because Izumo is not localized on plasma membrane of fresh
spermatozoa but is hidden under plasma membrane and accessible
after the acrosome reaction, as occurs with CD46 on mouse sperm®.

To address the physiological role of Izumo in vivo we generated
Tzumo-deficient mice by homologous recombination. An Izumo-
targeting construct was designed to replace exons 2-10 with a

Figure 2 Targeted disruption of izumo gene. a, Complete structures of the wild-type
mouse lzumo allele, targeting vector and mutant aflele. Exons and introns are represented
by vertical bars and horizontal lines, respectively. A neomycin-resistance gene driven by a
phosphoglycerine kinase (PGK) promoter (neo ") and a diphtheria toxin A chain driven by a
MC1 promoter (DT) are shown as white boxes. b, Southern blot genotyping confirmed
gene disruption. Hybridization of the 3’ external probe with £coRl-digested genomic DNA
yielded 15-kb (wild type) and 6.9-kh (mutant) bands. ¢, Northern blot of total testis RNA
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neomycin-resistant gene (neo”) (Fig. 2a). Both the targeting event
in D3 embryonic stem cells and the germline transmission of
targeted genes were confirmed by Southern blot analysis (Fig. 2b).
In the homozygous mutant mice, the full-length (1.6-kilobase (kb))
messenger RNA (Fig. 2c) and the Izumo protein (Fig. 2d) were not
detected. Because the disruption of a gene can cause a concomitant
increase or decrease in some related genes’, we examined ADAM?2
(ref. 8), CD147 (ref. 9) and sp56 (ref. 10), which were reported to be
involved in sperm-egg interactions. We could not find a significant
change in these protein levels in sperm after the deletion of Izumo
gene (Fig. 2d).
Intercrosses between heterozygous F; mice yielded offspring that
segregated in a mendelian distribution: 43 wild-type, 92 hetero-
zygous and 47 homozygous mutant weaning pups. lzumo -l
mutant mice were healthy and showed no overt developmental
abnormalities. Izumo ™'~ females demonstrated normal fecundity.
Izumo™ ™ males also showed normal fertilizing ability (Fig. 3a).
However, Izumo ™'~ males were sterile despite normal mating
behaviour and ejaculation, with normal vaginal plug formations.
After observation of 28 plugs, nine pairs of Izumo '~ male and
wild-type females were kept for another 4 months but no pregnan-
cies were observed (Fig. 3a). In at least four different cases of gene
knockouts that resulted in male sterility attributed to impaired
zona-binding ability, the sperm also failed to migrate into the
oviduct”™®'"12, However, disruption of Izumo did not cause any
defect in sperm migration into the oviduct (data not shown, and
there was no reduction of sperm motility in Izumo '~ sperm;
motility was measured 120 min after incubation by computer-aided
sperm analysis (CASA; mean * s.e.m. = 81.7 * 7.7%in Tzumo™'~
sperm and 77 * 8.9% in [zumo ~'” sperm)). The sterile nature of
Izumo ™'~ sperm was shown in the in vitro fertilization system
(Fig. 3b, ¢, and Supplementary Movie 1). The impaired fertilization
step undoubtedly followed zona penetration because sperm
penetrated the zona pellucida and accumulated in the perivitelline
-space of the eggs (Fig. 3d).

Syngamy can be considered to occur to two stages: binding of the
sperm plasma membrane to that of the egg, and actual membrane
fusion. Izumo '~ sperm were capable of binding to the plasma
membranes of eggs whose zona pellucida had been mechanically
removed'*(Fig. 3e, f). In this system, the Izumo ™~ sperm incubated
for 2 and 6 h fused to eggs in approximate ratios of 4.5 and 6 sperm
per egg, respectively, but no Izumo ~/~ sperm fused with eggs.

Sperm cannot fuse with eggs unless the former have undergone
the acrosome reaction'. To verify the acrosomal status of Izumo '~
sperm, we stained the sperm accumulated in perivitelline spaces
with the MN9 monoclonal antibody, which immunoreacts only to
the equatorial segment of acrosome-reacted sperm'®. The staining
indicated that the Izumo ~'~ sperm had undergone the acrosome
reaction (Fig. 3d) but failed to fuse with eggs.

Because no offspring were fathered by Izumo " male mice, it
was unclear whether the defect was limited to fusion or extended to
later developmental stages. To address this question, we used
intracytoplasmic sperm injection (ICSI) to insert lzumo -
sperm directly into the cytoplasm of wild-type eggs and bypass
the fusion step®. Eggs injected with [zumo ~'~ sperm were success-

/—

/

Table 1 Development of eggs after ICSt with lzumo ™'~ sperm
Sperm No. of No. of eggs No. of eags No. of
eggs used surviving developing to pups born
after ICSI two-cell stage
lzumo ™'~ 95 59 42 {71%)" 12 (29%)t
lzumo ™'~ 85 54 43 (80%) 6 (14%)

* Percentages are based on numbers of eggs surviving after ICSI.
+All oftspring from lzumo '~ sperm were confirmed to possess the lzumo-null allele,

fully activated and the fertilized eggs were transplanted into the
oviducts of pseudopregnant females. The eggs implanted normally
and the resulting embryos developed appropriately to term with
rates similar to those of heterozygous mice (Table 1).

Sperm—egg fusion is known to be less species-specific than
sperm-zona interaction. For example, human sperm cannot
penetrate the hamster zona pellucida but they can fuse with zona-
free hamster eggs, and this system (zona-free hamster-egg sperm
penetration test) has been used for the assessment of human sperm
fertility'”. We first examined the contribution of mouse Izumo in a
zona-free hamster-egg sperm penetration assay. As indicated in
Fig. 4a, the mouse Izumo was essential not only in the homologous
fusion system but also for heterologous fusion with hamster eggs.
Similasly, when the anti-human Izumo polyclonal antibody was
added to the incubation mixture, no fusion was observed, whereas
the sperm treated with control IgG fused with eggs at an average of
5.9 + (.7 sperm per egg. The total numbers of eggs observed were
23 and 29, respectively (n=3). These results indicated that human
Izumo is involved in the fertilization process in human sperm
(Fig. 4b). However, further investigation will be required to explain
the function of Izumo in human fertilization because adding the
antibody caused inhibition of human sperm binding to the egg
plasma membrane in the heterologous sperm—egg fusion system.

The phenotypes of gene knockout mice are not always related to
the disrupted genes but are sometimes caused by disruption of a
neighbouring gene'®. To examine whether the phenotype was
directly derived from the lack of Izumo on sperm, we performed a
rescue experiment by crossing Izumo =/~ mice with transgenic mouse

Hoechst 33342

lzumo+/=

lzumo"-

b Phase

1gG

Anti-hlzumo

Figure 4 Involvement of izumo in a xeno-species fusion system. a, At 6 h after the
insemination of zona-free hamster eggs with lzumo += and fzumo ~'~ mouse sperm,
sperm heads were stained by adding Hoechst 33342 to the medium. The sperm-egg
hinding was strong enough to resist repeated pipetting. b, Human sperm were also added
with 25 pgmi™" anti-human fzumo {anti-hizumo) or control 1gG to zona-free hamster
eqgs (n=3). No fusion was observed in the presence of anti-lzumo antibody. Arrowheads
indicate the swelling sperm head after staining with Hoechst 33342. The eggs were
pressed under a coverslip to bring many sperm into focus.
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lines generated to express Izumo by using the testis-specific calmegin
promoter'”. The sterile phenotype was rescued with the transgenically
expressed Jzumo on mouse sperm (Supplementary Fig. 1).

In the search for sperm surface proteins that function in sperm~
egg plasma-membrane binding and fusion, various candidates such
as DE®, CD46 (ref. 20), equatorin'®, Sperad** and SAMP32 (ref. 22)
have been reported. ADAM family proteins are given the most
attention for their possession of a putative fusion peptide (ADAM]1)
and disintegrin domain (ADAM2 and ADAM3)**. None of the mice
possessing disrupted ADAMla, ADAM2 and ADAM3 show a
significant defect in the ability to fuse with eggs”**, but do show
an impairment of sperm—zona binding ability. Similarly, CD46
disruption does not diminish fusion®. In contrast, CD9 on the egg
surface is essential for the fusing ability of eggs™ and some
indications for the involvement of the binding of integrins to
CD9 are postulated in reference to sperm—egg fusion. However,
the disruptions of the most probable candidate integrins «6 and 81
cause no major influence on the fusing ability of eggs®. Thus, for
several years, postulated fertilization mechanisms were repeatedly
changed as a result of gene disruption experiments. This suggests
that the essential nature of the candidate gene must be judged after
observing the phenotype of the gene-disrupted mice. In this con-
text, Izumo is the first sperm membrane protein shown to be
essential for fusion. It is not yet known whether sperm Izumo
interacts with egg CD?9, as occurs with placental IgSF protein PSG17
(ref. 26); neither do we know why the localization of Izumo after
acrosome reaction is not limited to the equatorial segment where
fusion initially takes place. All we can say now is that continued
study of this protein’s function will undoubtedly lead to a fuller
understanding of the cell-cell fusion process in fertilization and
perhaps in other somatic systems such as muscle cells or
trophoblasts.

The finding not only provides insight into the enigmatic fusion
mechanism but also promises benefits in the clinical treatment of
infertility and the potential development of new contraceptive
strategies. |

Methods

Cloning of [zumo

Izumo amino acid sequences were determined by combining two-dimensional gel
electrophoresis and LC-MS/MS. Some peptide sequences (Fig. 1a, shown in red) were
analysed and identified as members of an immunoglobulin superfamily protein (NCBI
accession number XM _133424) whose function was not clarified. To confirm the DNA
sequence we.used RT--PCR to amplify Izumo from mouse testis RNA as a template with
primers derived from this sequence. The polyclonal antibodies against mouse and human
Izumo were produced by immunizing an Izumo-expressing RK13 cell line into rabbits®.

Generation of Izumo knockout mice

A targeting vector was constructed with the use of pMulti-ND 1.0 containing the Neo-
resistance gene (neo”) as a positive selection marker and diphtheria toxin A chain (DT) asa
negative selection marker (provided by J. Takeda and T. ljiri). A 1.7-kb AscI—Pacl fragment
and a 6.7-kb Clal-Xhol fragment were inserted as a short and long arm, respectively.
Embryonic stem cells derived from 129/5v (D3) were electroporated with Pmel-digested
linearized DNA. Of 385 G418-resistant clones, four had undergone homologous
recombination correctly. Three targeted cell lines were injected into C57BL/6 blastocysts,
resulting in the birth of male chimaeric mice. These mice were then crossed with C57BL/6
to obtain heterozygous mutants. Mice used in the study were the offspring of crosses
between F, and/or F, generations.

In vitro fertilization

Mouse sperm were collected from cauda epididymides and capacitated in vitro for 2hina
200-p) drop of TYH medium?® covered with paraffin oil. Wild-type female mice (more
than 8 weeks old) were superovulated by the injection of 5U of human chorionic
gonadotropin (hCG) 48 h after a 5-U injection of pregnant mare serum gonadotropin. The
eggs were collected from the oviduct 14 h after the hCG injection. Eggs were placed in a
200-u1 drop of TYH medium. These eggs were incubated with 2 X 10° Izumo ™'~ or
Tzumo ~'™ sperm per ml incubated for 2h at 37 °C in 5% CO,, and unbound sperm were
washed away. Eggs were observed 6 h after insemination for the formation of pronuclei
under a Hoffman modulation contrast microscope.

Zona-free-egg sperm penetration assay

After being {reed from cumulus cells with 0.01% (w/v) hyaluronidase, the zona pellucida
was removed from mouse or hamster eggs with a piezo-manipulator as described
previously". Fusion assessment was performed in two different ways. In the first method,
zona-free mouse oocytes were preloaded with Hoechst 33342 by incubating them with the
dye (1 pgml™") in TYH for 10 min and washing them before addition of the sperm. After
30 min of incubation, the eggs were observed under a fluorescence microscope (excitation
with ultraviolet) after fixing with 0.25% glutaraldehyde. This procedure enabled the
staining of only fused sperm nuclei by transferring the dye into sperm after membrane
fusion as in Fig. 3. Alternatively, in the second method the zona-free hamster eggs were
incubated for 6 h with sperm without preloading of the dye. By this time, enlarged sperm
heads could be seen when fusion occurred. The eggs with sperm were incubated in

1 pgml™" Hoechst 33342 for 10 min to ensure that all bound (original sperm head shape)
and fused (enlarged round shape) sperm would be stained with the dye, as in Fig. 4. In all
experiments the human sperm were collected from liquefied semen by the swim-up
method and incubated for 6 h before addition to eggs. We used BWW medium®
containing 35 mg ml~! human serum albumin (HSA) for the human sperm experiment.
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We produced XX<>XY chimeras by using embryos whose X chro-
mosomes were tagged with EGFP (X*), making the fluorescent
green female (XX*) germ cells easily distinguishable from their
nonfluorescent male (XY) counterparts. Taking advantage of tag-
ging with EGFP, the XX* “‘prospermatogonia” were isolated from
the testes, and the status of their genomic imprinting was exam-
ined. It was shown that these XX cells underwent a paternal
imprinting, despite their chromosomal constitution. As previously
indicated in sex-reversal XXsxr testes, we also found a few green
XX* germ cells developed as “eqgs” within the seminiferous
tubules of XX*<>XY chimeric testes. These cells were indistinguish-
able from XX* prospermatogonia at birth but resumed oogenesis
in a testicular environment. The biological nature of the “testicular
eggs” was examined by recovering the eggs from chimeric testes.
The testicular eggs not only formed an egg-specific structure, the
zona pellucida, but also were able to fuse with sperm. The collected
testicular eggs were indicated to undergo maternal imprinting,
despite the testicular environment. The genomic imprinting did not
always follow the environmental conditions of where the germ
cells resided; rather, it was defined by the sex that was chosen by
the germ cells at early embryonic stage.

sex differentiation | XX prospermatogonia | EGFP | XX<XY chimera |
genomic imprinting

o reproduce, mammals must develop as either males or

females. In general, sex is determined by the sex chromo-
somal complement at the time of fertilization; i.e., the presence
of a Y chromosome confers “maleness.” However, the mamma-
lian gonads are reported to arise as a bipotential primordium
with the plasticity to develop into an ovary or a testis (1). In the
process of testicular differentiation, Sertoli cells that express Sry
are considered to play an important role. For example, if Sry
expression were delayed and/or diminished, the resultant ani-
mals would show sex reversal (2-4). Conversely, if exogenously
integrated Sry is expressed in XX mouse gonads, they develop
into male testes (5).

Germ cells also have the plasticity to develop as either oogonia
or “prospermatogonia.” If XX primordial germ cells are seques-
tered in the testicular cord, they are reported to develop as
prospermatogonia from their arrested mitosis and prominent
nucleoli structures (6-8).

Although mouse primordial germ cells are dimorphic, the fate
of “XX prospermatogonia” in the testis after birth is different
from that of XY prospermatogonia. All XX prospermatogonia
die within the first few days postpartum (dpp), whereas the XY
prospermatogonia proliferate and begin spermatogenesis (7, 9,
10). This difference might be due to the absence of Y-linked
spermatogenesis genes in XX cells (11, 12). However, it is known
that Y chromosomes bearing XXY spermatogonia also disap-
pear from the testis (13, 14). Thus, a precise mechanism of
disappearance of XX prospermatogonia before differentiation is
yet to be elucidated.

www.pnas.org/cgi/doi/10.1073/pnas.0406769102

A useful indicator for sex differentiation in germ-line cells
could be the establishment of genomic imprinting during game-
togenesis (15). After removal of the imprinting during the
primordial germ-cell stage, new imprints are imposed in pros-
permatogonia before they enter meiosis (16, 17). In contrast,
nongrowing primary oocytes, such as those in newborn mice,
have not established differential methylation in several differ-
entially methylated regions (DMRs). In oocytes, new imprints
are imposed later at different stages of oogenesis for different
genes, from very early to the antral follicle stage (18, 19).

By tagging the sex chromosomes with a ubiquitously expressed
EGFP transgene (20, 21), we can determine the sex of the
preimplantation embryos noninvasively (22). Moreover, if the
EGTFP-tagged (hereafter designated with an *) embryos then are
used to make chimeras, we can visualize the contribution of XX*
cells by green fluorescence. )

XX somatic and germinal lineages undergo random X-chro-
mosome inactivation together; during gastrulation (23), the
inactive X chromosome in “XX germ cells” then undergoes
reactivation around the time of entry into the genital ridges,
whether the embryo is female (24) or male (25). These findings
have been confirmed by Tam and colleagues (26, 27) and
extended by studies on Xist expression. Therefore, it may not be
possible to trace all of the XX* cells in somatic tissue because
one of the X chromosomes is silenced by X inactivation (28), but
germ-line cells can be traced because X inactivation does not
take place in germ-line cells in the genital ridge (26, 27). One of
the advantages of using EGFP-tagged cells is the easy identifi-
cation of cells, even when they are sparsely distributed (29). In
the present study, we recovered the XX* germ-line cells from the
XX*«>XY chimeric testes to examine the elasticity of germ-cell
sex in molecular bases.

Materials and Methods

Animals. The handling and surgical manipulation of all experi-
mental animals were carried out according to.the guidelines of
the Committee on the Use of Live Animals in Teaching and
Research of Osaka University. We produced six mouse lines
whose X chromosomes contain a transgene consisting of EGFP
expressed from a CAG promoter (combination of a S-actin
promoter and a human cytomegalovirus enhancer) (20). For the
experiments presented in this report, we used two transgenic
lines of X-linked EGFP [B6C3F1 TgN (act EGFP) Osb CX-50
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(no. 50) and B6C3F1 TgN (act EGFP) Osb CX-139 (no. 139)
(20)]. When we used the former line, we detected the coniri-
bution of all cells possessing XX* chromosomes, because the
EGFP fluorescence is equally bright in germ-line and somatic
cells. With the latter line, the germ cells could be separated by
FACS, based on the difference of EGFP fluorescence in germ-
line (bright) and somatic (faint) cells.

Production of X)(*<XY Chimera. Aggregation chimeras were pro-
duced as described in ref. 30. Briefly, superovulated (B6C3F1)
females (XX) were mated with males whose X chromosome was
tagged with EGFP (X*Y). Two- or four-cell-stage embryos were
collected and placed in K*-modified simplex optimized medium
(31), covered with mineral oil, and incubated overnight at 37°C
in 95% air/5% CO.. Male (EGFP-negative) and female (EGFP-
positive) embryos were separated at the eight-cell and early
morula stage by using a fluorescent microscope (IX-70 with
U-MWIBA filter set, Olympus, Melville, NY) micromanipula-
tor. After removing the zona pellucida with acidic Tyrode’s
solution (Sigma), male and female embryos were paired in
aggregation wells and incubated overnight at 37°C in 95%
air/5% CO,. XX*<>XY chimeric embryos were then transferred
into the uterus of 2.5-days postcoitum (dpc) pseudopregnant
recipients.

Preparation of Testicular and Ovarian Germ Cells. Newborn (0-dpp)
germ cells were prepared (32). The testes (20-30) of newborn
males and XX*<«»XY chimera males were incubated in 1 mg/ml
collagenase (type I, Sigma) in DMEM buffered with 20 mM
Hepes (pH 7.4) at 32°C for 15 min. After pipeting to separate the
seminiferous tubules, the tubules were washed in PBS () and
incubated with 0.25% trypsin in PBS (—) supplemented with 1
mM EDTA at 32°C for 10 min. Single cells were obtained by
pipetting, filtering through a nylon mesh, and centrifuging at
700 X g for 5 min at 4°C. Ovarian cells were prepared by
incubating ovaries at 37°C for 15 min after mincing them in 1 mM
EDTA in PBS (—) followed by pipetting. The freed cells were
filtered through nylon mesh, centrifuged, and resuspended in
Hepes-buffered saline solution containing 0.1% BSA.

Both male and female cells were sorted by using a FACSVan-
tage cell sorter (Becton Dickinson). “Testicular eggs” were
recovered from chimeric male testes at 1-3 weeks of age. After
removing the tunica albuginea, the seminiferous tubules were
spread out by gently pulling a part of the tubules under a
fluorescent microscope. The tubule sections containing testicu-
lar eggs were cut with Noyes spring scissors. While holding one
end with Dumont no. 5 tweezers, the contents of the tubes were
squeezed out by gently pinching and sliding with supplemental
tweezers. The testicular eggs were then collected by using a finely
drawn pipette.

For further details about experimental materials and methods,
see Supporting Materials and Methods, which is published as
supporting information on the PNAS web site.

Results
Production of XX*<XY Chimera by Using EGFP-Tagged X Chromo-
somes and XX* Derived Cells in Testes. Males with an X-linked
EGFP (X*) transgene (20) were bred with wild-type females.
Eggs fertilized by X* sperm (female eggs) showed EGFP fluo-
rescence at about the eight-cell stage. After separating male and
female embryos based on EGFP fluorescence, we made 4,579
presexed XX*<XY aggregation chimeric embryos, transplanted
them to pseudopregnant females, and obtained 1,744 pups (Fig.
14). Among the pups, 1,202 were born as males (69%) and 542
as females (31%), defined by their external genital reproductive
tract anatomy. Gonadal hermaphroditism was present in 6.1%
and 4.8% of grossly phenotypic males and females, respectively.
Tagging of the X chromosome by the ubiquitously expressed

4040 | www.pnas.org/cgi/doi/10.1073/pnas.0406769102

Fig. 1. XX*<XY chimeras containing XX* cells in their testes. (4) Strategy of
producing XX*«XY chimera. Males containing the EGFP transgene on the X
chromosome were bred with wild-type females. The male and female embryos
were separated, and XX*<XY chimera embryos were made by aggregation.
These embryos were transferred to pseudopregnant females. (8) A testicular
section from a newborn XX*<XY chimera (no. 50). (Upper Left) EGFP-positive
XX ceils. (Scale bar: 50 um.) (Upper Center) Immunolabeling (red) for TRA98,
a germ cell-specific antigen. (Lower) Higher magnification showing XX* cells
(arrows) and XY germ cells (arrowheads) in seminiferoustubuies. (Scale bar: 50
um.) (C) Testicular section from a 5-week-old sexually mature XX*esXY chi-
mera (no. 50). XX* Sertoli cells are present (Upper); however, XX* spermato-
genic cells are absent. (D) Flow cytometric analysis of newborn testicular cells
from the no. 139 mouse line. The forward-scatter and side-scatter dot-plot
gated fraction was shown to divide into three peaks (negative, medium, and
bright) in which the brightest peak consisted of >98% germ cells, proven by
TRA98 staining (see Results).

EGFP transgene allowed us to trace XX* cells residing in testes.
Numerous TR A98-positive green (XX*) cells inside the semi-
niferous tubules were present at birth, indicative of germ-line
cells (Fig. 1B). However, at 5 weeks of age, no-XX* spermato-
genic cells were found in testes observed, despite the presence of
XX* Sertoli cells (based on their characteristic shape) inside the
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Fig.2. Characterization of germ cells in testes of newborn XX*<XY chimera
(no. 139). DMR methylation of paternal methylated genes DIk1-Gtl2/Meg3
and /gf2-H19 in newborn germ cells, analyzed by bisulfite genomic sequenc-
ing. Filled ovals indicate methylated CpGs, and open ovals indicate unmeth-
ylated CpGs. As expected, DMRs of spermatogonia (MG) showed hypermeth-
ylation, and oocytes (FG) showed hypomethylation. XX spermatogonia (CG)
showed hypermethyiation.

tubule and somatic cells in the interstitium in >25 independent
observations (Fig. 1C).

Retrieval of XX* Germ Cells from XX*<XY Chimeric Mice. To clarify
the nature of XX* germ cells residing inside the seminiferous
tubules in XX*<XY chimera, we isolated germ cells tagged
with X-EGFP by using a FACS. More than 30 chimeric testes
were prepared, combined, and subjected to FACS analysis.
The experiment was repeated on three different occasions, and
the results were similar in all cases. EGFP-positive cells from
XX<«>XY chimeras using the no. 139 line were quantified as
depicted in Fig. 1D. The brightest peak indicated by R1 was
corrected as a germ-cell fraction after removing bright somatic
cells by gating in a forward-scatter and side-scatter plot. To
examine the purity of germ cells in the sorted fraction, some
of these cells were attached to glass slides and immunostained
with TRA98. Germ cells from newborn testes (and also germ
cells collected from newborn ovaries) were successfully puri-
fied by this procedure, because 98% of thus prepared EGFP-
positive cells were found to be TRA 98-positive (data not
shown).

Differentiation of )X{* Prospermatogonia in Chimeric Testes. To
determine whether XX* germ cells recovered from testes were
differentiated as prospermatogonia, the XX* germ cells were
released from the seminiferous tubules and sorted by using a
FACS and subjected to cell cycle analysis after staining with
propidium iodide. The recovered XX* germ cells, confirmed by
TRA9S8 staining, were 2n, as would be found in male germ cells
from newborn wild-type mice (data not shown). We then
analyzed the status of genomic imprinting in these cells. DMRs
of Dlk1-Gti2 /Meg3 and Igf2-HI19 were methylated in recovered
XX* germ cells in a similar manner to XY germ cells in wild-type
males (Fig. 2). The region analyzed for H19 includes 500 base
pairs of the imprinting control region, which is shown to be
involved in the establishment of imprinting at this locus (17, 33).

Isotani et al.
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Fig.3. Testicular eggs in seminiferous tubules. (A) (Left) Large cells in testis
indicated as XX* by EGFP fluorescence (no. 139). (Center and Right) Higher
magnification of three EGFP-expressing cells in a separated seminiferous
tubule. (B) A testicular section from a 7-dpp XX*«>XY chimera. Granulosa-like
cells, which surround testicular eggs, are indicated by arrowheads. (C) A
testicular section of XX*o&XY chimera at 17 dpp (no. 139). GFP-positive
testicular eggs are indicated by asterisks, and GFP-negative, SCP3-positive
spermatocytes are marked by arrowheads. (Scale bars: A Left, 500 um; A
Center, B, and C, 50 um.)

Testicular Eggs Found in 1- to 4-Week-0ld Chimeric Testes. We never
found large cells in the XX*«<>XY chimeric testis at birth.
However, starting at 1 week of age, up to 100 large cells could
be found inside the seminiferous tubules [19 of 46 (41%), 3 of
23 (13%), and 16 of 74 (22%) chimeric testes were found to
possess large cells observed at 1, 2, and 3 weeks after birth,
respectively] (Fig. 34).

Although somewhat smaller than normal ovarian eggs, these
cells reached 50 wm in diameter by 3 weeks, and we called them
testicular eggs (Fig. 3). The testicular eggs were found mainly in
the anterior (323 eggs) and posterior (142 eggs) parts of the
testis, as opposed to the medial area (77 eggs) (Fig. 34). (Eleven
chimeric testes were examined.)

Most of the testicular eggs were surrounded by a few granu-
losa-like cells, but we never found the follicle-like structures seen
inside the seminiferous tubules (Fig. 3B). There were XY
(nongreen) spermatogonia near the testicular eggs, indicating
the existence of normal Sertoli cells in the vicinity of the
testicular eggs (Fig. 3C). It should also be noted that we could
not find XY (nongreen) testicular eggs.

In some cases, testes were exposed by operation to allow
observation under a dissecting fluorescent microscope. After
confirmation of the existence of testicular eggs by surface
examination of testes, we replaced the testes into the scrotum and
sutured, and the mice were kept until they were 9-20 weeks of
age. Sperm from five chimeric testes that possessed testicular
eggs were subjected to in vitro fertilization and were found to
have normal fertilizing ability (data not shown).

When testicular eggs were immunostained with an anti-
oocyte-specific protein (ZP3) that surrounds the oocytes, they
were shown to have zopa pellucida structures (Fig. 4A4).
Testicular eggs were inseminated with sperm after removing
the zona pellucida. Similar to ovarian eggs, the testicular eggs
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Fig.4. Characterization of testicular eggs in chimeric testes. (A) Immunofiuorescence staining of ZP3 in zona pellucida of testicular eggs in 1-week-old chimeric
testes and cocytesin ““normal” ovaries. (B) Sperm were added to eggs preloaded with Hoechst 33342. Fused sperm (arrowheads) are stained with Hoechst because
of dye transfer from the eggs. (C) BrdUrd staining to detect onset of meiosis in testicular eggs. In two Left panels, BrdUrd was injected at 12.5 dpc, and the
testicular eggs were recovered at 1 week after birth. In two Right panels, BrdUrd was injected every day from 0 to 5 dpp, and the testicular eggs were recovered
at 6 dpp. (D) SCP3-positive cells in 17.5-dpc chimeric testis. EGFP indicates the XX* cells. TRA98 staining (with 7-amino-4-methylcoumarin-3-acetic acid) shows
germ cells. SCP3 staining (with tetramethylrhodamine isothiocyanate) shows synaptonemal complexes. Note some XX germ cells (EGFP and TRA98 double
positive) also contained SCP3 (arrowheads), whereas others did not (arrows). SCP3 staining in 17.5-dpc ovarian eggs is shown for comparison. (Scale bars: 50 um.)
(E) DMR methylation in maternally methylated (igf2r and Snrpn) and paternally methylated (DIk1-Gt/2/Meg3 and Igf2-H19) genes in 3-week-old testicular eggs.
Methylation of Igf2r-DMR, but not Snrpn-DMR, was similar in testicular eggs and ovarian eggs. The paternal methylated gene was almost completely
nonmethylated in testicular eggs, similar to ovarian eggs.

showed the ability to fuse with sperm at as early as 1 week of  as in the case of normal GV-stage oocytes (data not shown). To
age (Fig. 4B). detect DNA synthesis just before meiosis, BrdUrd was repeat-

However, the fertilized eggs derived from germinal vesicle  edly injected into newborn pups from 0 to 5 dpp. However, no
(GV)-stage testicular eggs were not able to initiate development ~ BrdUrd incorporation was detected in testicular eggs, although
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it was shown in other cell types (Fig. 4C). This lack of incorpo-
ration presumably occurs because, at birth, the testicular eggs are
already 4n. BrdUrd also was injected into recipient mothers at
12.5 dpc, and the pups were analyzed at 1 week of age. Testicular
eggs were brightly stained with the anti-BrdUrd antibody; male
germ cells were negative because the label was diluted in
prospermatogonia-differentiated cells as the result of further
divisions between the time of labeling and the time of study (Fig.
4C). These results suggest that the testicular eggs begin meiosis
at a similar time as normal eggs. Furthermore, some XX* germ
cells were found to express the primary meiotic marker synap-
tonemal complex protein 3 (SCP3) at 17.5 dpc (Fig. 4D).

We manually collected >1,000 testicular eggs from chimeric
testes 3 weeks after birth for an analysis of genomic imprinting.
In contrast to XX spermatogonia, testicular eggs did not show
paternal imprinting of DIk-GIlt2/Meg3 and Igf2-HI9. Instead,
Igf2r was heavily methylated, as in normal eggs. Snrpn was found
to remain unmethylated (Fig. 4F), whereas it normally becomes
methylated in ovarian oocytes, suggesting that the maturation
(or development) of testicular eggs is delayed. These testicular
eggs remained in the testis until 4 weeks of age and then
disappeared. However, the cause of this disappearance is not
known.

Discussion

Sex Determination of XX Germ Cells in the Testes. A potential
explanation of the formation of testicular eggs is that they are
developing in regions where the masculinizing effect of XY
somatic cells is being diluted by the existence of XX somatic
cells. In general, germ cells are sequestered inside testis cords by
12.5 dpc, and if the sequestration is not completed, the germ cells
spontaneously enter meiosis and differentiate into oocytes.
Menke et al. (34) reported that Stra8, a premeiotic marker, began
to be expressed from 12.5 dpc only in XX germ cells, whereas
Adams and McLaren (6) reported prospermatogonia differen-
tiated by 12.5 dpc. Thus, germ cell’s sex differentiation in both
male and female seems to be started on day 12.5 dpc. Once the
meiotic germ cells appear in gonads, it is reported that these cells
antagonize mesonephric cell migration and testis cord forma-
tion, which leads to a formation of ovotestis (35). However, the
testicular eggs were always observed inside the seminiferous
tubules (Fig. 3). With consideration to the above reports, we
presume the testicular eggs that were always found inside the
seminiferous tubules were not derived from the ovotestis area
but more likely differentiated in an environment where sur-
rounding somatic tissues are destined to differentiate into testes.
It is reported that Sry expression and testicular cord formation
emanates from the central region of the gonad (36, 37), whereas
the formation of the oogenesis wave starts from the anterior part
of the gonads and extends into the posterior region (34). If the
differentiation of gonads begins simultaneously as male and
female, the anterior part of the gonad is most likely the area
where the germ cells differentiate into female. Supporting this
assumption, most of the testicular eggs were found in the
seminiferous tubules in the anterior and posterior poles of the
testis and occasionally around the testicular surface (Fig. 34).
Moreover, the testis cords in which testicular eggs were located
prenatally could have been incomplete or in some way abnormal
because of the presence of XX somatic cells, with the cords
appearing as normal testicular cords at a later stage of devel-
opment. This environmental condition might have some simi-
larity with the mesonephric rete in the testis of fetal sex-reversed
mice. McLaren (38) reported that the existence of the second X
chromosome (XX) renders germ cells more susceptible to the
meiosis-inducing influence from such an environment. We
therefore presume that a cascade of molecular and cellular
events leading to oogenesis began in XX germ cells in testes
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Fig. 5. XX germ cells are reported to develop as spermatogonia when
deposited in a testicular environment (6, 10). However, proof of male type
differentiation in molecular bases was not available. As shown in the present
study, once XX germ cells were inhibited from entering meiosis, they were
demonstrated to acquire paternal imprinting, which indicates the develop-
ment of XX prospermatogonia. In 1-dpp testes, we found approximately as
many spermatogonia surviving as in the 0-dpp testes. However, the XX*
spermatogonia were seldom seen at 2 dpp (data not shown). The reason for
this disappearance is not known. Occasionally, some XX germ cells initiated
meiosis in seminiferous tubules in their embryonic stage and were arrested in
4n stage. Despite continuous exposure to male factors inside seminiferous
tubules during the embryonic stage, these cells did not acquire paternal
imprinting as XX prospermatogonia. Instead, they resumed meiosis after birth
and obtained a maternal imprinting pattern in the testicular environment.
Because the maternal imprinting starts after birth in the growing oocytes, the
imprinting in testicular eggs may also start after birth, together with their
growth in size. Taking these facts together, we postulate that the pattern of
genomic imprinting is designated when the germ cells choose the sex to
develop at =12.5 dpc and that it is not influenced by environmental factors
when methylation takes place.

before environmental factors from the testicular cords prohib-
ited meiosis and resulted in testicular eggs.

Genomic Imprinting of XX* Germ Cells in Testis. Many XX* germ
cells that were supposed to be prospermatogonia were found in
XX*«<XY chimeric testes. However, there was little information
about these cells being prospermatogonia. Recently, Durcova-
Hills et al. (39) reported using sex-reversal mice in which the
imprinted genes Igf2 and H19 were methylated more heavily in
embryonic germ-cell lines established with an XY sex chromo-
some constitution than in those with an XX sex chromosome
constitution, irrespective of the phenotypic sex of the genital
ridge from which the embryonic germ cells (EGCs) had been
derived. They concluded that the aberrant sex-specific methyi-
ation of these genes in EGCs is intrinsic and cell-autonomous
and is not due to any influence of the genital ridge somatic cells
(39). In contrast, the XX* spermatogonia from XX*<XY
chimeric testes clearly showed a male-type methylation pattern
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in imprinted genes, which was possibly influenced by somatic
cells, despite their female set of chromosomes (Fig. 2). One of
the reasons for this discrepancy may be the types of cells
examined (XX* spermatogonia vs. EGCs). Moreover, Durcova-
Hills et al. (39) examined the genomic imprinting of EGCs at 11.5
dpc, which is about the time of the elimination of genomic
imprinting. In contrast, we examined the status of genomic
imprinting in XX* germ cells at 0 dpp. ‘

Based on the observation of cell size, a small number of XX
germ cells were reported to have developed as testicular eggs in
XXsxr sex-reversal mice testes (40). In the present experiment,
taking advantage of EGFP tagging, these matured (or grown-up)
XX* cells in the testes were recovered and were demonstrated
to have zona pellucida and fusing ability with sperm. These
characteristics apparently appeared during the growth of “eggs”
inside seminiferous tubules after birth, This finding indicates
that the testicular environment did not inhibit resuming of
oogenesis and subsequent oocyte maturation in seminiferous
tubules. Moreover, it should be noted that the testicular eggs
must have sequestered inside seminiferous tubules and been
exposed to male factors from the beginning of meiosis in the
embryonic stage (Fig. 4 C and D) to the methylation-acquiring
period after birth (Fig. 4E). The data described in the present
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study indicate that the sex-specific methylation pattern does not
always follow the chromosomal constitution or the environmen-
tal conditions where the germ cells reside. Instead, the imprint-
ing pattern seems to be defined by the sex that was chosen by the
germ cells at their early stage of development (Fig. 5).

These findings may relate to the symptoms of XX human
males [estimated to occur in 1/20,000-1 /25,000 births (41)] and
Klinefelter syndrome -patients [XXY males are estimated to
occur in 1/500-1/1,000 births (42)], in which germ cells that
contain two X chromosomes are reported to disappear during
maturation (7, 13). Because the experimental model that we
established allowed us to recover live germ cells, it can be used
to investigate more detailed mechanisms of male infertility and
sex differentiation in germ cells in general.
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Abstract

Using Multisite Gateway five-DNA-fragment constructs vectors that enable expression of two tandemly situated cDNAs
on a single plasmid were developed. Heterologous protein production in cells was achieved by modulating respective cDNA
expression to pre-determined and different levels. Optimization of cDNA expression at near physiological protein levels was
achieved using promoters from four cell cycle-dependent genes. In comparison with conventionally available promoters, EF-Ia
or CMV, the promoters used in this study were able to modulate cDNA expression levels over a magnitude of approximately 10
or 100-fold, respectively. In transiently transfected cells, two different proteins (CPal and CPB2), which form a heterodimer,
each labeled with a different-colored fluorescent protein, were successfully synthesized at pre-determined levels from their
respective cDNAs. The above vectors were designed to contain an FRT/Flp recombination site for integration onto chromosomes
and for establishment of stable clones in Hel.a cells by site-specific recombination. In the stable transformant cells produced
only about 4% of the protein production levels measured in the transiently transformed cells. The biological significance of these
observations is discussed.
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1. Introduction

A matter of growing interest and emphasis in recent
genome science and cell biology has been the devel-
opment of technologies to introduce target genes into
a specific site on the chromosome without impairing
intracellular proteomic function and cellular physiol-
ogy. The conventional method of transient transfection
cannot control for the number of plasmids introduced
to cells. This could potentially lead to protein over-
production and artificial and non-physiological effects.
Furthermore, often the transformant phenotype tends
to be lost during cell divisions. Some target genes
carried by the plasmids may be inserted into random
sites on the chromosome. Their expression generally
cannot be predicted or reproduced and many of them
not expressed due to their position in heterochromatic
regions or due to negative interactions between the
transgene and adjacent regulatory elements (Feng et al.,
1999; Villemure et al., 2001). In most experiments with
stable transformants, appropriately expressing cells are
isolated from the population, though there often are
large differences in protein expression between clones
due to lack of control of chromosomat location.

In order to perform systematic stable transforma-
tion, use of a site-directed recombination systems such
as Flp/FRT and Cre/lox is desirable, (Xu and Rubin,
1993). Further development of such systems would
be advisable for application to a wider array of mam-
malian cell lines and embryonic stem cells.

It would also be desirable to establish optimal con-
ditions for the introduction of multiple genes stoichio-
metrically and simultaneously into an active chromatin
site on the chromosome. The conventional method of
co-transfection with two or more single-gene carrying
plasmids as a mixture has significant shortcornings.
Often the resuitant transformant cell population after
co-transfection of, for example, two different types of
recombinant plasmids is frequently a mixture of dou-
bly transfected and singly transfected cells. Further, the
doubly transfected cells may not harbor equal numbers
of two respective plasmids.

We reported previously that Multisite Gateway tech-
nology makes it possible to construct tandem structures
containing two to four different cDNA clones in a single
plasmid. These constructs have been successfully used
for simultaneously introducing multiple heterologous
genes into living cells (Sone et al., 2005). Optimiza-

tion of their expression levels would be necessary for
proteomic research where measurement of intracellu-
lar trafficking and interaction of functional proteins in
a nearly physiological context is desired.

In this paper, we present experimental results de-
scribing simultaneous introduction of two heterologous
c¢DNAs labeled differentially by the flnorescent protein
tags and controllable expression of these respective
genes in both transient and stable transformant cells.

2. Materials and methods
2.1. Entry clones

The Entry clones (pENTR) containing promoter
DNA and fiuorescent protein ORFs were constructed
as follows. Four different types of low-expression
promoters for cyclin E, cdc2, cyclin Bl and aurora
A genes were prepared by PCR amplification with
attB-flanked or a#B-Hindlll-flanked oligonucleotide
primers (Table 1) using human genomic DNA extracted
from Jurkat cells as template (Sambrook et al., 2001).
For construction of the Entry clones containing the
EF-]Jo and CMV promoters, the destination vec-
tors of pEF5/FRT/V5-DEST (Invitrogen Corp.) and
pDEST12.2 (Invitrogen Corp.) were used, respectively,
as DNA templates for a#B-flanked adapter PCR-
amplification (Sone et al., 2005). For fluorescent pro-
teins, EGFP (Cormack et al., 1996; Zhang et al., 1996)
(BD Biosciences Clontech Inc.; GenBank accession
no.: U55763) and mRFP1 (Campbell et al., 2002) (Gen-
Bank accession no.: AF506027) were employed in
this report. The recombinant plasmids containing the
respective fluorescent protein ORFs, pEGFP-C1 (BD
Biosciences Clontech Inc.) and pRSETg-mRFP1, were
used as templates for PCR. The a#fB-flanked PCR prod-
ucts were recombined with the Donor vectors contain-
ing the corresponding a#P signals in BP reactions to
generate the Entry clones containing the promoters and
fluorescent protein tags. The Entry clones constructed
with the promoters and EGFP are listed in Table 2.

The Entry clones used for construction of two
types of the fused cDNA tandem Expression clones
(see Fig. 1) were pENTR-L1- ¢pB2-B3- EGFP-
*B6-pA-Prp14-B5-mRFP1-B4-cpal-"L2 and pENTR-
L1- ¢pp2-B3- EGFP- "B6-pA-P4.3-B5-mRFPI-B4-
cpal-"L2. The former Entry clone was prepared
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Table 1

Primers nsed to create PCR-products flanked by two different aitB sites

B1-Payroraa-Fw

GGGGCAAGTTTGTACAAAAAAGCAGTCACATGAGAGATTAGAGGC

B6-Pauroraa-Rv

GGGGCAACTTTGTATTAAAAAGTTGCTCTAGCTGTAATAAGTAAC

B1-P.gez-Fw

GGGGCAAGTTTGTACAAAAAAGCAGCAGCTGCGCTGGAGGCTGAG

B6-Prgc2-Rv

GGGGCAACTTTGTATTAAAAAGTTGCGGCTTATTATTCCGCGGCG

B3-HindlI-Pegep-Fw

GGCAACTTTGTATAATAAAGTTGAAGCTTCAGCTGCGCTGGAGGCTGA

B4R-Hindl-Pcge2-Rv

GGCAACTTTTCTATACAAAGTTGAAGCTTCGGCTTATTATTCCGCGGC

Bl 'PcyclinBl -Fw
B6‘Pcyclin31 -Rv

GGGGCAAGTTTGTACAAAAAAGCAGCGCCTTCGCGCGATCGCCCTG
GGGGCAACTTTGTATTAAAAAGTTGGGCTTCCTCTTCACCAGGCAG

B 1'PcyclinE -Fw
B6-Pcycli,,E-RV

GGGGCAAGTTTGTACAAAAAAGCAGGCCTGGCGGGACAGCGCGCG
GGGGCAACTTTGTATTAAAAAGTTGGATGGGGCTGCTCCGGCCTG

B3-Hind1-Pyciing-Fw

GGCAACTTTGTATAATAAAGTTGAAGCTTGCCTGGCGGGACAGCGCGC

B4R-HindlI-Peyejing-Rv

GGCAACTTTTCTATACAAAGTTGAAGCTTGATGGGGCTGCTCCGGCCT

B I'PCMV -Fw

GGGGCAAGTTTGTACAAAAAAGCAGCGTTACATAACTTACGGTAAA

B6-Pcvmv-Ry

GGGGCAACTTTGTATTAAAAAGTTGCGGAGGCTGGATCGGTCCCGG

B1-Pgpio-Fw

GGGGCAAGTTTGTACAAAAAAGCAGCGTGAGGCTCCGGTGCCCGTC

B6-Pgrrio-Rv

GGGGCAACTTTGTATTAAAAAGTTGTCACGACACCTGAAATGGAAG

B6r-EGFP-Fw

GGGGCAACTTTTTAATACAAAGTTGATG TGAGCAAGGGCGAGGAG

B2"-EGFP-Rv

GGGGACCACTTTGTACAAGAAAGCTG[TTA] TTGTACAGCTCGTCCATGCC

The a1B sites are shown in bold and are underlined. The Shine-Dalgarno and Kozak consensus sequences (SDK) are shown in plain font and
underlined. Initiation codons, ATG and stop codons, TAA are shown with open boxes. The name of the primers are indicated as “attached signal
sequence (Bx or SDK)-gene specific sequence (aurora A, cdc2, cyclin E, etc.)-orientation, forward (Fw) or reverse (Rv)”. The primers that
contain a stop codon are labeled with an asterisk (*) in their names. The other interpretations are as in the experimental procedures.

from an Expression clone, pEFS5/FRT/V5-B1- cpB2-
B3- EGFP- "B6-pA-Pgri-B5-mRFP1-BA-cpal-"B2
(described in Fig. 3 of Sone et al., 2005), by BP reac-
tion with pDONR201 (Invitrogen Corp.). The latter
Entry clone was constructed by replacing the Pgryq-
DNA in pENTR-L1- cpp2- B3- EGFP- *B6-pA-Pgria-
BS5-mRFP1-B4-cparl-"1.2 with the Pege-DNA. This
replacement was carried out by first inserting the arB-

HindIlI-flanked adapter PCR fragment amplified from
pENTR-L1-P.;.2-L6 into a Hinc Il site of pUC18, thus
producing pUC-B3-HindlII-P,;.-HindIlI-B4r. Then
the pUC-B3-Hindlll-P.4.2-HindIII-B4r was used for
replacing the Pgrjo-DNA flanked by HindIIl sites
on the pENTR-L1- ¢pB2- B3- EGFP *B6-pA-Pgrq-
BS5-mRFP1-B4-cpal-" with the HindIMI-P g -HindIIl
fragment by ligation.

Table 2
List of the vectors and clones used

Entry clones

Expression clones

pE’NTR"Ll ‘PauroraA -L6
PENTR-L1-P.y,-L6
PENTR-L1-Peyciinps -1.6
pENTR'Ll ‘PcyclinE -L6
PENTR-L1-Pcyy-L6
PENTR-L1-Pgp;,-L6
PENTR-R6-SDK-EGFP-"1.2
PENTR-L1-EGFP-B3-cpf2-"B6-pA-
PEr1a-B5-mRFPI-B4-cpal-"L2
PENTR-L1-EGFP-B3-cpB2-"B6-pA-
Pede2-BS-mRFPI-B4-cpal-"1.2

PFRT/V5-B1-Payroraa -B6-SDK-EGFP-"1.2
pFRT/V5-B1-Py-B6-SDK-EGFP-"1.2
PFRT/V5-B1-Poyiinpi-B6-SDK-EGFP-"1.2
PFRT/V5-B1-Pgycling-B6-SDK-EGFP-"12
DFRT/V5-B1-Pgpiq-B6-SDK-EGFP-1.2
pFRT/V5-B1-Pcpy-B6-SDK-EGFP-"12
pEFS/FRT/VS-B1-cpp2-B3-EGFP-"B2
pEFS/FRT/VS-B1-mRFPI-B3-cpal-"B2
peyclin EIFRT/V5-B1-cpp2-B3-EGFP-"B6-pA-
PErio-BS-mRFPI1-B4-cpal-"B2
peyclin E/FRT/V5-B1-cpf2-B3-EGFP-"B6-pA-
Pge2-B5-mRFPI-Bd-cpal-"B2

(PEXPR-Poyroras-EGFP)
(pPEXPR-P 4.2-EGFP)
(pEXPR'PcyclinBI - EGFP )
(PEXPR-Peyciing-EGFP)
(pEXPR-PEr1o-EGFP)
(PEXPR-Pcyv-EGFP)
(pEXPR-cpB2-EGFP)
(PEXPR-mRFPl-cpal)
(pEXPR-cyclin E/EFI)

(PEXPR-cyclin E/cdc2)

The idiomatic names of the Expression clones used in the present experiments are shown in parentheses. The stop codons are labeled with an
asterisk (¥*) in their names. The other interpretations are as in the experimental procedures.
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(A) cyclin E EF-ic
. promoter promoter
PEXPR-cyclinE/EF1 - MeeszPlearr |@eotyal Dlnrrer [{ oot |@povaH mrr |—
Bl B3 B6 BS B4 B2
(B) eyclin E cdc2
promoter promoter
PEXPR-cyclinElcde? —-| |-)|cpﬂ2 NEGFP N-IpolyA #RFPI H cpal N-IpolyAH FRT l—
Bl B3 B6

Bs B4 B2

Fig. 1. Two types of fused cDNA tandem Expression clones. (A) Two cDNAs, cpf2 and cpa, were fused to the EGFP-OREF at the C-terminus
of the cpB2-cDNA and mRFP1-ORF at the N-terminus of the cpo.l-cDNA, respectively. The former fusion DNA was joined with the cyclin E
promoter and the latter fusion DNA were joined with the EF-I« promoter. (B) A similar construct to (A), except that the EF-I« promoter was

replaced with cdc2 promoter.

The Entry vector containing the actin capping pro-
tein subunits, CPal and CPR2 (Barron-Casella et al.,
1995) (GenBank accession nos.: U56637 and U03271)
were constructed according to the procedures reported
by Sone et al. (2005). The oligo-DNA primers used for
PCR amplification are listed in Table 1.

2.2. Destination vectors

Construction of the Destination vector, pcyclin
E/FRT/V5-DEST was carried out by replacing the
EF-la promoter from pEFS5/FRT/V5-DEST with the
cyclin E promoter. By inserting the atB-HindIll-
flanked adapter PCR fragment amplified from pENTR-
L1-Peyeiing-L6 into a Hincll site of pUCI18, the pUC-
B3-HindUI-Peyejing-HindlI-B4r was produced. Then
this vector was used for replacing the Pgr;o-DNA
flankd by Hind II sites on the pEF5/FRT/V5-DEST
with the HindI-Pycjing-Hindlll fragment by ligation.
The oligo-DNA primer used for PCR amplification is
listed in Table 1.

2.3. Expression clones

For construction of Expression clones (Fig. 1), each
of which carries two fused cDNAs as tandem cassettes,
cpB2-EGFP and mRFP1-cpal, transcribed by cyclin E
and EF- ] promoters, respectively, or the same cassette
driven by cyclin E and cdc2 promoter, respectively, a
Destination vector, pcyclin E/FRT/V5-DEST, was used
with pENTR-L1- cpB2- B3- EGFP- "B6-pA-Pgria-
BS-mRFPI-B4-cpal-"L2 or pENTR-L1- cpf2- B3-

EGFP- "B6-pA-P,4.2-B5-mRFPI1-B4-cpal-*1.2 in an
LR reaction. The other Expression clones used in
this report were constructed with the respective Entry
clones and Destination vector, described in the fore-
going (Section 2.2). The Expression clones (pEXPR)
constructed were listed in Table 2.

2.4. Bacterial hosts and transformation

For the construction of Donor and Dest vectors
containing the ccdB gene (Bernard et al., 1993),
Library Efficiency DB3.1™ Competent Cells (Invitro-
gen Corp.) were used. For construction of other vectors
and clones without the ccdB gene, Max Efficiency
DH10B™ (Invitrogen Corp.) was used. The trans-
formation method followed the supplier’s instructions
and the previous report (Sone et al., 2005). The plas-
mid DNA of each clone was isolated using Quantum
Prep Mini Kit (Bio-Rad Laboratories) and the size and
restriction enzyme digestion pattern were confirmed by
agarose gel electrophoresis. The clones with the correct
size and pattern were stored and used for further exper-
iments.

2.5. Cell culture and transfection

Tissue culture cells were incubated in DMEM (Dul-
becco’s modified Eagle’s minimum essential medium
DMEM; Invitrogen Corp.) supplemented with 10%
fetal bovine serum (FBS; Invitrogen Corp.) at 37°C
in 5% CQOs. Transient and stable transfection of HeLa
cells was carried out using LipofectAmine Plus regents
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according to the manufacture’s instructions (Invitrogen
Corp.).

2.6. Stable transformant cells

The stably transformed HeL a cells harboring fused
cDNA Expression constructs shown in Fig. 1 were
constructed according to the protocol described in
the Flp-In™ System (Invitrogen Corp.) except that
the lacZ-zeocin resistance gene was replaced with
the blasticidin-resistance gene. HeLa cells carrying
Expression clones integrated onto at least three FRT
sites on the chromosome (FRT-HeLa) were selected
by their hygromycin resistance. (Flp-In 293 cells pur-
chased from Invitrogen which were zeocin resistant
were also used.)

The plasmid, pFRT/Blasticidin, was constructed
from pFRT/lacZeo (Invitrogen Corp.) by replacing
the Xbal-Smal fragment with the Xbal-FRT-
Blasticidin®-Smal PCR fragment synthesized by
PCR amplification from pcDNA6/TR (Invitrogen
Corp.) with a set of synthetic forward and reverse
oligonucleotide primers, Xbal-FRT-Bla-Fw (5'-
tctagaaagtataggaacttcagccaagectitgtctcaagaag-3") and
Smal-Bla-Rv  (§’-cccgggeggecacgaagtgctiagee-3),
respectively. For constructing the blasticidin-resistant
HeLa cell line, transfection of the pFRT/Blasticidin
(linearized at the Apa 1 site) into the cells was
performed. After 48h of transfection, the medium
was replaced with the fresh medium containing
2 pg/ml Blasticidin S HC] (Invitrogen Corp.). After
1-2 weeks, at least 20 blasticidin-resistant foci were
subcloned and several clones were expanded finally.
One of the blasticidin-resistant clones (HeLa-FRT)
was used for establishment of stable transformant cells
carrying the transgenes encoding CPB2-EGFP and
mRFP1-CPal. The number of genomically integrated
FRT sites in each blasticidin-resistant cell clone was
determined by Southern blot analysis (Sambrook et
al., 2001). The expression vectors, pEXPR-cyclin
E/EF1 or pEXPR-cyclin E/cdc2 and the Flp recombi-
nase expression plasmid, pOG44 (Invitrogen Corp.)
were co-transfected into the FRT-Hela cells or
Flp-In 293 cells (Invitrogen Corp.), according to the
manufacture’s instructions (Invitrogen Corp.). After
48 h, the medium was exchanged with fresh medium
containing 200 pg/ml Hygromycin B (Invitrogen
Corp.). After 1-2 weeks, 4-6 hygromycin-resistant

foci were subcloned and the hygromycin-resistant and
blasticidin-sensitive clones or hygromycin-resistant
and zeocin-sensitive clones (for Fip-In 293 cells) were
selected.

2.7. Living cell imaging

Cells were grown on glass bottom dishes (Iwaki
schitec) for 24h prior to use. Prior to imaging,
the medium was removed and replaced with Opti-
MEM I (Invitrogen Corp.) without phenol red.
Cells were observed with a fluorescence micro-
scope (DIAPHOTO300; Nikon) with a filter wheel
(Lud! Electronic Products) equipped with filter sets
for CFP/YFP/Cy5 (86008vl; Chroma Technology
Corp.) and BFP/GFP/DsRed (86009; Chroma Tech-
nology Corp.) and a cooled CCD camera (ORCA-
ER; Hamamatsu Photonics) (Figs. 2 and 3). To mea-
sure the fluorescence images, three images from
each transfected cell population were analyzed by
ImageJ imaging analysis software (Freely available;
http://rsb.info.nih.gov/ij/) and the measured average
intensity produced by fluorescent cells was estimated
by setting a threshold. Confocal microscope Imaging
was performed using Zeiss LSM510 confocal micro-
scope (Figs. 2 and 4).

2.8. Immunoprecipitation

Cells were lysed with TBST buffer containing
20mM Tris~HC1 (pH 8.0), 150mM NaCl and 0.1%
Tween 20. Normal rabbit serum was then added to
the cell lysate and incubated for 1 h. The cell lysate
was centrifuged and the supernatant was incubated
with protein  G-Sepharose beads (Amersham Bio-
sciences) for 1 h. Anti-mRFP1 antibody (provided by
Dr. Hiromitsu Tanaka, Research Institute for Micro-
bial Diseases, Osaka University) was then added to the
supernatant and incubated overnight. After centrifu-
gation, immune complexes were adsorbed to protein
G-Shpharose beads by incubation for 2h. After five
washes with RIPA buffer containing 150 mM NaCl,
1% NP-40, 0.5% deoxycholate, 0.1% SDS and 50 mM
Tris—HC1 (pH 8.0), the immunoprecipitates were ana-
lyzed by immunoblot analysis using an anti-GFP anti-
body (Molecular Probes). Immunoblot analysis was
essentially performed as described previously (Kishine
et al., 2002).
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2.9. Antibody production

The mRFP1 cDNA fragment containing its entire
coding region was PCR amplified with a set
of synthetic oligonucleotide primers, mrfp-1 (5'-
catgccatggectectccgaggacgt-3') containing an Neo 1
linker and mrfp2 (5'-gggatatctcctcegaggacgtcaic-3')
containing an EcoR V linker, using the plasmid,
pRSETy-mRFP1 (provided by Dr. Roger Y. Tsien,
UCSD, USA), as the template. The PCR product was
digested with Nco 1 and EcoR V, and subcloned into
pET30a (Novagen, WI, USA). The protein tagged with
hexahistidines at the N-terminus was expressed in E.

coli BL.21 by induction with IPTG, purified on Ni-NTA
mini columns (QIAGEN) as instructed by the manufac-
tarer’s protocol, and used to raise polyclonal antisera in
rabbits along with Freund’s Adjuvant (Difco Laborato-
ries Inc.). Complete and incomplete Freund’s Adjuvant
was used for the first, and subsequent immunizations,
respectively. Recombinant mRFP1 was used to immu-
nize two Japanese white rabbits. Polyclonal antisera
were obtained by injection of each of the antigens,
followed by three booster injections at 3-week inter-
vals, for a total of four injections. Each anti-serum
specifically reacted with its antigen by immunoblot
analysis.

(A) Phase contrast mRFPI EGFP(CF)  mRFPI (CF)

pEXPR- g
eyclinElEFT {3}, &

Fig. 2. Different expression levels of the cp82-cDNA and the cpol-cDNA from a single Expression vector in transiently transformed cells. The
Expression clones carrying both EGFP-tagged ¢pf2-cDNA and mRFP1-tagged cpel-cDNA in tandem on a single vector whose transcription
is directed by the cyclin E and EF-1c promoters, respectively (A), or cyclin E and cdc2 promoters, respectively (B), or either one of these fused
c¢DNA (C and D) were used to transiensly transform FRT-HeLa cells. The most left panels (A-a, B-a, C-a, C-d) show phase contrast, the other
EGFP and mRFP1 images (A-b—d, B-b—e, C-b and c, C-e and f) were determined by fluorescence microscopy. The right side images (A-e-g,
B-f-i, C-g and h) were generated using confocal laser microscopy. The images of A-c, A-f, B-c, B-e, B-g, B-i were enhanced images of those
of A-b, A-e, B-b, B-d, B-f, B-h, respectively. The images shown in C-c and C-e were mock transfection. The white scale bars inserted in the
images represent 10 wm. The other interpretations and conditions are as in Fig. 1 and the experimental procedures. In D, the expression levels
of CPR2-EGFP and mRFP1-CPal proteins produced from pEXPR-cyclin E/EF] clone (left) and pEXPR-cyclin E/cdc2 clone (right) (pEXPR
corresponding to A and B of Fig. 1, respectively) in the transiently transformed HeLa cells are shown. The relative fluorescent intensities
measured were 7.6 and 100 for CPR2-EGFP and mRFP1-CPal from pEXPR-cyclin E/EF 1 clone and 8.5 and 8.0 for those from pEXPR-cyclin
E/cdc2 clone, respectively. Shaded and closed bars represent the fluorescence intensities of EGFP and mRFP1, respectively.

(B)

pEXPR-
cvelinEfede?
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(C) ' EGFP

pEXPR-
EGFP-cpf2?

pEXPR- e
mRFPl-cpa!

(D)

mRFP1

EGFP (CF)

mRFP1 (CF)

Relative fluorescence intensity

pEXPR-

evelinE/EF |

%, IR

pEXPR-
evelinElcde?

Fig. 2. (Continued).

3. Resulis

3.1. Promoters for transgene expression at near
physiological levels in transformed cells

In eukaryotic cells, most of the intrinsic genomic
genes are expressing in a cell-cycle dependent fash-
ion. Use of the promoters, such as those prepared from
cyclin E; ede2, cyclin BI and aurora A genes of human
genomic DNA which express at G1-S (Ohtani et al.,
1995), S-G2-M (Furukawa et al., 1994), G2-M (Hwang
etal., 1995) and G2-M (Tanaka et al., 2002) phases of

cell-cycle division, respectively, would create testable
transgene phenotypes in transformed cells by more
closely mimicking the true physiological state. The
molecular sizes of these signal DNA fragments pre-
pared were 1091, 852, 248 and 1840 base pairs, respec-
tively, including enhancer and transcription initiation
sites. For comparison, the constitutively expressing,
EF-lIa (Kim et al., 1990) and CMV (Boshart et al.,
1985) promoters were employed.

Relative transcriptional activities of these four dif-
ferent promoters were tested in comparison with EF-
Ia and CMV promoters, by using green fluores-
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(A)

pEXPR-
cyclinE/EF ]

(B)

pEXPR-
evclinEfede2

Fig. 3. Low-level expression of the cpf2-cDNA and the cpal-cDNA introduced simultaneously onto chromosomes in stably transformed cells.
The expression levels of EGFP-tagged cpB2-cDNA and mRFP1-tagged cpal-cDNA on the pEXPR-cyclin E/EFI clone (A) and the levels of
those fused cDNAs on the pEXPR-cyclin E/cdc2 clone (B) are shown. Panels (A) and (B) show images of separated transformed cells from the
colony of accumulated stable transformant Hel a cells. In A-c, A-e, B-c, B-¢, the enhanced intensity images of A-b, A-d, B-b, B-d, respectively,
are shown. The other interpretations and conditions are as in Fig. | and the experimental procedures.

cent protein, EGFP as a reporter gene (Cormack et
al., 1996; Zhang et al., 1996). Six types of Expres-
sion clones, pEXPR-Pcyclin E-EGFP, pEXPR-Pcdc2-
EGFP, pEXPR-Pcyclin BI-EGFP, pEXPR-Paurora
A-EGFP, pEXPR-PEFa-EGFP and pEXPR-PCMV-
EGFP (Table 2) were constructed and used. By mea-
suring the fluorescence emission intensity in transiently
transformed HeLa cells, the relative activities for cyclin
E, cdc2, cyclin Bl and aurora A promoters were 3.9,
2.0, 1.0 and 1.3, respectively, compared to those of 24.1
and 338.0 for EF-1a and CMV promoters, respectively
(data not shown). These human intrinsic promoters
also exhibited significantly lower activity in other cell
strains, such as 293 and mouse ES cells, compared to

those of EF-1a and viral promoters (data not shown).
Such promoters with 10 to 100-fold magnitude lower
activity than conventional signals would be convenient
for research of proteins synthesized from transgenes in
the living cell.

3.2. Controllable production of two heterologous
proteins from transgenes in transiently
transformed cells

In contrast to conventional transfection proce-
dures using mixed recombinant plasmid clones, use
of a Multisite Gateway Expression clone carrying
multiple cDNAs on a single vector has resulted in
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Fig. 4. Differential expression levels observed by confocal laser microscopy with two fluorescently tagged transgenes of ¢pf2 and cporl
introduced in the stably transformed cells. Stably transformed HeLa cells with the pEXPR-cyclin E/EF1 clone (A-a—) and with pEXPR-cyclin
E/cdc2 clone (A-d—f) are represented with the untransfected cells to show the auto-fluorescence of the cytoplasm of the cell as the control
(A-g-i). The images obtained control experiments with the stably transformed Flp-In 293 cells are shown in (B). The emission intensity of
EGFP measured by confocal laser microscopy was determined with 505-530 nm filter, followed by excitation by 488 nm (argon-krypton laser),
and the emission intensity for mRFP1 was determined with 560 nm filter after excitation at 543 nm (helium-neon laser). The white scale bar
indicates 20 wm (B). The other interpretations and conditions are as in Fig. 1 and the experimental procedures.

successful generation of transformant cells harboring
these respective cDNAs at an equivalent number
in each single cell (Sone et al., 2005). When two
heterologous cDNAs were introduced into a cell at an
equal copy number, the protein expression levels from
the respective cDNAs depends principally on their
promoter activities. In order to most closely reflect
the physiological proteomic state in the cell during
investigation of the intrinsic action and intracellular
behavior of the target proteins, control of expression
levels of the respective transgenes is important.

Two types of Multisite Gateway Expression clones
harboring fused cDNA tandem structures were con-
structed (Fig. 1). The cDNA encoding ¢pf2 was C-
terminally fused to the EGFP ORF and the cDNA
encoding cpal, was N-terminally fused to the mRFP1
ORE. The former fusion DNA was joined with cyclin
E promoter and the latter fusion DNA was joined with
EF-1a or cdc2 promoter. The transiently transformed
HeLa cells with either one of these Expression clones
were observed to express both EGFP-tagged CP32 and

mRFP1-tagged CPal, thus ensuring that two different
cDNAs were simuitaneously present in the same cell.

As seen in Fig. 2A, all of the transformant cells
expressed both CPPR2-EGFP and mRFPI1-CPal at
relative levels of approximately 1 and 10, respectively,
by determination of fluorescent emission intensity
of EGFP and mRFP1 (Fig. 2D). These values were
consistent with the relative strengths of the cyclin E
and EF-la promoters (corrected for the approximate
1.6-fold higher emission intensity with mRFP1 over
EGFP, data not shown). In Fig. 2B, a nearly equivalent
level of expression with CPR2-EGFP and mRFP1-
CPal in the respective transformed cells is shown (see
Fig. 2D). Considering the relative strength of the cyclin
E and cdc2 promoters (3.9 and 2.0, respectively),
controllable expression of those two heterologous
transgenes in a single cell to pre-determined levels
was successfully achieved. For reference, expression
levels with two respective EF-I/a promoter-directed
clones carrying a fused CPR2-EGFP or mRFP1-CPal
in the transformed cells are represented in Fig. 2C.

~339 -



132 K. Yahata et al. / Journal of Biotechnology 118 (2005) 123134

In Fig. 2, the results observed by using confocal
laser microscopy are also represented with the fused
cDNA tandem constructs together with the single
¢DNA constructs as control. The significance of these
observations is described below.

3.3. Chromosomal integration of an expression
clone with two heterologous cDNAs under different
promoter control and stable expression in cells

Two types of expression plasmids for CPR2-EGFP
and mRFP1-CP«l, each of which carries a FRT recom-
bination site, were constructed (Fig. 1). These plasmids
can be integrated into a FRT site on chromosomal DNA
by site-specific recombination mediated by Flp recom-
binase, generating a stable transformant cell. In these
plasmids, expression of two ¢cDNAs, ¢pf2 and cpal,
were controlled by the cyclin E and EF-1a promoter,
respectively, or the cyclin E and cdc2 promoter, respec-
tively. The expression plasmid was introduced into
HeLa cells harboring at least three FRT sites on the
chromosomes (determined by Southern-blot analysis
of the genomic DNA, data not shown). After positive
selection of the transformed cells using hygromycin
(see experimental procedures), the stable transformant
clones were obtained.

As shown in Fig. 3A, the transformed cells bear-
ing a plasmid carrying the cyclin E/cpf2 and the
EF-la/cpal in tandem, expressed CPB2-EGFP and
mRFP1-CPal at a very low level whose fluores-
cent emission was barely visible using conventional
microscopy (see also Fig. 2A). When the sensitiv-
ity of the microscopy was increased, each of sepa-
rated stable transformant cells showed co-expression
of CPR2-EGFP and mRFP1-CPal at their respective
pre-determined levels (Fig. 3A-c and A-e). Essentially
similar observations were obtained with the transfor-
mant cell carrying transgenes of the cyclin E/cp2 and
the cdc2/cpal in tandem (Fig. 3B). The fluorescent
emission intensity of these separated cells was clearly
more distinctive compared with the auto-fluorescence
seen from cytoplasm (data not shown, see no transfec-
tion of Fig. 4).

Fig. 4 shows co-expression of CPR2-EGFP and
mRFP1-CPal in the stably transformed cells, observed
by using the confocal laser microscopy. In these cells,
fluorescent protein products were only localized in
the cytoplasm but not in the nucleus. This remarkable

feature was similarly observed with stable clones har-
boring a cassette of cyclin E/cpf2 and EF-la/cpal
as well as another cassette containing cyclin Efcpf2
and cdc2/cpal. Similar profiles of protein localiza-
tion were also seen with the transiently transformed
cells harboring a combination of tandem transgenes of
cyclin Efcpf2 and EF-Ic/cpol and that of transgenes
of cyclin ElcpB2 and cdc2/cpal (Fig. 2A and B). These
observations are consistent with the previous report that

.CPB2 and CPa1 form heterodimers and localize to the

cytoplasm, possibly being associated with actin fibers
(Schafer et al., 1998). In fact, the dimer complex for-
mation of CPR2-EGFP and mRFP1-CPal proteins in
the stable transformant cells was directly demonstrated
by immuno—coprecipitation analysis using antibodies
for EGFP and mRFP1 (Fig. 5).

4. Discussion

Introduction of multiple genes (¢cDNAs) simulta-
neously into cells using multigene-carrying plasmids
ensures that all cDNAs are simultaneously present
in the same cell in stoichiometric amounts (no gene
dosage variation). In addition, control of transgene
expression to achieve proper protein levels in the cell
is desirable in order to obtain physiologically relevant
information while investigating the intrinsic action of
the intracellularly functioning proteins. Multisite Gate-
way technology offers a convenient vector platform for
rapid construction of multi-cDNA expression plasmids
useful for these purposes.

A conventional method for analysis of proteins
labeled with bio-fluorphores (such as green fluores-
cent protein, GFP) in the cell has been to express
a fairly large quantity of the protein produced from
the transgene. This may affect cellular physiology and
sometimes lead to non-physiological influences on pro-
tein function in the cell. We intended here to express
cDNA and produce the protein at a relatively low level
50 as to not affect the intrinsic constitution and func-
tion of the intracellular proteome, while still allowing
detection in a living cell.

In this report, two types of clones carrying fused
c¢DNAs were employed. In these plasmids one cDNA
fusion was transcribed from the cyclin E promoter
and another from the EF-la or cdc2 promoter which
produce CPB2-EGFP and mRFP1-CPal, respectively.
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