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Figure 3. Localization of HMGPI in preimplantation embryos. (A) Nuclear translocation of HMGP]I protein at the blastocyst stage. HMGPT was mainly detected
in the cytoplasm of preimplantation embryos (from 4-cell embryos to morulae), but in the nuclei of blastocysts. Nuclei are showan by immunostaining with an
anti-Ffistone-H2B antibody (green) and DAPI staining (blue). (B) Confocal microscopy images of blastocyst outgrowth and ES cells stained with antibodies to
Hmgpi and Oct4, and with DAPI. Scale bar = 50 pM. (C) Western blotting analysis of HMGP] in cytoplasmic (Cy) and nuclear (Nw) fractions of ES cells. Lamin
A/C and tbulin were used as markers of the nuclear and cytoplasmic fractions, respectively.

We then performed qRT ~PCR analysis using c-amanitin to
investigate de novo (zygotic) transcription of the Himgpi gene.
The supplementation of c-amanitin during in vitro culture
from the l-cell stage significantly reduced Hmgpi mRNA
expression in the 2-cell embryos at post-hCG 43 and 53h
(early and late 2-cell stage, respectively) (Fig. 2D), implying
that Hmgpi is transeribed zygotically during the major burst
of ZGA, but not maternally.

To study the temporal and spatial expression pattern of the
Hmgpi-encoded protein (HMGPT), we raised a polyclonal anti-
body against Himgpi peptides. Western blot analysis of extracts
from the mouse blastocysts showed only a single band corre-
sponding to 46 kDa detected by the anti-HMGPI antibody. In
addition, preincubation with the HMGPI peptide antigen abol-

ished detection of the HMGPI protein, while preincubation
with a control peptide had no effect on the immunodetection
(Supplementary Material, Fig. S1). Although Hmgpi transcrip-
tion started at the 2-cell stage, peaked at the 4-cell stage and
then gradually decreased until the blastocyst stage (Fig. 20),
immunostaining  and immunoblotting analysis rtevealed
HMGPI expression from the 4-cell stage until the blastocyst
stage, indicating a delayed expression pattern of HMGPI com-
pared with that of the Hmgpi transcript. It was also notable that
both ICM cells and trophectodermal cells retained HMGPI
expression in blastocysts.

On the other hand, immunostaining for HMGPI in preim-
plantation embryos showed a unigue subcellular localization
pattern. Although a putative muclear protein due to its role
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Figure 4. Loss-of-function study by siRNA technology. (4) Transcript levels of flingpt in embryos injected with control siRNA (siControl) and £mgpi siRNA
(siHmgpi) by real-time quantitative RT~PCR analysis. The expression levels were nommalized using H2aft as a reference gene. Values are means + SE for four
separate experiments. (B) Laser scanning confocal microscopy images of HMGPI protein expression in a 4-cell embryo, 8-cell embryo, morula and blastocyst
after injection with siControl or siHimgpi (red, HMGPI; blue, chromatin). (C and D) fmmunoblot analysis of HMGPI expression at the blastocyst stage in
siControl-injected and sitimgpi-injected embryos. The relative amount of HMGPT (46 kDa) was determined at the blastocyst stage (left: siControl-injected
embryos, right: simgpi-injected embryos). The expression levels were normalized using actin expression (42 kDDa) as a reference. Values are means + SE
from three separate experiments.
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Figure 5. Function of Hmgpi in preimplantation development. {A) A pair of
representative photos showing the development of embryos injected with
HAmgpi  siRNA  (sitlmgpi) and Control siRNA  (siControl).  The
siHimgpi-injected embryos arrested at the morula stage are indicated by
arrows. Scale bar = 100 pM. (B) For Nanog, Oct4 and Cdx2 immunostaining,
all blastocysts in the siHmgpi-injected and siControl-injected groups were pro-
cessed simultaneously. The laser power was adjusted so that the signal inten-
sity was below saturation for the developmental stage that displayed the
highest intensity and all subsequent images were scanned at that laser
power. This allowed us to compare signal intensities for Nanog, Oct4 and
Cdx2 expression between the siFimgpi-injected and siControl-injected
embryos (Supplementary Material, Table S2).

as a transcription factor, HMGPI was detected mainly in the
cytoplasm without any evidence of a nuclear localization
from the 4-cell to the morula stage, suggesting a role other
than transcriptional regulation (Fig. 2E). In contrast, HMGPI
was localized to the nuclei rather than to the cytoplasm of
blastocysts (Figs 2E and 3A). During blastocyst outgrowth,
HMGPI was expressed in the nuclear region of most outgrow-
ing cells, with scant amounts detected in the cytoplasm
(Fig. 3B). Interestingly, Oct4-positive cells derived from the
ICM showed particularly strong positive staining for HMGPI
in the nucleus, suggesting a specific role as a nuclear protein
in ES cells (Fig. 3B). On more closely examining HMGPI in
ES cells, we found that almost all the Oct4-positive undiffer-
entiated ES cells in a colony also expressed HMGPI (Fig. 3B),
and inmmunoblotting confirmed HMGPI expression in both
nuclear and cytoplasmic fractions of ES cells (Fig. 3C).

Effect of siRNA on Hmgpi mRNA level and protein
synthesis

To investigate a role of Hmgpi in early embryonic develop-
ment, we knocked down Hmgpi expression in mouse preim-
plantation embryos. We employed an oligonucleotide-based
siRNA (denoted here siHmgpl and obtained from PE
Applied Biosystems, Foster City, CA, USA). Zygotes injected
with Hmgpi siRNAs (siHmgpi) or control siRNA (siControl)
and non-injected zygotes as negative controls were cultured.
Hmgpi expression was severely suppressed in  the
siHmgpi-injected embryos, and significantly lower than
those in the siControl-injected or non-injected embryos
(Fig. 4A). The siControl-injected embryos did not show any
difference from the non-injected embryos in Flmgpi expression
(data not shown). In addition, immunofluorescent staining
clearly demonstrated that the siIRNA injection reduced
HMGPI protein expression i an individual preimplantation
embryo (Fig. 4B). In the same set of experiments, the
HMGPI levels were also assayed by western blotting
(Figs 4C and 4D). HMGPI expression was significantly
reduced in siHmgpi-injected blastocysts (0.89 4 0.10) com-
pared with that in negative controls (0.28 4 0.08; P << 0.05).

Furthermore, we confinmed that siHmgpi had no influence
on the expression of other genes with sequence similarities
to Hmgpi, namely Ubtf, Hmgbl, Hmgb2 and Hmgb3. Although
Ubtf, Hmghl, Hmgb2 and Hmgb3 were all expressed in control
preimplantation embryos, the siHmgpi construct used in this
study did not affect the expression of these genes in the
siHmgpi-injected  embryos  (Supplementary  Material,
Fig. $2). On the other hand, it has been demonstrated that
loss-of-function of these genes produces no distinet pheno-
types at the pre- and peri-implantation stages (21).

Effect of Hmgpi siRNA on preimplantation development

To study the function of Fimgpi during preimplantation devel-
opment, siHmgpi-injected or siControl-injected zygotes were
cultured in vitro until the blastocyst stage. The embryos
injected with siHmgpi at 21-23 h after hCG administration
often failed to become blastocysts at 3.5 days posteoitum
(dpc) (Fig. 5A). In addition, the reduction in Hmgpi expression
significantly  suppressed preimplantation  development,
whereby 68.9 4 1.3% of siHmgpi-injected embryos became
blastocysts, while 94,1 4+1.3% of siControl-injected
embryos reached the blastocyst stage (Supplementary
Material, Fig. S3; P < 0.0001). Most of the siHmgpi-injected
embryos that failed to become blastocysts showed develop-
mental arrest after the morula stage and did not appear to
form blastocoels, suggesting impairment of trophectodermal
development (Supplementary Material, Fig. S3). To analyze
the phenotype of siHmgpi-injected embryos further, we per-
formed immunofluorescence staining of lineage-specific
markers such as Cdx2, Nanog and Oct4 at the blastocyst
stage. Although siHmgpi-injected embryos that reached the
blastocyst stage appeared morphologically intact, the
expression of lineage-specific markers was reduced
(Fig. 5B). Cdx2, which is required for implantation and extra-
embryonic development, was particularly and markedly down-
regulated in trophectodermal cells, while Nanog and Oct4

0102 ‘2} [udy uo Ausieaiun oley 1e Biospeuinolpiojxo Buiyy:dpy wol) pspeojumod



Human Molecular Genetics, 2010, Vol. 19, No. 3 487

siControl

siHmgpi

Phase ALP Hmgpi Octd DAPI] Merged

P<0.001
100+ us m

ey a siConirol i

< @ siHmgypi ] ] Tesled blastocysls  Attachment (%) Outgrowth (%)

2 siControl 51 34 (66.6) 30 (88.2)

£ siHmgpi 20 15 (75.0) 2 (13.3)

2 504 siGontrol 117 G2 (788) 80 (86.9)

a siHmgpi 13 10{76.9) 2 (20.0)

g siControl 55 49 {89.0) 48 (97.9)

g siHrgpi 8 7 (87.5) 1(14.2)

@ siControl 41 33 (804) 33 (100.0}
siHmgpi 13 10{76.9) 3(30.0)

siControl

siHmgpi

Brd DAl ,, Merged Caspase3 DAP] ' Mrged

P<0.05
90+
[ P<0.0001

= F‘7 Transferred embryes . lmplénted {%) __ Ongeing pregnancy (%)
”; siContral 30 23(76.7) 20 (66.7)
% 2 siControl siHmapi 18 6(333) 3(16.7)
= 454 — : siControl 30 25 (83.3) 18 (60.0)
— @ siHmgpi

] o siHmapi 32 20 (62.5) 10(312)
i siControl 6 13(81.2) 12(75.0)
a siHmgpi 24 15 (62.5) 7(29.1)
g siControl 20 13(65.0) 13 (65.0)
2] . A siHmgpi 32 81(25.0) 7(21.8)

Ongoing
pregnancy

Implanted

0102 ‘21 Judy uo Ausisniun orey 1e Blo sjeuinolpiopxo Buuyy/duy wouy pepeojumo(d




488 Human Molecular Genetics, 2010, Vol. 19, No. 3

were likewise downregulated in ICM cells of the
siHmgpi-injected embryos (Fig. 5B and Supplementary
Material, Table S2). Thus, Hmgpi is essential for the earliest
embryonic development; both ICM and trophectodermal
development.

Effect of Hmgpi siRNA on in vive and in vitro
peri-implantation development

"To investigate. the role of Hmgpi in proliferation of the ICM
and trophectodermal cells, siHmgpi-injected and siControl-
injected embryos were further cultured in vitro from the
blastocyst stage, and attachment and outgrowth of each
embryo on gelatin-coated culture plates was examined.
HMGPI expression in siHmgpi-injected embryos was signifi-
cantly reduced, and immunostaining showed that many colo-
nies of ICM cells in the embryos collapsed during outgrowth
culture (Fig. 6A and B). Although the vast majority of ICMs
from siControl-injected embryos showed successful attach-
ment (80.3 + 4.9%) and vigorous outgrowth (96.2 + 2.7%),
those from siHmgpi-injected embryos failed to proliferate or
produced only a residual mass (19.3 + 3.8%) despite success-
fully attaching (79.0 + 2.8%) (Fig. 6C; attachment ns; out-
growth, P < 0.001). These results implied that Hmgpi is
essential for proliferation of ICM and trophectodermal cells
in peri-implantation development, and for derivation of ES
cells.

We then investigated cell proliferation and apoptosis during
blastocyst outgrowth. Comparable incorporation of BrdU in
blastocyst outgrowths of siimgpi-injected embryos was less
than that of siControl-injected embryos. Proliferation was sig-
nificantly reduced in ICM-derived cells and dramatically sup-
pressed in trophoblast cells (Fig. 6D). Embryonic fibroblasts
were used as a feeder layer in this study and could support
ICM cells, thus proliferation should have proceeded regardless
of trophectodermal cell support. Therefore, the collapsed
ICM-derived colonies in the current experiment were not a
secondary effect of reduced proliferation in trophoblast cells,
but a direct effect of the siHmgpi-induced decrease in ICM
proliferation. Apoptosis was not detected in any cells during
blastocyst outgrowth of siHmgpi-injected embryos, based on
the absence of active caspase3 (Fig. 6E). Taken together,
these findings show that Hmgpi is indispensable for prolifer-
ation of the ICM and trophectodermal cells in peri-
implantation development and for the generation of ES cells.

Finally, we tested whether the experimental blastocysts
could develop in vivo by transferring siHmgpi-injected and
siControl-injected blastocysts into the uterus of pseudopreg-
nant mice. Only 45.8 + 9.7 and 24.7 + 3.3% of blastocysts
injected with siHmgpi implanted and developed, respectively,
whereas most of the siControl-injected embryos showed
successful implantation and ongoing development (76.5 4
4.0 and 66.6 + 3.3%, respectively) (Fig. 6F, implanted, P <
0.05; ongoing pregnancy, P <<0.0001). These results con-
firmed a role for Hmgpi in peri-implantation embryonic devel-
opmernt.

DISCUSSION

We previously analyzed the dynamics of global gene
expression changes during mouse preimplantation develop-
ment (3). Understanding these preimplantation stages is
important for both reproductive and stem cell biology. Many
genes showing wave-like activation patterns (e.g. ZGA and
MGA) during preimplantation were identified, and any or all
of these may contribute to the complex gene regulatory net-
works, Hmgpi, one of the few novel preimplantation-specific
genes, is involved in early development, implantation and
ES cell derivation.

Structure-based prediction of Hmgpi function

Structural information about a protein sometimes hints at func-
tional mechanisms, which remain unknown for Hmgpi’s clear
role in early embryonic development. The HMG family pro-
teins are abundant nuclear proteins that bind to DNA in a
non-sequence-specific manuer, influence chromatin structure
and enhance the accessibility of binding sites to regulatory
factors (17). Based on the number and the type of HMG
domains, Hmgpi is relevant to the HMGB subfamily, charac-
terized by containing two HMG-box domains ("HMG-box’
or ‘HMG-UBF_HMG-box’), rather than either the HMGA or
HMGN subgroups. Hmgpi is also known as Ubtfll in the
NCBI gene database, based on sequence similarity to Ubff, a
well-known ZGA gene (3,22). Ubyf, encoding a SANT
domain and six HMG-box domains, functions exclusively in
RNA polymerase I (Pol I) transcription (23) and acts
through its multiple HMG boxes to induce looping of DNA,
which creates a nucleosome-like structure to modulate tran-
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Figure 6. Function of Hingpi in peri-implantation development. (A) Blastocyst onigrowth and alkaline phosphatase (AP) activity in the siHimgpi-injected and
siControl-injected embryos, carried out according to a standard procedure (42). Representative images of phase-contrast microscopy for blastocyst outgrowth and
fluarescent immunocytochemistry for AP are shown. Scale bar = 100 M. (B) Confocal microscopy images of blastocyst outgrowth for the siFimgpi-injected
and siControl-injected embryos, stained with antibodies to Hmgpi and Octd. Nuclei are shown by DAPI staining. Scale bar = 100 M. (C) Successtul rate of
blastocyst outgrowth for siFimgpi-injected and siControl-injected embryos. Successful outgrowth in this assay was indicated by the presence of proliferating cells
afler 6 days in culture. The experiment was repeated four times. (D) BrdU incorporation assay for blastocyst outgrowth of the sitimgpi-injected and
siControl-injected embryos. Cell proliferation was determined by BrdU incorporation (ICM: arrowhead, trophectodermal cells: arrow). The trophectodermal
component contained few cells and BrdU incorporation was confined to the ICM core; however, cell proliferation was reduced in the blastocyst outgrowth
of siHmgpi-injected embryos compared with that of the siControl-injected embryos. Nuclei are shown by DAP] staining. Scale bar = 100 pM. (E) Immunocyto-
chemistry with an anti-caspase3 antibody in blastocyst outgrowth of the sitlmepi-injected and siControl-injected embryos. Apoptotic cells were not apparent in
the blastocyst outgrowth of either injected embryo. Nuclei are shown by DAPI staining. Scale bar = 100 pM. (F) Snccessful rate of silimgpi-injected and
siControl-injected embryo transfer. We transferred 3.5 dpe blastocysts into the uteri of 2.5 dpc pseudopregnant ICR female mice. The pregnant ICR mice
were sacrificed on day 12.5 of gestation and the total numbers of implantation sites and of live and dead embryos/fetuses were counted. The experiment
was repeated four times.



scription of the 458 precursor of ribosomal RNA (rRNA) by
Pol 1 (24,25). Because the association of UBTF with rRNA
genes in vivo is not restricted to the promoter and extends
across the entire transcribed portion, UBTF promotes the for-
mation of nucleolar organizer regions, indicative of ‘open’
chromatin (26). Based on the sequence similarity between
UBTF and HMGPI, HMGPI might also bind to DNA in a non-
specific manner, and modulate chromatin during peri-
implantation when dynamic chromatin change is essential.

Alternatively, HMGPI may act as a cytokine during preim-
plantation development in a similar manner to HMGBI.
HMGB proteins are found primarily in the cell nucleus, but
also to varying extents in the cytosol (27,28), and have been
suggested to shuttle between compartments (17). HMGBL is
indeed passively released from nuclei upon cell death and
actively secreted as a cytokine (29), and the addition of recom-
binant HMGRBI into culture medium enhances in vitro devel-
opment of mouse zygotes to the blastocyst stage in the
absence of BSA supplementation (30). Although HMGPI
failed to be detected in culture media after in vifro culture
of preimplantation embryos or ES cells in this study (data
not shown), two different modes of Hmgpi action, chromatin
modulator and secreted mediator, should be taken into con-
sideration as discussed later.

Role of Hmgpi during peri-implantation

The HMGPI protein was first detected in 4-cell embryos and
then abundantly expressed in 8-cell embryos, morulae, ICM,
trophectoderm and ES cells. Although Hmgpi transcription
peaked at the 4-cell stage, the most dramatic siRNA effect
appeared at the blastocyst and subsequent stages. This discre-
pancy between temporal expression and phenotype is attribu-
ted to three possible mechanisms. First, protein expression is
generally delayed from franscription, indicated here by the
Hmmgpi transcripts and HMGPI protein expression peaking at
the 4-cell stage and blastocyst stage, respectively. Similarly,
Stella (31) and Pms2 (32) are maternal-effect genes, but do
not cause developmental loss until later preimplantation
stages. A second possibility is the incompleteness of siRNA
knockdown. One limitation of such knockdown experiments
is the potential variability in levels of silencing of a target
gene, which could in turn underlie the observed phenotypic
variability in the present study. Embryos with complete sup-
pression of Hmgpi may exhibit developmental arrest at
earlier stages (e.g. at the morula stage), while those with
less suppression may not display a phenotype until the later
stages (e.g. at the implantation stage). Ideally, the suppression
level of each embryo could be experimentally analyzed to cor-
relate with the phenotype. The third possibility is spatial trans-
location of HMGPI protein in the blastocyst cells. The HMGPL
expression pattern indicated differential spatial requirements
during early embryogenesis, supported by the apparent
ability of HMGPI to shuttle between the nucleus and the cyto-
plasm; the cytoplasmic HMGPI observed from the 4-cell to
moruala stages and the nuclear HMGPI in blastocysts and ES
cells could have different functions. A bipartite nuclear local-
ization signal (NLS) peptide (FKKEKEDFQKKMRQEFKK)
similar to NLS of HMGN2/HMG-17 (33) is also present in
the HMGPI sequence. Thus, the nuclear HMGPI in blastocysts
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and ES cells might exert a critical transcriptional role to regu-
late gene expression essential for peri-implantation develop-
ment, Indeed, the siHmgpi-induced knockdown of Hmgpi
expression downregulated Cdx2 in trophectodermal cells and
Oct4 and Nanog in ICM cells, with subsequently reduced pro-
liferation of trophectodermal cclls and ICM-derived cells
during blastocyst outgrowth,

Genes indispensable for derivation of ES cells

Like Hmgpi, Zscan4 is another exclusively zygotic gene not
expressed at any other developmental stage (13). Zscand is a
putative transcription factor harboring a SCAN domain and
zinc finger domains, and transcribed not only in preimplanta-
tion embryos but also in ES cells (13). Reduction of Zscand by
RNA interference showed a phenotype similar to that induced
by Hmgpi knockdown: developmental deterioration at the pre-
implantation stages, especially cleavage pause at 2-cell stage,
and failure in blastocyst outgrowth, ES-cell derivation and
implantation, Thus, a preimplantation-specific gene expression
pattern could indicate a function in ES-cell derivation and/or
maintenance. Indeed, Amgpi was also expressed in entire ES
colonies, whereas Zscan4 shows a peculiar mosaic expression
pattern in undifferentiated ES cell colonies. Furthermore, the
Hmgpi gene is highly expressed in ES cells, but not in EC
cells; Hmgpi is thus eligible as a putative ECAT (ES
cell-associated transcript), whose ESTs are overrepresented
in cDNA libraries from ES cells compared with those from
somatic tissues and other cell lines including EC cells (34).
It is also likely that Hmgpi is expressed in iPS cells, based
on in silico analyses of expression profiles [NCBI GEO data-
base, e.g. GSE10806 (35)]. Thus, Hmgpi is likely to have a
role in maintaining pluripotent cells, since the ECATs such
as Nanog, Eras and Gdf3 are required for pluripotency and
proliferation of ES cells (34,36,37). In the current study,
Hmgpi was indeed involved in blastocyst outgrowth of ICM
cells. On the other hand, several genes including ECAT
members have been implicated in trophectodermal develop-
ment as well as in early embryonic development. Like
Hmgpi that was expressed in both ICM cells and trophectoder-
mal cells, Dumt3l/Ecat7 has a role in embryonic and extra-
embryonic tissues in early developmental stages. DNMT3L
is recruited by DNMT342 to chromatin (38) to function in
DNA methylation in ES cells, and defects in matemal
DNMT3L induce a differentiation defect in the extra-
embryonic tissue (39). The reduced CDX2 expression in
blastocysts and poor BrdU incorporation during blastocyst out-
growth following siHmgpi knockdown suggested the potential
imvolvement of Hmgpi in trophectodermal development.

In summary, Hmgpi is required early on in mammalian
development to generate healthy blastocysts that implant
successfully and produce ES cells. HMGPI translocates into
the nucleus from cytoplasm at the blastocyst stage, which is
importantly a turning point of eatly embryonic development
when DNA-methylation levels are at their lowest and implan-
tation takes place. The nuclear HMGPI in blastocysts and ES
cells is expected to act as a transcription factor to regulate
gene expression networks underlying the gemeration, self-
renewal and maintenance of pluripotent cells. Because E7
embryos have already stopped expressing Hmgpi, it is likely
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that Hmgpi stage-specifically regulates a set of genes that drive
peri-implantation development. It will be valuable to identify
both cofactors that bind HMGPI and recoguize specific DNA
sequences, as well as genes that are regulated by Himgpi using
ES cells. A better understanding of the Hmgpi transcriptional
network will also improve culture methods for healthy blasto-
cysts and for generating, maintaining and differentiating ES
cells.

MATERIALS AND METHODS
Identification of the mouse Hmgpi gene by in silico analysis

Preimplantation-specific genes were identified based on global
gene cxpression profiling of oocytes and preimplantation
embryos (3,40) and expressed sequence tag (EST) frequencies
in the Unigene database. SMART (19) was used for domain
prediction analysis. Orthologous relationships between HMG
family genes were identified from phylogenetic-tree amino
acid sequences determined by a sequence distance method
and the Neighbor Joining (NJ) algorithm (41) using Vector
NTI software (Invitrogen, Carlsbad, CA, USA).

Collection and manipulation of embryos

Six- to 8-weck-old B6D2F1 mice were superovulated by
injecting 5 IU of pregnant-mare serum gonadotropin (PMS;
Calbiochem, La Jolla, CA, USA) followed by 5 IU of
human chorionic gonadotropin (HCG; Calbiochem) 48h
later. The Institutional Review Board of the National Research
Institute for Child Health and Development, Japan granted
cthics approval for embryo collection from the mice. Unferti-
lized eggs were harvested 18 h after the HCG injection by a
standard published method (42), and the cumulus cells were
removed by incubation in M2 medium (EmbryoMax M-2
Powdered Mouse BEmbryo Culture Medium; Millipore,
Billerica, MA, USA) supplemented with 300 j.g/ml hyaluroni-
dase (Sigma-Aldrich, St Louis, MO, USA). The eggs were
then thoroughly washed, selected for good morphology and
collected. Fertilized eggs were also harvested from mated
superovulated mice in the same way as unfertilized eggs and
embryos with two pronuclei (PN) were collected to synchro-
nize in vitro embryo development. Fertilized eggs were cul-
tured in synthetic oviductal medium enriched with potassium
(EmbryoMax KSOM Powdered Mouse Embryo Culture
Medium; Millipore) at 37°C in an atmosphere of 95% air/
5% CO,. Cultured blastocysts were transferred into pseudo-
pregnant recipients as described previously (42). We trans-
ferred 3.5 dpc blastocysts into the wuteri of 2.5 dpc
pseudopregnant ICR female mice. RNA interference exper-
iments were carried out by microinjecting <<10 pl (25 ng/p.D)
of oligonucleotides (siHimgpi and siControl) into the
cytoplasm of zygotes. The optimal siRNAs were determined
by testing different concentrations (5, 10, 25 and 50 ng/pl)
of three siRNAs (PE Applied Biosystems, Foster City, CA,
USA), resuspended and diluted with the microinjection
buffer (Millipore). Their target sequences are listed in Sup-
plementary Material, Table 83. More than 10 independent
experiments were performed to study the effect of Hmgpi
knockdown on preimplantation development and implantation.

Culture of ES cells and blastocyst sutgrowth

A mouse ES cell line (B6/129ter/sv line) was first cultured for
two passages on gelatin-coated culture dishes in the presence
of leukemia inhibitory factor (LIF) to remove contaminating
feeder cells. Cells were then seeded on gelatin-coated 6-well
plates at a density of 1-2 x 10%well (1-2 x 10%cm?) and
cultured for 3 days in complete ES medium: KnockOut
DMEM (Invitrogen) containing 15% KnockOut Serum Repla-
cement (KSR; Invitrogen), 2000 U/ml ESGRO (mLIF; Chemi-
con, Temecula, CA, USA), 0.1 mm non-essential amino acids,
2 mM GlutaMax (Invitrogen), 0.1 mM beta-mercaptoethanol
(2-ME; Invitrogen) and penicillin/streptomycin (50 U/50 pg/
ml; Invitrogen). Blastocyst outgrowth experiments were
carried out according to a standard procedure (42). In brief,
zona pellucidae of blastocysts at 3.5 dpc were removed
using acidic Tyrode’s solution (Sigma). The blastocysts were
cultured individually in the ES medium on gelatinized
chamber slides at 37°C in an atmosphere of 5% CO,. The cul-
tured cells were examined and photographed daily. Alkaline
phosphatase activity was measured using a specific detection
kit (Vector Laboratories, CA, USA) after 6 days in culture.
Four independent experiments were performed.

Immunostaining of oocytes and preimplantation embryos

Samples were fixed in 4% paraformaldehyde (Wako Pure
Chemical, Osaka, Japan) with 0.1% glutaraldehyde (Wako)
in phosphate-buffered saline (PBS) for 10 min at room temp-
erature (RT), and then permeabilized with 0.5% Triton X-100
(Sigma) in PBS for 30 min. Immunocytochemical staining was
performed by incubating the fixed samples with primary
antibodies for 60 min, followed by secondary antibodies for
60 min. A polyclonal antibody to mouse HMGPI was raised
in rabbits against three synthesized peptides designed accord-
ing to sequence specificity, homology between mouse and
human HMGPI, antigenicity, hydrophilicity and synthetic
suitability [(i) CIQGHHDGAQSSRQDFTD, (ii) CMSMSGG
RSSKFGRTEQS, (iii) ESPRTVSSDMKFQGC; Medical &
Biological Laboratories Co, Nagoya, Japan). The anti-HMPGI
was used at 1:300 dilution, followed by Alexa Fluor 546 goat
anti-rabbit IgG (Molecular Probes, Invitrogen) as the second-
ary antibody. The anti-Histone H2B antibody (Medical &
Biological Laboratories Co, Nagoya, Japan) was used at
1:300 dilution as positive control of nuclear staining, followed
by Alexa Fluor 488 goat anti-mouse IgG (Molecular Probes,
Invitrogen) as the secondary antibody. Blastocysts were
immunostained using a monoclonal anti-Oct4 antibody
(mouse Ig(2b isotype, 200 p.g/ml; Santa Cruz Biotechnology,
Santa Cruz, CA, USA), rabbit polyclonal anti-Nanog antibody
(ReproCELL, Tokyo, Japan), mouse monoclonal anti-Cdx2
antibody (CELL MARQUE, Rocklin, CA, USA), mouse
monoclonal anti-BrdU antibody (Santa Cruz) and rabbit
monoclonal anti-active caspase 3 (Abcam) antibody, all

(IgG) were diluted at 1:300 and supplied by Molecular
Probes/Invitrogen: goat anti-rabbit IgG conjugated with
Alexa Fluor 546 and goat anti-mouse IgG(H + L) conjugated
with Alexa Fluor 488, The cellular DNA (nuclei) was stained
with 4,6-diamidino-2-phenylindole (DAPI; Wako; diluted
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1:300). The cells were then washed with PBS and viewed by
laser confocal microscopy (LSMS510, Zeiss). For HMGPI
immunostaining, all samples were processed simultancously.
The laser power was adjusted so that the signal intensity
was below saturation for the developmental stage that dis-
played the highest intensity and all subsequent images were
scanned at that laser power, This allowed us to compare
signal intensities for HMGPI expression at different develop-
mental stages, The other molecules in blastocysts and out-
growth were viewed and imaged as for the HMGPI expression.

Immunocytochemistry of blastocyst outgrowths
and ES cells

Cultured ES cells and blastocyst outgrowths were fixed with
4% paraformaldehyde for 10 min at 4°C, treated with 0.1%
Triton X-100 (Sigma) in PBS for 15 min at RT, and then incu-
bated for 30 min at RT in protein-blocking solution consisting
of PBS supplemented with 5% normal goat serum (Dako,
Glostrup, Denmark), The samples were then incubated over-
night with the primary antibodies to OCT4, HMGPI, BrdU
or active caspase 3 in PBS at 4°C. The cells were then exten-
sively washed in PBS and incubated at RT with Alexa Fluor
488 goat anti-mouse IgGl (anti-OCT4 and anti-BrdU anti-
bodies, diluted 1:300; Molecular Probes) or Alexa Fluor 546
goat anti-rabbit IgG(H + L) (anti-HMGPI and anti-caspase 3
antibodies, diluted 1:300), and nuclei were counterstained
with DAPI for 30 min. To prevent fading, cells were then
mounted in Dako fluorescent mounting medium (Dako).

Incorporation of bromodeoxyuridine (BrdU)

E3.5 blastocysts and blastocyst outgrowths were cultured for
161 in KSOM and ES medium, respectively, supplemented
with 10 pM BrdU (Sigma). Samples were then fixed in 4%
paraformaldehyde for 20 min, washed in PBS and then
treated with 0.5 M HCI for 30 min.

RNA extraction and real-time quantitative reverse
transcriptase (qQRT)-PCR

post-hCG and cultured as described above. They were har-
vested at 0.5, 1.25, 1.75, 2.25, 2.75 and 3.75 dpe to obtain fer-
tilized eggs 2-cell, 4-cell, 8-cell, morula and blastocyst
embryos, respectively, Three subsets of 10 and 50 synchro-
nized and intact embryos were transferred in PBS sup-
plemented with 3 mg/ml polyvinylpyrrolidone (PVP) and
stored in liquid nitrogen. Total RNA from 10 and 50
embryos was extracted using the PicoPure RNA Isolation
Kit (Arcturus, La Jolla, CA, USA). The reverse transcription
reaction, primed with polyA primer, was performed using
Superscript III reverse transcriptase (Invitrogen) following
the manufacturer’s instructions. Total RNA isolated was
reverse transcribed in a 20 pl volume. The resulting cDNA

Green Realtime PCR Master Mix (Toyobo, Osaka, Japan)
and ABI Prism 7700 Sequence Detection System (PE
Applied Biosystems) as described previously (43). An
amount of ¢cDNA equivalent to 1/2 an embryo was used for

Human Molecular Genetics, 2010, Vol. 19, No. 3 491

each real-time PCR reaction with a minimum of three repli-
cates, with no-RT and no-template controls for cach gene.
Data were normalized against H2qfz by the AACt method
(44). PCR primers for the genes of Hmgpi, H2afz and
Gapdh were listed in Supplementary Material, Table S4. Cal-
culations were automatically performed by ABI software
(Applied BioSystems). For alpha-amanitin studies, fertilized
eggs were first harvested at 18 h post-hCG, instead of eggs
already advanced to the two-pronucleus stage. After 3h of
incubation, eggs that carried both male and female pronuclei
were selected at 21 h post-hCG and randomly assigned to
two experimental groups: with and without addition of
alpha-amanitin to the culture medium. The eggs were further
cultured in KSOM at 37¢C in an atmosphere of 5% CO,
until the specified time point (32, 43 and 54 h post-hCG).
Embryos used for alpha-amanitin studies and RNA interfer-
ence experiments were subjected to gRT-PCR as described
for the normal preimplantation embryos.

Immunoblot analysis

Protein samples from embryos were solubilized in Sample
Buffer Solution without 2-ME (Nacalai Tesque, Kyoto,
Japan), resolved by NuPAGE Novex on Tris-acetate mini
gels (Invitrogen), and transferred to Immobilon-P transfer
membrane (Millipore). The membrane was soaked in protein
blocking solution (Blocking One solution, Nacalai) for
30 min at RT before an ovemight incubation at 4°C with
primary antibody, also diluted in blocking solution. The mem-
brane was then washed three times with TBST (Tris-buffered
saline with 0.1% Tween-20), incubated with a horseradish
peroxidase-conjugated  secondary antibody  (0.04 pg/ml)
directed against the primary antibody for 60 min, and
washed three times with TBST. The signal was detected by
enhanced chemiluminescence (SuperSignal West Dura
Extended Duration Substrate, Thermoscientific, Rockford,
IL, USA) following the manufacturer’s recommendations.
The intensity of the band was quantified using NIH Image J
software. Briefly, the signal was outlined and the mean inten-
sity and background fluorescence were measured. The specific
signal was calculated by dividing the band intensities for
HMGPI by those for actin.

Statistical analysis

Differences between groups were evaluated statistically using
Student’s t-test or ANOVA, with P-values <C 0.05 considered
significant.

SUPPLEMENTARY MATERIAL

Supplementary Material is available at HMG ouline.
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Abstract. In most mammals, the oocyte is surrounded with compact multilayers of cumulus cells; these form cumulus-
oocyte complexes (COCs). During oocyte maturation, the COCs dramatically expand and this is termed “cumulus
expansion”. We have previously demonstrated that cumulus expansion is the result of hyaluronan synthesis and
accumulation in the extracellular space between cumulus cells in the COCs and that hyaluronan accumulation within
the COCs affects oocyte maturation. We have also demonstrated that CD44, the principal hyaluronan receptor, is
expressed in the COCs during cumulus expansion and that the interaction between hyaluronan and CD44 appears to be
closely related to gap junctional communication of the COCs during the process of meiotic resumption. Based on our
previous studies, we review herein that the physiological significance and the molecular mechanism of cumulus

expansion for porcine oocyte maturation.
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n nearly all mammals, the cocyte is surrounded by compact

multilayers of cumulus cells that form cumulus-oocyte com-
plexes (COCs). During cocyte maturation, the COCs expand
dramatically; this phenomenon is termed “cumulus expansion” and
occurs after the pre-ovulatory surge of gonadotropins. It has been
reported that cumulus expansion supports dissociation from the fol-
licle wall and the expulsion of the oocyte through the ruptured
follicle wall during ovulation. In addition to these effects, it has
been reported that the expansion of COCs is essential for fertiliza-
tion and the developmental potential of early embryos [1, 2].
Therefore, the degree of cumulus expansion is often cited as a
major indicator in the selection of oocytes for in vitro fertilization
(IVF) protocols [3—5]. Considering these observations, it is clear
that an understanding of the physiological significance of cumulus
expansion is important to the study of the developmental compe-
tence of mammalian oocytes that are matured and fertilized in
vitro. Therefore, based on our previous studies, we describe herein
the physiological significance and the molecular mechanism of
cumulus expansion in porcine oocyte maturation.

Effects of Cumulus Expansion on Oocyte Maturation

Many researchers have documented that the formation of the
COC matrix during cumulus expansion is characterized by the
intercellular deposition of hyaluronan secreted from cumulus cells
[6-8]. We first investigated whether the induction of cumulus
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expansion was due to the synthesis of hyaluronan during porcine
oocyte maturation. COCs were cultured in maturation medium
with or without 6-diazo-5-0x0-1-norleucine (DON; an inhibitor of
hyaluronan synthesis) for 48 h. The degree of cumulus expansion
increased gradually until 48 h in culture in the control medium.
When the COCs were cultured with DON, they showed no evi-
dence of cumulus expansion during the culture period. In addition,
aremarkable accumulation of hyaluronan was confirmed in porcine
expanded COCs by the immunostaining method, but hyaluronan
accumulation was completely inhibited by treatment with DON
(Fig. 1). These results indicate that the expanded cumulus mass of
porcine COCs consists mainly of hyaluronan [9, 10].

Generally, serum and follicular fluid contain a factor(s) that sta-
bilizes the hyaluronan-rich matrix. Previous studies have
demonstrated that the inter-o-trypsin inhibitor (ITI) family plays an
important role in the formation of the extracellular matrix of which
hyaluronan is the predominant component [11]. Proteins of the ITI
family are composed of a common light chain called “bikunin” and
either one or two heavy polypeptide chains (HCs). In addition,
serum-derived hyaluronan-associated proteins (SHAPs) have been
isolated from the hyaluronan-rich extracellular matrix of mouse
dermal fibroblasts cultured in the presence of serum [12], and these
proteins were identical to the HCs of ITI [13]. It has been reported
that the formation of a bond between SHAP and hyaluronan is also
important for the stabilization of the hyaluronan-rich matrix [14,
15]. In our previous study, we documented that SHAPs were also
present in porcine follicular fluid and serum as a single protein
band at 70 kDa (Yokoo ef al. unpublished data). In pigs, it has been
reported that there is no apparent barrier to the transfer of SHAPs
from the blood to the follicle [16]. Therefore, it is believed that
SHAPs present in porcine follicular fluid are derived from serum.
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Fig.1. Localization of hyaluronan in porcine cumulus-oocyte

complexes (COCs) as detected by immunofluorescence using
biotinylated hyaluronan-binding protein. Green=hyaluronan;
red=nuclear; bars=100 zm.

Moreover, we demonstrated that the immunodepletion of SHAPs
from follicular fluid produced not only incomplete cumulus expan-
sion but also a decline in the oocyte maturation rates in a manner
dependent on the antibody concentration against SHAPs. These
results suggest that the retention and stabilization of hyaluronan
within the COCs by the formation of the hyaluronan-SHAP com-
plex during cumulus expansion is necessary for porcine cocyte
maturation.

Expression of Hyaluronan-CD44 Interaction in COCs

Hyaluronan, which is the main component of cumulus expan-
sion, is a linear glycosaminoglycan that is a high-molecular-weight
polymer with repeating disaccharides linked by 2 1-3 and S 1-4
glycosidic bonds. Despite its structural simplicity, hyaluronan is a
biologically important biopolymer that is widely distributed in the
extracellular matrix of connective tissues in the body. It plays
important roles in diverse processes such as wound repair, cell
motility, and cancer metastasis. Unlike others of the glycosami-
noglycan family, hyaluronan is neither sulfated nor linked to a core
protein. Hence, hyaluronan needs hyaluronan binding protein(s)
for its biological functions. To obtain information regarding hyalu-
ronan binding protein(s) during cumulus expansion, we
investigated their expression in COCs during cocyte maturation by
ligand blotting analysis with fluorescein isothiocyanate (FITC)-
labeled hyaluronan. Interestingly, an 85-kDa hyaluronan binding
protein was detected only in expanded COCs after maturation.
Using immunoprecipitation assay, we showed that this protein was
identical to CD44 [17].

CD44 is the principal cell-surface receptor for extracellular
matrix hyaluronan and exists in a number of isoforms with different
molecular sizes (approximately 80-250 kDa) on a wide variety of
cell types [18-21]. It has been reported that the function of hyalu-
ronan via CD44 is responsible for cell-to-cell and cell-to-
extracellular matrix interactions [22], inhibition of apoptosis [23],
augmentation of tumor cell motility and metastasis [24], and stimu-
lation of lymphocytes [25]. Additionally, previous studies have
indicated that the hyaluronan-CD44 interaction may influence fer-
tility and the quality of oocytes [26, 27]. However, the role of
CD44 in oocyte maturation remains poorly understood. To eluci-
date the role of hyaluronan-CD44 interaction in oocyte maturation,
we examined the maturation-promoting factor (MPF) activity and
the germinal vesicle breakdown (GVBD) rates in the COCs cul-
tured in maturation medium containing with anti-CD44 antibody,
which has been used for inhibition of hyaluronan binding [28, 29].
A low level of MPF activity was noted in oocytes from the COCs
immediately after collection from follicles. After 24 h in culture,
the MPF activity and the GVBD rates in oocytes cultured in the
drug-free medium significantly increased compared to those of
cumulus-oocyte complexes before culture. However, exposure of
the COCs to anti-CD44 antibody during 24 h of culture signifi-
cantly suppressed MPF activity and GVBD rates compared to those
of the COCs cultured in the drug-free medium for 24 h (Table 1 and
Table 2). Thus, these results clearly show that the hyaluronan-
CD44 interaction is required for meiotic resumption in the oocyte
maturation process.

We next examined the difference between the molecular size of
CD44 expressed in the COCs matured ir vitro and those matured in
vivo [30]. The COCs matured in vitro showed bands of CD44 rang-
ing from 81 to 88 kDa. However, the CD44 band in the in vivo-
matured COCs was 73-83 kDa in size; thus, the size of the CD44 in
the COCs matured in vivo was clearly smaller than the band of
CD44 in the COCs matured in vitro. The amino acid sequence of
CD44 predicts a polypeptide of <40 kDa, which contrasts with its
apparent size on gel electrophoresis (approximately 80-250 kDa).
This difference appears to be the result of extensive glycosylation
of the extracellular domain [31]. It has been reported that CD44
glycosylation has been implicated in the regulation and function of
CD44-mediated cell binding for hyaluronan [19]. Notably, Katoh
et al. [32] reported that the terminal sialic acids on CD44 have an
inhibitory effect on hyaluronan binding ability of CD44. Our
results clearly demonstrated that the treatment with sialidase
reduced the size of CD44 in the COCs matured in vifro, the size of
which was not significantly different from that of the COCs
matured 772 vivo. This evidence indicates the possibility that inter-
action between hyaluronan and CD44 during in vifro maturation
may not be sufficient for oocyte maturation compared to that in
vivo. In general, oocytes matured in vitro have a reduced capacity
to be fertilized and a higher rate of abnormal fertilization and
development as compared to their in vivo counterparts. In pigs,
although oocytes matured in vifro can be penetrated by spermato-
zoa under appropriate conditions, in vifro maturation is associated
with low rates of pronuclear formation and a high incidence of
polyspermy [33]. Sun ef al. [34] demonstrated that the rates of
embryo development rates of in vifro-matured and fertilized COCs
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Table 1. Effects of 6-diazo-5-oxo-norleucine (DON) and anti-CD44 antibody on maturation-promoting factor

(MPF) activity in porcine oocytes

Relative MPF activity (0 h=1)

Oh 6h 12h 24h
Control 1® 1.09 +0.04* 1.94 +£0.10° 5.87£0.44¢
DON 1* 1.32+0.12* 0.99 £0.08* 2.51+0.43°
Anti-CD-44 1® 1.01 £0.08* 1.00 £0.01° 2.16 £0.15°

Cumulus-oocyte complexes were cultured for 0, 6, 12 or 24 h with 1.0 mM DON or 5.0 mg/ml anti-CD44 anti-
body. Data are expressed as fold increases of MPF activity in oocytes just after collection from follicles,
defined as 1. Experiments were replicated four times at least. Data represent mean + standard deviation (SD).
Different superscripts denote significant differences (P<0.05).

Table 2. Effects of 6-diazo-5-oxo-norleucine (DON) and anti-CD44 antibody on germinal vesicle breakdown

(GVBD)
Rate of GVBD (%)
Oh 6h 12h 24h
Control 0° 25425 48+4.8 63.8£2.4°
DON 0° 24£2.4° 45+45 19.0+2.1°
Anti-CD44 0 21+2.1° 6.8+6.8 13.3+£7.0°

Cumulus-oocyte complexes were cultured for 0, 6, 12 or 24 h with 1.0 mM DON or 5.0 mg/ml anti-CD44 anti-
body. Experiments were replicated three times at least. Data represent mean = SD. Different superscripts

denote significant differences (P<0.05).

is significantly lower than that observed in vivo. Based on these
observations, we speculate that the insufficient interaction of
hyaluronan-CD44 during cumulus expansion in vifro may cause
inferior fertilization and developmental capacities in oocytes com-
pared to those matured in vivo.

Molecular Mechanism of Hyaluronan-CD44 Interaction
for Oocyte Maturation

Since our findings suggested that the hyaluronan-CD44 interac-
tion is involved in the induction of meiotic resumption, it was
thought that CD44 was expressed in/on the oocytes. However,
CD44 has been shown to be localized in cumulus cells, not in the
oocyte, of the COCs by using reverse-transcription polymerase
chain reaction (RT-PCR), western blotting, and immnunohistologi-
cal staining [17, 35, 36]. Considering these results, we conclude
that the hualuronan-CD44 interaction might function to promote
the meiotic resumption of porcine oocytes through the cumulus
cells.

Generally, the coordination of function between the oocyte and
cumulus cells is mediated by cell-cell communication via gap junc-
tions [37]. Early studies have shown that oocyte growth and
development are strictly dependent upon the supply of nutrients
transmitted from the follicle cells [38, 39]. Later studies have dem-
onstrated that the meiotic maturation of oocytes is also subject to
regulation by the somatic compartment of the ovarian follicle.
MPF activation at the onset of meiotic resumption is inhibited by
intra-oocyte cAMP, which is transferred from cumulus cells via
gap junctional communication within COCs [37]. Interruption of
gap junctions in the COCs, which occurs in response to the pre-
ovulatory surge of gonadotropins, leads to a drop in the intra-

oocyte concentration of cAMP, followed by MPF activation and
meiotic resumption [40-42]. We demonstrated that the reduction
of the intra-oocyte cAMP concentration was suppressed by the
inhibition of the interaction between hyaluronan and CD44 (Yokoo
et al. unpublished data). This result supports the concept that
hyaluronan-CD44 interaction is involved in the regulation of gap
junctional communication and the termination of the flux of cAMP
flux from cumulus cells to oocytes.

Gap junctions are specialized regions in closely opposed mem-
branes of neighboring cells that allow cells to exchange small
molecules, thus coordinating their activities. Each gap junction
channel comprises two symmetrical hemispheres (termed “connex-
ons”) derived from two neighboring cells. The connexon
comprises a hexagonal arrangement of six subunits of a protein
named “connexin” (Cx). Connexins are encoded by members of a
multigene family; they are defined by their molecular weight and
share high homology. At present, at least 15 connexin genes have
been reported in mammals and 7 genes (Cx26, Cx30, Cx32, Cx37,
Cx43, Cx45 and Cx60) have been identified in the ovary. We
examined the effects of the hyaluronan-CD44 interaction on the
expression of Cx43, which is the most abundant Cx found in the
ovarian follicle and in the COCs. Exposure of COCs to DON and
anti-CD44 antibody had no effect on the expression of total Cx43
in the COCs. Conversely, these treatments significantly inhibited
the tyrosine-phosphorylation of Cx43 in the COCs (Fig. 2). Previ-

- ous studies have shown that a tyrosine kinase, such as pp60°,

induces the tyrosine phosphorylation of Cx43 and inhibits intercel-
lular junctional communication [43-47]. Therefore, it is suggested
that hyaluronan-CD44 interaction controls the inhibition of Cx43
gap junctional communication in COCs. These findings strongly

suggest that the hyaluronan-CD44 interaction during cumulus
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Fig.2. Effects of 6-diazo-5-oxo-norleucine (DON) and anti-CD44

antibody on expression of Cx43. The cumulus-oocyte
complexes (COCs) were cultured with 1.0 mM DON or 5.0 pg/
ml anti-CD44 antibody. (A) Detection of tyrosine-
phosphorylated Cx43 (Cx43pY). The extracts
immunoprecipitated with anti-Cx43 antibody were probed with
anti-phosphotyrosine antibody. Arrowhead means the band of
heavy chain of immunoglobulin (IgG (H)). (B) Densitometric
analysis of (A). Different superscripts denote significant
differences (P<0.05). Data represent mean + SD.

expansion induces disruption of the Cx43 gap junction in the
COCs, inhibits the transport of cAMP from cumulus cells into
oocytes, and leads to activation of MPF and meiotic resumption of
oocytes (Fig. 3).

Concluding Remarks

Qocyte maturation is roughly divided into two types: nuclear
maturation and cytoplasmic maturation. We have described herein
the hyaluronan-CD44 interaction during cumulus expansion that
concurrently controls the occurrence of meiotic resumption
through the disruption of gap junctions in COCs. It has been dem-
onstrated that volumetric expansion of COCs actively correlates, at
least in the pig, with the progress of nuclear maturation. Although
details of the mechanism controlling cytoplasmic maturation in
mammals are still unclear, we believe that our findings as described
here shed some light on the understanding of the cytoplasmic mat-
uration process.

Recently, pigs have become increasingly important in the field
of biomedical research and interest has grown in the use of trans-
genic pigs as potential xenograph donors. As most attempts to
produce transgenic pigs by nuclear transfer/cloning techniques or
pronuclear microinjection have used matured oocytes and early
embryos, respectively, it is becoming more important to produce
large numbers of developmentally competent cocytes and embryos.
The developmental competence of porcine oocytes that are matured
and fertilized in vifro has been enhanced by mimicking the active
communication between the oocyte and follicular cells. Therefore,

Cumulus cells

Qocyte

Fig.3. Schematic representation of the oocyte maturation mechanism in

the pig.

elucidation of the molecular mechanisms of oocyte maturation will
enable substantial improvement of the quality of oocytes and
embryos cultured in vitro.

During the past decade, new reproduction biotechnology based
on molecular genetics, molecular biology, and embryology has rap-
idly developed. These techniques should enable us to increase the
production of domestic animals. We now need to define issues and
further develop the study of animal reproduction. The objective of
our ongoing studies is to investigate in more detail the molecular
mechanism of mammalian oocyte maturation and to develop an
artificial technique for oocyte maturation in vifro.
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CASE REPORT

A birth from the transfer of a single vitrified-warmed
blastocyst using intracytoplasmic sperm injection with
calcium ionophore oocyte activation in

a globozoospermic patient
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ina mouse and ICSI combmed with AOA ina human.
(s) U]trastructure MOAT fertlhzatmn and pregnancy

used. After the d1agnosns of globozoosperm1a and sperm -related activation deficiency, 17 human mature oocytes
were activated with calcium ionophore after ICSI was performed. The fertilization rate was 88.2% (15/17), and 11
blastocysts were cryopreserved using the vitrification method to prevent severe ovarian hyperstimulation syn-
kdrome A Smgle:v‘ 'ﬁed—warmed b]astocyst was transferred A gestauonal sac with fetal heart movements was rec-

Conclum on(s) MOAT allows dlscnmmatlon between sperm- and oocyte-related fertilization failures and shows the
effec’u eness of AOA. (Fertll Steril® 2009;91:931.e7-e11. ©2009 by American Society for Reproducuve Medicine.)

Key Wnrds Globozoosperrma calciiim ionophore A23187, strontium chloride (S1Cly), ICSI, diagnostic heterol-

ogous ICSI, assisted oocyte activation (AOA), round-headed spermatozoa, lack of an acrosome

Globozoospermia is a rare (incidence <0.1% in male infer-
tile patients) form of teratozospermia, mainly characterized
by round-headed spermatozoa that lack an acrosome. It
originates from a disturbed spermiogenesis, which is known
to be genetic. These sperm lack acrosomal membranes and
acrosin contents, so they are unable either to penetrate the
zona pellucida of an oocyte or to fuse with the oolemma
in vivo or in vitro. However, intracytoplasmic sperm injec-
tion (ICSI) has opened up new possibilities to couples with
male factor infertility caused by globozoospermia (1-9).

Received July 29, 2008; revised September 27, 2008; accepted October
3, 2008.

K.K. has nothing to disclose. Y.N. has nothing to disclose. C.N. has noth-
ing to disclose. H.H. has nothing to disclose. T.K. has nothing to dis-
close. T.I. has nothing to disclose. H.A. has nothing to disclose. Y.A.

Reprint requests: Dr. Koichi Kyono, Kyono ART Clinic, Mitsui-Seimei, Sen-
dai Honcho BId, 3F, 1-1-1, Honcho, Aobaku, Sendai 980-0014, Japan
(FAX: 81-22-722-8840; E-mail: info@ivi-kyono.or.jp).

0015-0282/09/$36.00

However, ICSI with globozoospermic cells is generally
less successful compared with typical ICSI (10). Rybouch-
kin et al. (11) discovered that fertilization was improved
when a calcium ionophore was used as well. They sug-
gested that the sperm-associated oocyte-activating factor
that normally causes the Ca®* flux required for fertilization
might be absent or down-regulated in globozoospermic
sperm. We report a successful case of pregnancy and deliv-
ery from a transfer of a single vitrified-warmed blastocyst
after performing ICSI and assisted oocyte activation
(AOA) in a patient with globozoospermia and asthenozoo-
spermia.

CASE REPORT

Informed consent was obtained from the couple before the
study. The couple, with primary infertility of 2 years’ dura-
tion, was healthy and had no physical issues except for the
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FIGURE 1

Kyono. Birth from a globozoospermic patient. Fertil Steril 2009.

R
Round-headed sperm morphology in a globozoospermic patient. (A) Normal sperm morphology, control aspects
by light microscope. (B) Round-headed sperm morphology of a patient by light microscope. (C) Round-headed
sperm morphology of a patient by electron microscope.

husband’s semen characteristics. A Kruger test showed 100%
round-headed sperm with abnormal morphology. We diag-
nosed the husband as having globozoospermia by electron
microscopy. Since we confirmed the efficacy of AOA by
mouse oocyte activation test (MOAT), ICSI with AOA was
performed for human oocytes.

MATERIALS AND METHODS

Patient History (Anamnesis)

Before this study, we obtained informed consent from the
couple and approval from the Institutional Review Board
for this study. A 29-year-old woman and her 30-year-old hus-
band presented with primary infertility of 2 years’ duration.
The couple was healthy and had no physical issues except
for the husband’s semen aspects. The fertility of the wife
was completely normal. Semen analysis showed normal
values in volume (2.0 mL), concentration (38 X 10%/mL),
and motility (39%), which proved asthenozoospermia, and
the analysis also showed 100% round-headed sperm with ab-
normal morphology on light and electron microscopy
(Fig. 1). The karyotypes of the couple were 46,XX (wife)
and 46,XY (husband) on peripheral lymphocytes.

Fixation and Observation for Electron Microscopy

Sperm were processed for transmission electron microscopy
using the method described elsewhere (12), by which they

Kyono et al.
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were collected with centrifugation and fixed in chilled
2.5% glutaraldehyde (Wako; Osaka, Japan) solution in 0.1
M phosphate buffer, pH 7.4. After they were washed with
chilled 0.1 M phosphate buffer, the sperm were postfixed in
chilled 1% osmium teroxide (Taab Laboratories Equipment
Ltd., Berkshire, UK) in 0.1 M phosphate buffer, dehydrated
in a series of graded ethanol, and embedded in epoxy resin
(Taab Laboratories Equipment Ltd.). Ultrathin sections
were cut with a diamond knife using an ultramicrotome
(Reichert Ultracuts, Leica; Heerbrugg, Switzerland), stained
with uranyl acetate and lead citrate, and examined by a trans-
mission electron microscope (IEM-1210, Jeol; Tokyo,
Japan).

MOAT

Preparation of mouse oocyles Mature B6D2F1 female
mice, 8-12 weeks of age, were superovulated by IP injections
of 5 IU pregnant mare serum gonadotropin (PMSG) followed
by the administration of 5 IU hCG 48 hours later. The mouse
oocytes were collected from the oviducts of the females 14—
16 hours after the hCG injection. The oocytes were freed
from cumulus cells by pipetting in a Hepes-human follicular
fluid medium (Hepes-HFF99; Fuso Pharmaceutical Indus-
tries, Osaka, Yapan) supplemented with 10% synthetic serum
substance (SSS; Irvine Scientific, Santa Ana, CA) and 60 IU/
mL bovine testicular hyaluronidase (Sigma Chemical Co., St.
Louis) at 37°C. These oocytes were rinsed and kept in an HFF

Vol. 91, No. 3, March 2009



medium (HFF99; Fuso Pharmaceutical Industries) at 37°C in
an atmosphere of 5% CO, until the sperm were injected.

Procedures of ICSI and mouse oocyte activation The round-
headed sperm of this patient were injected into the mouse
oocytes by a piezo-driven unit using the methods reported
elsewhere (13—15). The oocyte membranes were broken by
applying one or two faint piezo pulses, and the sperm were
injected into each ooplasm. It took approximately 20 minutes
to inject a group of about 15 oocytes. The injected oocytes
were kept for 20-30 minutes at room temperature. During
this interval, the oocytes that had been classified into the
activation treatment group were activated in a Ca-free
Toyoda, Yokoyama, Hoshi (TYH) medium containing 10
mM SrCl, for 60 minutes at 37°C in an atmosphere of 5%
CO.. These oocytes were transferred one by one into a single
10-uL. drop of HFF99 medium with 10% SSS under mineral
oil in a plastic dish, and the dish was incubated at 37°C in an
atmosphere of 5% CO,. Approximately 7-11 hours after in-
jections and the activation treatment, the oocytes were ob-
served under an inverted microscope and were rotated to
determine whether or not the second polar body and two pro-
nuclei were present.

For the statistical analysis, the obtained data were analyzed
by the x -test.

Ovarian Stimulation, Oocyte Collection, and Oocyte
Activation in Patient

Ovarian stimulation was conducted using a combination of
GnRH agonist (Nasanyl, Yamanouchi, Japan) and hMG (Per-
gogreen; Serono, Geneva, Swizerland). An injection of 5000
units of hCG (Profasi, Serono) was administered when the
dominant follicle reached a mean diameter of 20 mm. Vaginal
ultrasound-guided follicle puncture was conducted 36 hours
after the hCG injection. The retrieved oocytes were cultured
for several hours in Quinn’s Advantage Cleavage medium
(Sage, Pasadena, CA) at 37°C in an atmosphere of 6% CO,,
5% O, 89% N, under humidified conditions, and all oocytes
were denuded enzymatically with 70 IU/mL SynVitro Cumu-
lase (MediCult, Copenhagen, Denmark) for 30-60 seconds,
followed by mechanical denudation. The motile round-
headed sperm were injected into the oocytes in metaphase
II, and these oocytes were activated by calcium ionophore
A23187 (Sigma;10 uM/mL) for 5 minutes after ICSI. Subse-
quently, the oocytes were rinsed several times in culture me-
dium and incubated overnight to recognize 2 pronuclei at
37°C in an atmosphere of 6% CO5, 5% O, and 89% N under
humidified conditions. For blastocyst cultivation, we trans-
ferred the embryos to a sequential medium Quinn Advantage
(Sage) or Multi-Blasto Medium (Irvine, CA) on day 3.

Vitrifying and Warming of Blastocysts

All blastocysts were cryopreserved using the vitrification
method as described in Kyono et al. (16) to prevent severe
ovarian hyperstimulation syndrome (OHSS). The blastocysts
were equilibrated for 8-10 minutes in 7.5% ethylene glycol
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(EG) and 7.5% dimenthyl sulfoxide (DMSO) and then into
cryoprotectant 15% EG, 15% DMSO, and 0.5 M sucrose (Ki-
tazato Supply Ltd., Japan) for 1 minute. After that, they were
immediately put on a Cryotop and inserted into liquid nitro-
gen. Warming was performed at room temperature by the
rapid thawing method following the market procedure (Kita-
zato Supply Ltd.). Cryoprotectant was removed by stepwise
reduction of the EG and DMSO concentration containing
1.0, 0.5, and 0 M sucrose.

After a single vitrified-warmed blastocyst (grade SBA) was
transferred, a clinical pregnancy was determined by the pres-
ence of a gestational sac (GS) and a fetal heartbeat via a trans-
vaginal ultrasound.

RESULTS

The couple did not achieve a pregnancy in spite of repeatedly
attempted IUL. We diagnosed the husband as having globo-
zoospermia, which is defined as round-headed sperm lacking
an acrosome by the Kruger test and transmission electron
microscope (Fig. 1). MOAT was tried but still resuited in
no fertilization under piezo-ICSI without activation. As the
fertilization rate after SrCl, activation was increased to
68.4%, it was strongly recommended to pursue the necessary
artificial activation to increase the fertilization rate (Table 1).

Round-headed sperm were injected into 17 oocytes during
metaphase II. Among the injected oocytes, 15 oocytes were
activated (15/17, fertilization rate 88.2%). By day 5, 10 em-
bryos had developed, and another blastocyst developed on
the sixth day. Seven of 11 blastocysts were of good morphol-
ogy, and four blastocysts did not fit the criteria for fair quality.
Two months later, one vitrified blastocyst (grade 5SBA) was
warmed and transferred to the female patient on the fifth
day after hormone treatment with P 50 mg (Fuji Pharmaceu-
tical Co., Ltd., Tokyo, Japan). The luteal phase was supported
by daily injections of P. After 10 days, pregnancy was estab-
lished by positive B-hCG in the serum, and the fetal heartbeat
was later confirmed by ultrasound. The couple did not desire
amniocentesis so we did not perform it. Fortunately, the fe-
male patient remained in good condition throughout the
full-term pregnancy. Finally, a healthy boy weighing 3180 g
was delivered at 40 weeks of gestation by cesarean section.

DISCUSSION

ICSI is a useful technique for men who are infertile because
of round-headed sperm. ICST has led to fertilization, embryo
development, pregnancy, and delivery of infants (1-9). How-
ever, several investigators have reported low to absent fertil-
ization (2,4, 5, 17, 18). Rybouchkin et al. (11) discovered that
fertilization was improved when a calcium ionophore was
added. They suggested that a sperm-associated oocyte-acti-
vating factor that normally causes the Ca®* flux required
for fertilization might be absent or down-regulated in globo-
zoospermic sperm, a suggestion that was subsequently con-
firmed by several studies (11, 19, 20). Subsequently,
Rybouchkin et al. in 1997 (18), Kim et al. in 2001 20,




TABLE 1 ,f

Activation (+) Activation (—)

No. of oocytes 22 20
~with ICSI
No. of surviving 21 19
oocytes
mal 19 19
0 0
13 (68.4) 0
1(6.3) 0
3(15.8) 0
2(10.5) 0
o 10100
19 (100) ‘

0(0)

Note: Data in parentheses are percents. Activation (+):
The activation treatment group was activated in
a Ca-free TYH medium containing 10 mM SrCl, for
60 minutes at 37°C in an atmosphere of 5% CO,.
The details are mentioned in Materials and Methods.
2PN = two pronuclei formation; 2PB = first and
second polar body.
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Heindryckx et al. in 2005 (15), and Tajera et al. in 2008 (22)
reported successful pregnancies and deliveries using ICSI
with calcium ionphore oocyte activation. On the other
hand, Tesarik et al. in 2002 (14) reported that the possibility
of using a simple modification of the standard ICSI microma-
nipulation technique, instead of ionophores, alleviates con-
cemns about the possible harmful effects to human embryos
of these insufficiently tested drugs. Vigorous aspiration of oo-
cyte cytoplasm and repeated in-and-out movements of the
microinjection needle within the human oocyte during the
ICSI produce a considerable influx of calcium ions from
the surrounding culture medium into the oocyte. It is also
possible that mechanical disruption of endoplasmic reticu-
Ium during the movements of the microinjection needle in
the oocyte cytoplasm and repeated aspiration releases the cal-
cium stored in this organelle. The modified ICSI technique
increases the intracellular concentrations of the free calcium
ion in the injected oocyte compared with the standard ICSI
technique.

Electrical stimulation, ethanol, StCl,, Ca ionophore, and
vigorous ICSI have been reported as AOA. Ca ionophore,
ethanol 8%, and SrCl, (from our data) displayed the efficacy
of AOA for globozoospermia in heterologous ICSI models.
Ca ionophore and vigorous ICSI were reported to have the

Kyono et al.
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effectiveness of AOA for globozoospermia in human ICSI
clinically, but electrical stimulation, ethanol, and SxCl, are
not yet reported to be effective. More studies are needed to
examine which method is truly the best for AOA in globozoo-
spermia.

This couple had tried IUI three times; however, they did
not achieve pregnancy. First, we diagnosed the husband as
having globozoospermia. Second, we compared the results
with and without oocyte activation using SrCl, on mouse
oocytes with round-headed sperm injection. From the out-
comes of MOAT, we concluded that round-headed sperm
might lack the ability of oocyte activation. We reported
the efficacy and the safety of SiCl, in the patients with
low fertilization by ICSI (23). However, the StCl, activator
is not yet approved for use with human oocytes in the case
of globozoospermia. Third, in this case, we tried calcium
ionophore A23187 treatment, which was also reported by
several investigators (18, 19, 22, 23) to activate human oo-
cytes injected with round-headed sperm. The fertilization
rate in our case is 82.2% (15 of 17), which may be attributed
to the AOA with calcium ionophore A23187 treatment. We
believe that oocyte activation after ICSI using round-headed
sperm is vital.

Edirisinghe et al. (24) studied the cytogenetics of unfertil-
ized oocytes after ICSI. Failure of activation and the conse-
quent failure -of the oocyte to complete meiosis II were
likely to have contributed to the high rate of premature chro-
matin condensation seen in their cases. These data suggest
that round-headed sperm lack the capacity to penetrate oo-
cytes and may also be deficient in their oocyte-activating
ability.

Generally, round-headed sperm were observed to have
a comparatively higher chance of abnormal aneuploidy chro-
mosome (25-27), and chromatin structure and centrosomal
function had activated abnormally in globozoospermia
(28-30).

Although karyotypes of round-headed sperm have not
been discussed in many nuclear studies in great detail, several
articles have reported on aneuploidy, centrosomal dysfunc-
tion, and chromatid structure abnormalities. More studies re-
garding the karyotypes of rounded-headed sperm are
necessary in the future. Round-headed sperm are deficient
in oocyte-activation capacity, and this deficiency is indepen-
dent of the variation in morphology of the sperm heads. The
most probable reason for this deficiency is the absence or
down-regulation of the sperm oocyte-activating factor in
these sperm. Further investigation of globozoospermia would
give valuable information on the general mechanism of sper-
matogenesis; different aspects of sperm-egg interaction; and
physiology, etiology, and chromosome aneuploidy of globo-
zoospermia.

In summary, we report a successful pregnancy and delivery
from a transfer of a single vitrified-warmed blastocyst after
performing ICSI with round-headed sperm and AOA in
a globozoospermic patient.
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