not occur in the male, In addition, the
seminiferous tubules of these mice are virtually devoid of germ
cells, a histological outcome that is similar to the clinical
condition called Sertoli cell-only syndrome (10), although Sertoli
cell-only is often associated with very small numbers of sperm
(11,12). Nonetheless, studies have shown the presence of healthy
spermatogonia in the S//SH testis. Aggregation chimeras be-
tween 87 and wild-type embryos produced progeny with the S!
phenotype, indicating the presence of functional S/ germ cells
(13). Furthermore, transplantation of germ cells from Si/SH
mice into infertile W mutant mice restored fertility to the latter,

www.pnas.org/cgi/doi/10.1073/pnas.022646399

and the donor haplotype was transmitted to the offspring of W
mutant mice {14). Thus, the S/ mutant mouse is an example of
male infertility arising from dcfective Sertoli cells. The evidence
suggests that primitive spermatogonia in the S/ testis may
undergo spermatogenesis if provided with healthy Sertoli cells,
despite long-term exposure to a defective environment.
Bearing in mind the close interaction between germ cells and
Sertoli cells, a valuable approach to better understanding of
spermatogenesis would be to introduce foreign genes into Sertoli
cells and then monitor the outcome. Furthermore, genetic
modification of Sertoli cells could be used to correct defective
Sertoli cells, thus providing a method to treat those cases of male
infertility that might be the results of defects in Sertoli cell
function. However, although germ cells can be transfected by
using several methods (15-17), there is currently no technique
that allows long-term, widespread transgene expression in Ser-

toli cells (16, 18). Adenoviruses have potential as gene therapy

vectors in human patients because of their relatively high cloning
capacity and amenability to production in high titers (19). Sertoli
cells represent an ideal target for adenoviral infection for two
reasons. First, Sertoli cells may bave the ability to express the
DNA from infecting adenoviruses over long periods of time
because they are mitotically quiescent after puberty (2). Al-
though an adenovirus can transduce both dividing and nondi-
viding cells (19), the division of infected cells results in viral
DNA loss because an adenovirus cannot integrate into the host
genome (19}. Second, Sertoli cells have immunosuppressive
activity. Because testis may be an immune-privileged organ and
Sertoli cells can protect immunogenic tissues by Fas ligand
expression (20, 21), an adenovirus infection may not trigger an
immune reaction, a major drawback in this technology (19). The
absence of an immune response could thus be beneficial.

The studies described here sought to determine whether an
adenovirus vector could be used in mice to treat male infertility
caused by a Sertoli cell defect. Earlier attempts to infect Sertoli
cells in wild-type testes met with limited success, as transgene
expression was transient and inflammation was apparent (18).
Nonetheless, we hoped that adenovirus infection of infertile
testes might provide a better outcome. Microinjection of ade-
novirus vectors into the seminiferous tubules of infertile mouse
testes resulted in long-term transgene expression, By using this
technique, we determined the potential of adenovirus infection
system 10 rescue spermatogenesis in the SI/SI? testis. This
approach may be a powerful method to study germ cell-Sertoli
cell interaction and might provide a novel treatment strategy for
male infertility caused by defects in Sertoli cells.

Abbreviations: §I, Steel; §i/5/, Steel/Steel®dis; pfy, plaque-forming unit.
o whom reprintrequests should be addressed. E-mail: takashi@mfour.med kyoto-u.acjp.
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Effects of Donor Cell Type and Genotype on the Efficiency of Mouse
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ABSTRACT

Although it is widely assumed that the cell type and genotype
of the donor cell affect the efficiency of somatic cell cloning,
little systematic analysis has been done to verify this assumption,
The present study was undertaken to examine whether donor
cell type, donor genotype, or a combination thereof increased
the efficiency of mouse cloning. Initially we assessed the devel-
opmental ability of embryos that were cloned from cumulus or
immature Sertoli cells with six different genotypes (i.e., 2 x 6
factorial). Significantly better cleavage rates were obtained with
cumulus cells than with Sertoli cells (P < 0.005, two-way AN-
OVA), which prebably was due to the superior cell-cycle syn-
chrony of cumulus cells at GO/G1. After embryo transfer, there
was a significant effect of cell type on the birth rate, with Sertoli
cells giving the better result (P < 0.005), Furthermore, there
was a significant interaction (P < 0.05) between the cel! type
and genotype, which indicates that cloning efficiency is deter-
mined by a combination of these two factors. The highest mean
birth rate (10.8 = 2.1%) was obtained with (B6 x 129)F1 Sertol
cells. In the second series of experiments, we examined whether
the developmental ability of clones with the wild-type genotype
(JF1) was improved when combined with the 129 genotype.
Normal pups were cloned from cumalus and immature Sertoli
cells of the (129 x JF1)F1 and (JF1 X 129)F1 genotypes, whereas
no pups were born from cells with the (B6 x JFT)F1 genotype.
- The present study clearly demonstrates that the efficiency of so-
matic cell cloning, and in particular fetal survival after embryo
transfer, may be improved significantly by choosing the appro-
priate combinations of cell type and genotype.

assisted reproductive technology; cumulus cells; embryo; im-
plantation; Sertoli cells

INTRODUCTION

Mammalian somatic cell cloning has progressed dra-
matically in recent years and now promises significant im-
provements in the generation of genetically modified ani-
mals for agricultural and biomedical purposes. In addition,
cloning provides us with unique experimental models for
studying the key mechanisms in mammalian development,
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such as genome reprogramming, genomic imprinting, DNA
methylation, and telomere restoration because it generates
individual copies of the donors by bypassing the normal
reproduction process. The laboratory mouse is ideal for this
type of research because it has defined genetic back-
grounds, abundant genetic information, and a short gesta-
tion period and life span. However, mouse cloning has
proven to be difficult because of the extremely poor de-
velopment to term of reconstructed embryos [1, 2J; this
constitutes an obstacle not only to the precise characteriza-
tion of cloned mice but also to the elucidation of the mo-
lecular basis for cloning in mammals.

Since the first successful somatic cell cloning in the
mouse in 1998 [3], cumulus cells with the hybrid Fl ge-
notype {BDF1 or B6C3HF1) have become the standard do-
nors in mouse cloning experiments. Generally, normal
cloned mice are not born alive from donor cells from inbred
strains, with the exception of the 129 strains (cumulus cells
[4] and tail-tip cells [5]). The 129 group represents inbred
strains of mice that are excellent sources of embryonic stem
(ES) cell lines [6). The underlying mechanism of this
unique feature of the 129 mouse strain is not fully under-
stood, but it is possible that the epigenetic status of the 129
genome is less stable and more easily modified in compar-
ison with those of other strains of mice. If this is true, it
may be possible to reprogram the genome of the 129 donor
cells and thereby improve the subsequent development of
reconstructed embryos.

The donor cell type is another factor that is generally
thought to affect cloning efficiency in mammals. Precise
assessment of the effects of cell type on somatic cell clon-
ing may be performed using the mouse as a model because
different donor cells with the same genetic background are
readily available in this species. Previously we reported that
the nuclei of immature Sertoli cells from neonatal BDE|
mice supported embryonic development at a relatively
higher rate than did cumulus cells with the BDF1 back-
ground [7}. More recently it was reported that fetal neural
BDFI cells further increased the efficiency of cloning [8].
In contrast, fetal fibroblasts, which are the most commonly
used donor cells in domestic species, are not necessarily
good donors in the mouse [9], irrespective of their genotype
[2, 5].

The present study was undertaken to examine whether
donor cell type, donor genotype, or a combination thereof
increased the efficiency of mouse cloning. In the first series
of experiments, we used cumulus cells and immature Ser-
toli cells from 129/Sv-ter mice, their F1 hybrids, and BDFI1
mice as donors in a 2 X 6 factorial analysis. In the second
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ABSTRACT

Spermatogenesis is a complex process that originates in a
small population of spermatogonial stem cells. Here we report
the in vitro culture of spermatogonial stem cells that proliferate
for long periods of time. In the presence of glial cell line-derived
neurotrophic factor, epidermal growth factor, basic fibroblast
growth factor, and leukemia inhibitory factor, gonocytes isolated
from neonatal mouse testis proliferated over a 5-month period
(>10'-fold) and restored fertility to congenitally infertile recip-
ient mice following transplantation into seminiferous tubufes.
long-term spermatogonial stem cell culture will be useful for
studying spermatogenesis mechanism and has important impli-
cations for developing new technology in transgenesis or med-
icine.
developmental biology: gametogenesis; Sertoli cells; spermato-
genesis; testis

INTRODUCTION

Because spermatogonial stem cells are the only stem
cells in adults that divide to contribute genes to subsequent
generations, they are valuable for biological experimenta-
tion, medical research, and biotechnology [1]. However, at-
tempts to expand and manipulate these cells in vitro have
not been successful [2, 3]. Although a previous study
showed that some spermatogonial stem cells could survive
in vitro for longer than 3 months [4], generally only 10—
20% remained after a week in culture [2). More recently
genetic materials, such as SV40 T antigen or telomerase,
were used to immortalize spermatogonia, and long-term
proliferation was reported [5, 6]. However, it is unclear
whether these cells have the capacity to generate sperma-
tozoa and act as true stem cells. In addition, no quantitative
assessment of in vitro stem cell proliferation has been per-
formed by transplantation assay {4, 7-10].

In the experiments described here, we report the in vitro
culture of spermatogonial stem cells that proliferate for
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‘long periods of time. We used the spermatogonial trans-
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plantation technique [I1] to evaluate the level of self-re-
newal activity of stem cells in vitro, and transplantation of
the cultured cells restored fertility to congenitally infertile
recipient mice.

MATERIALS AND METHODS
Animals

Testis cells were collected from a newbomn transgenic mouse line
C57BL6/Tg14(act-EGFP-OsbY01) that was bred into DBA/? backgrownd
(designated Green) (provided by Dr. M. Okabe. Osaka University, Osaka.
Japan). The spermatogonia and spermatocytes of these mice express the
enhanced green fluorescent protein (EGFP) gene, the level of expression
of which decreases gradually after meiosis [12]. Therefore, donor cells can
be readily identified following transplantation. Testis cells were collected
by two-step enzymatic digestion and used for culture [13). Briefly. testis
cells were digested with 1 mg/ml collagenase (type [V, Sigina. St Louis:
MO} for 15 min. followed by 0.25% trypsin/l mM EDTA digestion (both
from Invitrogen, Carlsbad, CA) for 10 min. Approximately 4 X 10¥ cells
were collected from a neonatal testis by this procedure, The number of
dead cells was generally less than 5%, as assessed by trypan blue staining.

Cultured cells were transplanted into BALB/C nude or infertile
WRBBGF | W/WY (designated W) pups (5-10 days old. Japan SLC, Shizu-
oka, Japan). To deplete endogenous spermatogencsis, nude mice were
treated with busulfan (44 mg/kg) at 6 wk of age [11] and were subse-
quently injected with homologous bone marrow cells 1o reduce moartality
[t4]. In experiments using W recipients, 50 g anti-CD4 antibody (GK1.5)
was admmistered intraperitoneally on Days 0. 2. and 4 afier transpiantation
to induce tolerance 10 the allogeneic donor cells {14]. All animal experi-
mentation protocols were approved by the Institutional Animal Care and
Use Committee of Kyoto University.

Culture Conditions

Dissociated testis cells were allocated to 0.2% (w/v) gelatin-coated
tissue culture plate (2 X 10° cells/3.8 cm?). The plates were washed twice
with PBS before use. Culture medium for the testis cells was StemPro-34
SFM (Invitrogen) supplemented with StemPro supplement (Invitrogen), 23
pg/ml insulin, 100 pg/mi transferrin, 60 pM putrescine, 30 nM sodium
selenite, 6 mg/m! D-(+)-glucose, 30 pg/ml pyruvic acid, 1 pl/ml DL-lactic
acid {Sigma), 5 mg/m| bovine albumin (ICN Biomedicals, Irvine, CA), 2
mM 1-glutamine, 5 X 10~* M 2-mercaptocthano!, minimal essential me-
dium (MEM) vitamin solution (Invitrogen). MEM nonessential amino acid
solution (Invitrogen), 10-* M ascorbic acid, 10 pg/ml d-biotin, 30 ng/m!
B-estradiol, 60 ng/ml progesterone {Sigma). 20 ng/ml mouse epidermal
growth factor (Becton Dickinson, Bedford, MA), 10 ng/ml human basic
fibroblast growth factor (Becton Dickinson), 10* U/ml ESGRO (murine
leukemia inhibitery factor; Invitrogen), 10 ng/ml recombinant rat glial cell
line-derived neurctrophic factor (GDNF) (R&D Systems, Minneapolis,
MNY) and 1% fetal calf serum (JRH Biosciences, Lenexa, KS) The cells
were maintained at 37°C in an atmosphere of 5% carbon dioxide in air.

Antibodies and Staining

Primary antibodies used were: rat anti-EpCAM (G8 8) and mouse an_n‘~
SSEA-1 (MC-480) (Developmentat Studies Hybridoma Bank, University
of towa, lowa City, A}, rat antthuman aé-integrin (CD49f) (GoH3), bio-

— 137 —



