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Abstract

The evolutionarily conserved partitioning defective (PAR) protein PAR-3 is pivotal for establishing and maintaining cell polarity. During
mammalian oocyte maturation, the radially symmetric oocyte is transformed into a highly polarized metaphase II (MII)-arrested egg. We
therefore examined several aspects of PAR-3 expression during oocyte maturation. We cloned two novel PAR-3 transcripts from an oocyte
library that likely encode proteins of M, = 73 K and 133 K that are phosphorylated during maturation. PAR-3, which is found throughout the
GV-intact oocyte, becomes asymmetrically localized during meiosis. Following germinal vesicle breakdown, PAR-3 surrounds the
condensing chromosomes and associates with the meiotic spindles. Prior to emission of the first and second polar bodies, PAR-3 is located
within a central subdomain of the polarized actin cap, which overlies the spindle. This cortical PAR-3 localization depends on intact
microfilaments. These results suggest a role for PAR-3 in establishing asymmetry in the egg and in defining the future site of polar body

emission.
© 2005 Elsevier Inc. All rights reserved.
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Introduction

During maturation of mouse oocytes, the radially
symmetric oocyte is transformed into a highly polarized
metaphase II (MIl)-arrested egg, one hallmark of which is
a cortical MII spindle and its overlying actin-rich domain.
This polarization is necessary to produce two highly
asymmetric cell divisions (emission of the polar bodies)
that maximize retention of maternal components required
for early development. This polarity has also been
suggested to contribute to early axis determination in
the preimplantation mouse embryo (Zernicka-Goetz,
2002), although this proposal is controversial (Hiiragi
and Solter, 2004).
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The molecular basis for how mammalian oocytes become
polarized is poorly understood. Other than formin-2 (Leader
et al., 2002) and MAP kinase (Verlhac et al., 2000) that are
required for microfilament-based migration of the MI spindle
to the cortex, there is a paucity of information regarding how
other proteins are involved in establishing and/or maintain-
ing mammalian egg polarity. In lower species, three
evolutionarily conserved and interacting proteins, PAR-3,
PAR-6, and aPKC (atypical PKC), are essential for develop-
ment and maintenance of cell polarity (Henrique and
Schweisguth, 2003; Knoblich, 2001; Macara, 2004; Ohno,
2001; Pellettieri and Seydoux, 2002). In Caenorhabditis
elegans, these proteins are critical in establishing anterior—
posterior polarity and regulating spindle orientation and
asymmetric cell division in the 1-cell embryo. In Drosophila,
PAR-3/PAR-6/aPKC homologs function to (1) regulate the
anterior—posterior axis in the presumptive oocyte, (2)
establish apical-basal polarity in embryonic epithelial cells,
and (3) generate asymmetry in mitotic neuroblasts. In
mammalian cells, this complex is critical for establishing
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and maintaining apical-basal polarity in epithelial cells via
tight junctions. Because of their documented roles, these
three proteins are logical candidates for participating in
establishing and/or maintaining egg polarity in mammals.

In Xenopus and mouse, PAR proteins become asym-
metrically distributed during meiotic maturation. In Xen-
opus oocytes, aPKC and the frog PAR-3 homolog, XASIP,
become localized to the animal hemisphere during matura-
tion (Nakaya et al., 2000). In mouse oocytes, two PAR-6
proteins, PAR-6a and PAR-6b, also become asymmetrically
distributed towards the animal pole during meiotic matura-
tion in vitro (Vinot et al., 2004). Changes in the localization
during maturation of PAR-3 and aPKC, however, have not
been reported in the mouse. We report here that mouse
oocytes express at least two novel forms of PAR-3 that are
post-translationally modified by phosphorylation. Following
germinal vesicle breakdown, PAR-3 becomes enriched in
the region of the chromosomes. At MI and MII, PAR-3 is
associated with the spindle and enriched in the central
subdomain of the actin cap overlying the meiotic spindles;
this localization depends on intact actin microfilaments. The
finding that PAR-3 occupies the central subdomain of the
actin cap as early as MI and can interact with chromosomes
suggests a role for PAR-3 in defining the future site of polar
body emission.

Materials and methods
Antibodies and reagents

A rabbit polyclonal antibody made against the second
and third PDZ domains of mPAR-3 was obtained from
Upstate Biotechnology (Lake Placid, NY) and will be
referred to as anti-PAR-3 (UBI) in the text. The anti-
ASIP C2-2 antibody was a generous gift of S. Ohno
(Yokohama City University School of Medicine, Yoko-
hama, Japan) and was made against the aPKC binding
region. The CyS5-conjugated anti-rabbit IgG was from
Jackson Immunoresearch (West Grove, PA), Alexa Fluor
488-conjugated anti-rabbit IgG was from Molecular
Probes (Eugene, OR), and FITC-conjugated phalloidin,
Latrunculin A (Lat A), and nocodazole were from Sigma
(St. Louis, MO).

Collection and culture of mouse oocytes and eggs

Female CF-1 mice (6-8 weeks old) were obtained from
Harlan Sprague—Dawley (Indianopolis, IN). Fully-grown,
germinal vesicle (GV)-intact oocytes and metaphase II-
arrested (MII) eggs were collected from gonadotropin-
treated females as previously described (Manejwala et al.,
1986). The collection medium used was modified Whitten’s
medium (Whitten, 1971) containing 15 mM Hepes, pH 7.2,
7 mM NaHCO3;, 10 pg/ml gentamicin, and 0.01% polyvinyl
alcohol. Unless otherwise stated, cells were cultured either

in Whitten’s medium supplemented with 10 pg/ml genta-
micin and 0.01% polyvinyl alcohol or in CZB (Chatot et al.,
1989) at 37°C in a humidified atmosphere of 5% CO, in air.
For collecting and culturing germinal GV-intact oocytes, the
medium was supplemented with 0.3 mM dibutyryl cAMP to
inhibit resumption of meiosis (Cho et al., 1974). For
maturation in vivo, mice were injected with 0.5 IU eCG
and 48 h later with 0.5 TU hCG. Cells were then harvested
from ovaries 3 h post-hCG for GVBD, 8 h post-hCG for MI,
10 h post-hCG for telophase I, and from oviducts 13—15 h
post-hCG for MII. One-cell embryos were collected 14—15 h
after hCG injection and mating to B6D2F /] males (Jackson
Laboratory, Bar Harbor, ME).

Immunoblotting

Oocyte and egg protein extracts and control 3T3/A31 cell
lysate were separated by SDS-PAGE using either 8% or
10% gels and then transferred electrophoretically onto
nitrocellulose membranes. For use with the PAR-3 (UBI)
antibody, membranes were immunoblotted according to the
instructions included with the antibody, except for the
following modifications: the membranes were incubated
with 2 png/ml of anti-PAR-3 (UBI) overnight at 4°C and
phosphate-buffered saline (PBS) was used instead of Tris-
buffered saline. As a control, a membrane containing
identical samples was immunoblotted with 2 pg/ml of
non-immune rabbit IgG. For use with the C2-2 antibody,
membranes were blocked overnight at 4°C in PBS contain-
ing 5% nonfat milk and 0.1% Tween-20 (PBST). The
membranes were then incubated in the C2-2 antibody
diluted to a final of concentration of 4 ug/ml in PBST
containing 3% BSA for 2 h at room temperature. A
secondary anti-rabbit HRP-conjugated antibody was used
to detect the primary antibody. Membranes probed with
both antibodies were developed using ECL chemilumines-
cence (Amersham Biosciences, Piscataway, NJ) according
to the manufacturer’s instructions.

For phosphatase treatment, MII protein extracts were
treated with 45.3 units of calf intestinal alkaline phosphatase
(New England Biolabs, Beverly, MA) for 30 min at 37°C.
As a control, the untreated MII extract was also incubated
for 30 min under the same conditions. These samples were
then separated on a 10% SDS—-PAGE gel that was run such
that the 47 kDa molecular weight marker reached the
bottom of the gel, and were then processed for immuno-
blotting as described above.

Screening of an oocyte library with a PAR-3 probe and
sequencing of complete transcripts

An mPAR-3 cDNA fragment (nt# 664—1393, Accession
# NM_033620) was labeled with [a—>?P]dCTP (3000 Ci/
mmol) by random priming (Invitrogen, Piscataway, NJ).
This probe was then used to screen a total of 600,000
plaques from an oocyte cDNA library (a gift of John J.
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Eppig, Jackson Laboratory, Bar Harbor, ME) in ATriplEx2
(Clontech, Palo Alto, CA). The library was transferred to
Hybond N+ membranes (Amersham Biosciences) and the
membranes were soaked in DNA denaturing solution (1.5
M NaCl, 0.5 M NaOH) and DNA neutralizing solution
(1.5 M NaCl, 0.5 M Tris—HCI, pH 8.0). Membranes were
pre-hybridized in Rapid-hybridization buffer (Amersham
Biosciences) for 15 min at 65°C and then incubated
overnight at 42°C in Rapid-hybridization buffer containing
the radiolabeled probe. The membranes were washed with
2x SSPE/0.1% SDS at room temperature and then with
0.1x SSPE/0.1% SDS at 65°C, and transferred to auto-
radiography cassettes. Positive N clones were purified by
two additional screenings and were converted to plasmids
according to the manufacturer’s directions. Of the seven
clones analyzed, one was 3.7 kb and six were 3.3 kb. Both
size clones were sequenced in both directions and the
sequences were analyzed using MacVector (Accelrys,
Madison, WI) and Sequencher (Gene Codes, Ann Arbor,
MI) software. The sequences correspond to two novel
PAR-3 splice variants, which have been named PAR-301
and PAR-302 for oocyte PAR-3 form 1 and 2, respectively.
These sequences have been deposited in GenBank
(Accession number AY856082 and AY856081).

Immunocytochemical analysis

Prior to fixation, the zonae pellucidae of oocytes and
eggs were removed by a brief incubation in acid Tyrodes,
pH 1.6. For PAR-3 detection, cells were fixed in freshly
prepared 3.8% paraformaldehyde in PBS for 1 h at room
temperature, permeabilized in PBS containing 0.3% BSA
and 0.1% Triton X-100 for 15 min, and then blocked in
PBS containing 0.3% BSA and 0.01% Tween-20 (block-
ing solution). Cells were incubated in 20 pg/ml anti-PAR-
3 (UBI) or in 10 pg/ml anti-ASIP C2-2 antibody for 1 h
and then washed in blocking solution. Both primary
antibodies were detected using either a Cy5- or Alexa
Fluor 488-conjugated secondary antibody for 1 h at room
temperature. Actin was detected using FITC-conjugated
phalloidin (final concentration 2 pg/ml). Cells were
mounted in Vectashield (Vector Laboratories, Burlingame,
CA) containing 2 pg/ml propidium iodide for chromatin
visualization, and observed with a laser-scanning confocal
microscope (Leica DMRE, Leica Microsystems, Inc.,
Exton, PA). Cells were observed using a 40X Plan
APO objective, N.A. 0.75. Images were acquired with
Leica confocal software and processed using Photoshop
software (Adobe Systems Inc., San Jose, CA).

Drug treatments

To disrupt the microtubule cytoskeleton at MI, GV-intact
oocytes were matured for 6 h in CZB and then transferred to
medium containing 10 pM nocodazole and cultured an
additional 2 h. To disrupt the microtubule cytoskeleton at

MII, Mll-arrested eggs were incubated in CZB containing
10 uM nocodazole for 4 h. In all cases, control cells were
left in CZB for the duration of the experiment. To disrupt
the cortical actin cytoskeleton, Mll-arrested eggs were
incubated for 10 min in medium alone or medium
containing 10 uM Latruculin A (Lat A). Half of the Lat
A-treated eggs were washed free of the drug and cultured
for an additional 4 h to allow the actin cytoskeleton to
reform.
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Fig. 1. Immunoblot analysis of PAR-3 protein in mouse oocytes and MII-
arrested eggs. (A) Immunoblots using extracts derived from 500 GV-intact
oocytes, 500 Mll-arrested eggs, or 20 pg of 3T3 cell lysate was probed
with either anti-PAR-3 (UBI) antibody (right panel) or non-immune rabbit
IgG (left panel). L, 3T3 cell lysate; O, oocytes; E, eggs. Of note, the
bands in oocyte and egg extract at M, = 68,000 were not consistently
observed and are likely non-specific. The three major bands in the control
lysate are marked with asterisks (the band that is unmarked was not
consistently observed). The line highlights the M, = 133 K/135 K forms
of PAR-301, the block arrow highlights the M, = 100 K form, and the
solid arrow marks the M, = 73 K/76 K forms of PAR-302. The
experiment was performed three times and representative immunoblots are
shown. (B) Immunoblot using extract derived from 500 GV-intact oocytes
was probed with the anti-ASIP C2-2 antibody. Immunoreactive bands are
designated as in panel A. (C) Immunoblot of proteins treated with calf
alkaline phosphatase. A protein extract of 500 untreated oocytes and
protein extracts of 500 eggs that were incubated in a buffer either with (+)
or without (—) phosphatase were subjected to immunoblot analysis using
the anti-PAR-3 (UBI) antibody. O, oocytes; E, eggs. This experiment was
performed twice.
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Results
PAR-3 expression and isoforms in mouse oocytes and eggs

To determine whether PAR-3 was expressed in mouse
oocytes and eggs, immunoblot analysis was performed on
total protein extracts of GV-intact oocytes and MII eggs
using a polyclonal antibody raised against the second and
third PDZ domains of mouse PAR-3 (Fig. 1A). In the
control lysate, the bands observed corresponded to three
previously published mammalian splice forms of PAR-3 that
encode proteins of M, = 180 K, M, = 150 K, and M, = 100
K (Fig. 1A, see asterisks) (Lin et al,, 2000). In oocyte
extracts, a predominant band of M, = 73 K was observed as
well as additional bands of M, = 133 K and 100 K. In egg
extracts, two bands of M, = 135 K and 76 K were identified.
Antibody specificity was established by the lack of signal
when non-immune rabbit IgG was used (Fig. 1A). Fur-
thermore, an independent polyclonal PAR-3 antibody, raised
against the aPKC binding domain of rat PAR-3 (anti-ASIP
C2-2 antibody), recognized the same three bands of M, =
133 K, 100 K, and 73 K in oocyte extracts (Fig. 1B).

Although multiple spliced variants of PAR-3 are found in
mammalian cell lines and tissues (Gao et al., 2002), cDNA
sequences consistent with the M, = 73 K and 133 K forms
observed in oocytes have not been reported. A screen of an
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oocyte cDNA library yielded complete transcripts for two
novel splice variants of PAR-3 that likely account for the
uncharacterized immunoreactive PAR-3 bands in oocytes
(Fig. 2, PAR-301 and PAR-302). The full-length transcript
of mammalian PAR-3 (mPAR-3) is predicted to have 25
exons and is reported to encode a protein of 1337 amino
acids which migrates at M, = 180 K (Lin et al., 2000). The
library screen we performed revealed the presence of three
additional exons in the PAR-3 gene (Fig. 2A; Exons 3b,
15b, and 20b). Both the novel transcripts share an identical
novel 5’ untranslated region and use a start methionine that
is downstream and in-frame to the start codon used by
mPAR-3. However, PAR-301 and PAR-302 utilize different
stop codons and vary in the sequences of their 3’
untranslated regions. As a result, PAR-301 encodes a
protein of 896 residues, whereas PAR-302 encodes a 606
amino acid protein. Because mPAR proteins seem to
migrate anomalously slower than would be predicted by
their amino acid composition (Lin et al., 2000), it is likely
that PAR-301 and PAR-302 encode the M, = 133 K and 73
K forms observed on immunoblots of oocyte and egg
extracts, respectively. Henceforth, we refer to these forms as
PAR-301 and PAR-302.

Similar to mPAR-3, both novel transcripts encode
proteins that contain three conserved PDZ domains (Fig.
2B). Although the PAR-301 protein contains the entire

16 171819 20 20b 21222324 25

PAR-301

PAR-302

OO OoAnd
OO

anti--PAR-3(UBI)  anti-ASIP C2-2

mPAR-3 [k

AR Go1 .

PAR-302

Fig. 2. (A) Genomic structure of PAR-3 and diagrams of mPAR-3, PAR-301, and PAR-302 transcripts (Accession numbers AY 856082 and AY856081). Exons
are represented by boxes and are drawn to scale. Exons 3b, 15b, and 20b are novel and were identified in the oocyte library screen. Introns are not drawn to
scale. (B) Protein domain organization of mPAR-3, PAR-301, and PAR-302. The asterisk indicates the position of the consensus aPKC phosphorylation site.
The dotted line highlights the region of the protein used to generate the anti-PAR-3 (UBI) antibody, and the solid line marks the region used to generate the anti-

ASIP C2-2 antibody.
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aPKC-binding domain, the PAR-302 protein contains only
about 30 amino acid residues of this domain (Fig. 2B). The
aPKC-binding ability of this 30 amino acid portion of the
protein has not been determined. Of note, neither PAR-301
or PAR-302 have the CR1 domain that is important for
PAR-3 oligomerization and previously was thought to be
conserved among all PAR-3 proteins (Benton and St.
Johnston, 2003; Mizuno et al., 2003).

Both PAR-30l1 and PAR-302 migrated with decreased
electrophoretic mobility in egg extracts as compared to
oocyte extracts, which suggested that these isoforms were
post-translationally modified during maturation (Figs. 1A
and C). To determine whether the shifts in mobility were
due to phosphorylation, MII egg extracts were treated with
calf intestinal alkaline phosphatase. After treatment, PAR-
301 migrated as the M, = 133 K form found in oocytes,
demonstrating that phosphorylation was completely respon-
sible for the size increase observed in MII eggs (Fig. 1C).
Phosphatase treatment also caused PAR-302 to migrate
slightly faster as compared to the protein in untreated egg
extract. However, the PAR-302 in the dephosphorylated MII
egg extract still migrated more slowly than the M, = 73 K
form found in oocytes (Fig. 1C). An additional modification
of PAR-302, besides phosphorylation, could explain the
decreased mobility that persists even after phosphatase
treatment.

In addition to changes in PAR-30l1 and PAR-302
phosphorylation, differences in the relative amounts of the
two isoforms also occurred during meiotic maturation (Figs.
1A and C). Although there was a decrease in the amount of
PAR-302 in the egg as compared to the oocyte, there was a
dramatic increase in the amount of PAR-301. This increase
occurred steadily throughout oocyte maturation (data not
shown), consistent with recruitment of a maternal mRNA.
Note that this increase could also be due to differences in
antibody affinity towards the phosphorylated form.

Asymmetric localization of PAR-3 during oocyte maturation

The presence of PAR-6 isoforms in the reorganized
cortex and spindle of the MII egg suggested that PAR-3
might be similarly localized because of its ability to
associate with PAR-6 and modulate PAR-6’s localization
(Ohno, 2001). Accordingly, we determined changes in PAR-
3 localization during meiotic maturation. In GV-intact
oocytes, PAR-3 was distributed uniformly throughout the
cytoplasm and GV, with slightly lower signal intensity in the
GV (Fig. 3A). Following GVBD, the intensity of the
punctate PAR-3 signal increased around the condensing
chromatin and the developing spindle (Fig. 3B). Optical
sectioning revealed that PAR-3 completely surrounded the
spindle (data not shown). At MI, PAR-3 was enriched in the
cytoplasm surrounding the spindle, throughout the spindle,
and preferentially at the spindle ends. Moreover, intense
PAR-3 staining was observed in the cortex overlying the
spindle (Fig. 3C). At MII, the overall PAR-3 signal intensity

Fig. 3. PAR-3 localization during meiotic maturation and following
fertilization. (A) GV-intact, (B) GVBD, (C) MI, (D) MII, (E) early 1-cell
embryo, and (F) pronuclear embryo. fc, fertilization cone; pbl, first polar
body; pb2, second polar body. The anti-PAR-3 (UBI) antibody was used.
The experiment was performed three times and at least 15 cells were
analyzed at each stage per experiment; representative images are shown.

was decreased, however PAR-3 was highly enriched in a
narrow band at the cell cortex overlying the meiotic
chromosomes (Fig. 3D; note that the spindle is oriented
perpendicular to the plane of the confocal section.), and was
enriched in the MII spindle (Fig. 4A). These maturation-
associated changes in PAR-3 localization also were
observed when oocytes were matured in vitro (data not
shown). Following fertilization, the high degree of PAR-3
asymmetry in the cortex was not observed, although there
was a slight enrichment of PAR-3 staining in the fertilization
cone and second polar body (Fig. 3E). In the 1-cell embryo,
PAR-3 was uniformly distributed in the cytoplasm and was
enriched in both male and female pronuclei (Fig. 3F).

To confirm the immunostaining specificity, PAR-3 local-
ization was also determined with the C2-2 antibody (Fig. 4).
Similar to the antibody used for Fig. 3 (PAR-3 (UBI)
antibody), the C2-2 antibody showed polarized PAR-3
staining most intense in the region of the MII spindle.
Nevertheless, the staining patterns were not identical in that
the intense PAR-3 (UBI) staining was restricted to the cortex
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Fig. 4. PAR-3 localization in MII eggs using two different antibodies. (A)
Anti-PAR-3 (UBI) antibody, (B) anti-ASIP C2-2 antibody. The insets in
each panel are the corresponding controls performed using only the
secondary antibody. PAR-3 immunostaining is shown using a glowover
lookup table (high signal white, moderate signal orange, low signal red); the
DNA staining is blue. The experiment was performed four times and at
least 15 cells were analyzed at each stage per experiment; representative
images are shown.

and the MII spindle, whereas the staining pattern obtained
with the C2-2 antibody was more diffuse. These differences
are not surprising because the two antibodies, which were
raised against different regions of PAR-3 (Fig. 2B), differ-
entially detect the PAR-3 isoforms by immunoblotting
(Figs. 1A and B). For example, the PAR-3 (UBI) antibody
detects predominantly the fastest migrating PAR-3 isoform,
whereas the C2-2 antibody readily recognizes all three
isoforms. These results suggest that the immunostaining
signal detected with the PAR-3 (UBI) antibody in Fig. 4A
mainly reflects localization of the fastest migrating PAR-3
isoform, whereas the pattern observed in Fig. 4B may be
attributed to all three isoforms.

Because of the distinct asymmetric localization of PAR-3
that was observed at MI and MII, we focused on its
localization during the transition between these stages of
oocyte maturation. PAR-3 was observed in oocytes obtained
from ovaries 10 h after hCG injection; due to their
asynchronous maturation, oocytes were caught at different
stages of the MI to MII transition. PAR-3 was localized to
the spindle ends at early telophase, similar to its localization
at MI (Figs. 3C and 5). At telophase, however, PAR-3 was
immediately adjacent to the DNA (Figs. 5B and C).

Between early and late telophase, PAR-3 localization
changed in reference to the DNA so that in late telophase
it was located between the egg cortex and the condensed
DNA (Fig. 5C).

Role of microtubules and microfilaments in PAR-3
localization

Although a dramatic change was observed in PAR-3
localization during maturation, how PAR-3 reached the
cortex was unknown. The observation that PAR-3 sur-
rounded the forming spindle and localized to the MI spindle
suggested that translocation of the spindle to the cortex
could provide a source of cortical PAR-3. When MI spindle
formation was inhibited by nocodazole treatment during
maturation, PAR-3 was located in a dense patch adjacent to
the condensed chromatin (Fig. 6B). In cases in which the
chromatin was localized in the cortex, PAR-3 was enriched
in cortex in the vicinity of the chromatin (Fig. 6C). These
results indicate that PAR-3 can associate with microtubules
and in their absence with chromatin. Furthermore, these
results are consistent with the spindle providing a source of
cortical PAR-3.

To determine if maintenance of the cortical PAR-3
required the presence of an underlying spindle or
chromatin, as does cortical actin (Longo and Chen,
1985; van Blerkom and Bell, 1986), the MII spindle was
disrupted by nocodazole treatment, which frequently
results in scattering clumps of chromatin to different
cortical regions (van Blerkom and Bell, 1986). In these
treated eggs, cortical clumps of chromatin exhibited an
overlying PAR-3 cap (Figs. 7A, B). No cortical PAR-3
staining was observed in the absence of underlying
chromatin, suggesting that the original MII spindle-
associated PAR-3 disassembled, i.e., the continued pres-
ence of the spindle/chromatin is required to maintain
polarized regions of cortical PAR-3.

As mentioned in the Introduction, cortical actin is
enriched in the region overlying the MII spindle, in a
pattern highly reminiscent of cortical PAR-3. When MII
eggs were stained for both F-actin and PAR-3, PAR-3 was

Fig. 5. PAR-3 localization during the MI to MII transition. Oocytes between MI and MII were stained for PAR-3 using the anti-PAR-3 (UBI) antibody (green)
and DNA (blue). (A) MI, (B) early telophase, (C) late telophase. The experiment was performed twice and a total of 30 maturing oocytes were observed;
representative images are shown. The confocal voltage settings were varied to highlight PAR-3 localization, which precludes directly comparing the signal

intensities.
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control

nocodozole

nocodozole

Fig. 6. PAR-3 localization in MI oocytes treated with nocodazole. In vitro matured oocytes at MI were either not treated (A) or treated with 10 pM nocodazole
(B—C) and then stained with the anti-PAR-3 (UBI) antibody (green) and for DNA (blue). The experiment was performed three times and representative images
are shown. A total of at least 60 oocytes in each treatment group were analyzed. The confocal voltage settings were varied to highlight PAR-3 localization,

which precludes directly comparing the signal intensities.

only found in the central region of the actin cap (Figs. 8A,
D, G). Cortical microfilaments likely mediated this associ-
ation because treatment of MII eggs with the potent
microfilament disruptor Lat A resulted in loss of cortical
microfilaments and cortical PAR-3 (Figs. 8B, E, H). When
cortical F-actin was permitted to reform by washing out Lat
A, PAR-3 once again localized in the central domain of the
actin cap (Figs. 8C, F, I). These results suggest that PAR-3 is
directly or indirectly associated with F-actin.

Discussion

The results presented here demonstrate the presence of
multiple forms of PAR-3 in mouse oocytes/eggs and
document maturation-associated changes in PAR-3 phos-
phorylation and localization. The two clones characterized
here likely represent oocyte-specific PAR-3 isoforms we
named PAR-30! and PAR-302 because the 3b exon is only
detected in oocyte/egg EST libraries. The presence of this
exon creates splice forms that lack the conserved region 1
(CR1) domain. PAR-301 is identical to the 150 kDa mPAR-

Fig. 7. PAR-3 localization in Mll-arrested eggs treated with nocodazole.
MlIl-arrested eggs were treated with 10 pM nocodazole and stained with the
anti-PAR-3 (UBI) antibody (green), FITC-conjugated phalloidin (red), and
propidium iodide to detect the scattered DNA (blue). The yellow signal is
due to the co-localization of PAR-3 and actin. Shown in panels A and B are
images of the same egg in two different planes. This experiment was
performed twice and at least 10 eggs were observed in each experiment;
representative images are shown.

3 isoform reported in the literature, except PAR-301 lacks a
portion of the amino terminus, including the CR1 domain,
which accounts for its reduced size of 133 kDa (Lin et al.,
2000, and mPAR-3 150 kDa sequence provided by Dr. S.
Ohno). PAR-302 contains only the first 30 of 224 amino
acids that comprise the aPKC-binding domain, which are
likely sufficient for antibody recognition by the C2-2
antibody, and lacks the known aPKC phosphorylation site.
If the fastest migrating PAR-3 isoform is in fact PAR-302,
the maturation-associated phosphorylation must be due to
phosphorylation of another residue(s). Because PAR-302
lacks most of the aPKC-binding domain, this spliced form
could serve as a dominant negative protein by blocking PDZ
domain interactions.

Because the PAR-3 isoforms cannot be distinguished by
the available antibodies, the following discussion uses the
term PAR-3 to refer collectively to the various isoforms.
PAR-3, which is initially uniformly localized throughout the
cytoplasm, associates with MI and MII spindles. When
either spindle is in the cortex, PAR-3 is highly enriched in
the cortex overlying the spindle, i.e., the animal pole. A
consequence of this restricted localization is loss of cortical
PAR-3 during polar body emission, suggesting that cortical
PAR-3 functions during this asymmetric cleavage and not in
early post-fertilization events. A similar redistribution
occurs during Xenopus oocyte maturation in which PAR-3
localizes to the animal hemisphere (Nakaya et al., 2000).
Unlike the mouse, however, the boundaries of PAR-3
staining in the Xenopus oocyte extend throughout the
animal hemisphere and are not restricted to the region
overlying the MII spindle. Thus, it is likely that in Xenopus
the bulk of PAR-3 is retained in the animal hemisphere
following polar body emission. In C. elegans, PAR-3 (and
PAR-6) asymmetry is established following fertilization in
response to contact of microtubules that emanate from the
sperm-derived centriole with the cortex of the future P1
blastomere (Ahringer, 2003). Thus, in contrast to the mouse
egg, cortically located PAR-3 in both Xenopus and C.
elegans is retained in the embryo and positioned to
influence early development.



FE. Duncan et al. / Developmental Biology 280 (2005) 38—47 45

0 M Lat A

10 uM Lat A

Lat A washout

C

Par3
F

actin
| v

N4
merge

Fig. 8. PAR-3 association with cortical actin in MII-arrested eggs. MlI-arrested eggs were either not treated with Lat A (A, D, G) or treated with 10 uM Lat A
(B, E, H). Eggs were also washed free of Lat A (C, F, I) to allow cortical actin to repolymerize. Eggs were stained for PAR-3 using the anti-PAR-3 (UBI)
antibody (A—C) and for actin (D-F), and the merged images are shown in panels G-I (where PAR-3 is green, actin is red, and yellow represents co-
localization). The arrows indicate the borders of PAR-3 localization within the central subdomain of the actin cap. This experiment was performed 5 times, and
at least 10 eggs in each treatment group were analyzed per experiment. Representative images are shown. The confocal voltage settings were varied to highlight

PAR-3 localization, which precludes directly comparing the signal intensities.

Two forms of PAR-6, a and b, have been described in
mouse oocytes/eggs and undergo changes in localization
during maturation (Vinot et al., 2004) similar to what we
observe for PAR-3. This is not surprising given that PAR-3
and PAR-6 are known to associate (Ohno, 2001). In contrast
to PAR-3, which localizes to the cortex at MI, there is no
indication that either PAR-6a or PAR-6b has a similar
cortical localization until MII. Similar to the maturation-
associated increase in the amount of both PAR-6a and PAR-
6b (Vinot et al., 2004), the amount of the larger form of
PAR-3, PAR-301, also apparently increases. Although the
functional consequence of the up-regulation of both PAR-3
and PAR-6 is not known, one possibility is that the newly
synthesized proteins associate with each other, whereas
those in the existing pool cannot. Precedent for this

possibility exists in mouse oocytes. Microinjection of
meiotically incompetent oocytes with either cyclin B mRNA
or CDK1 mRNA does not result in association of the newly
synthesized protein with its endogenous counterpart,
whereas injection of both mRNAs results in association of
the newly synthesized cyclin B and CDKI to form a
functional complex that induces GVBD (de Vantéry et al.,
1997).

The increased intensity of PAR-3 staining on the cortical
side of the MI spindle (Fig. 3C) suggests that spindle-
associated PAR-3 was translocating to the cortex. This
cortical localization does not require intact microtubules
because it occurs in the presence of nocodazole (Figs. 6 and
7). Moreover, microtubule disruption also reveals that PAR-
3 can associate with chromosomes. This association is likely
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weaker than that with microtubules because little, if any,
PAR-3 staining is observed with chromosomes on the
metaphase plate of either the MI or MII spindle. A similar
association of PAR-6a with chromosomes is observed in the
absence of microtubules (Vinot et al., 2004).

Following disruption of the MI or MII spindle, PAR-3
becomes localized to the region overlying chromosomes
located in the cortex. This finding is reminiscent of the
ability of chromosomes to induce cortical reorganization,
the hallmark of which is formation of the actin cap (Longo,
1985). Like actin cap formation, the changes in PAR-3
localization also occur during maturation in vitro in the
absence of associated granulosa/cumulus cells, implying
that both are initiated by an intrinsic program. In fact,
cortical actin is required for cortical PAR-3 localization
because disrupting the actin cap leads to complete loss of
cortical PAR-3 staining. Intact microfilaments are also
required to maintain cortical PAR-3 localization in C.
elegans, because cortically located PAR-3 is not observed
in Lat A treated 1-cell embryos (Severson and Bowerman,
2003). A previous study reported that cytochalasin D
treatment of mouse eggs does not disrupt the cortical
localization of PAR-6b, that is, microfilaments are not
required for its localization (Vinot et al., 2004). This may
not be the case, however, because in contrast to Lat A,
cytochalasin D does not completely disrupt cortical actin
(our unpublished results).

Coupled with reformation of the actin cap is relocaliza-
tion of PAR-3 to this region, suggesting a direct or indirect
interaction between actin and PAR-3. Such an association
may occur between these proteins in zebrafish retina (Wei et
al., 2004). Of particular interest is that cortical PAR-3 is
restricted to the central domain of the actin cap. To our
knowledge, this is the first demonstration that the actin cap
has subdomains. As described in the accompanying paper,
there is a reciprocal subdomain at the circumference of the
actin cap where the phosphorylated form of the myristoy-
lated alanine-rich C-kinase substrate protein, p-MARCKS,
is localized.

It is tempting to speculate that these subdomains regulate
distinct processes in polar body emission. The circum-
ferential localization of p-MARCKS may define the position
of the contractile ring responsible for polar body abscission.
The central localization of PAR-3 and its ability to associate
preferentially with the ends of the MI or MII spindle suggest
that PAR-3 could facilitate anchoring the spindle within the
forming polar body. Furthermore, at telophase, when the
chromosomes are distal to the microtubules, an interaction
of PAR-3 with chromosomes may ensure their retention in
the forming polar body.

The apparent co-localization of PAR-3 and PAR-6 is
consistent with their forming a complex in mouse oocytes as
they do in other systems (Vinot et al., 2004). Although two
of the oocyte PAR-3 isoforms are phosphorylated during
maturation, the role of aPKC is unclear, because PAR-302
lacks the known aPKC phosphorylation site and aPKC and

PAR-3 immunostaining are not concordant (see accompany-
ing paper). Attempts to clarify this issue by inhibiting aPKC
using a myristoylated pseudo-substrate (Standaert et al.,
1999) were unsuccessful because we found that concen-
trations of this inhibitor required to block autophosphor-
ylation of aPKC were toxic (unpublished observations).

In summary, our findings suggest that in mouse oocytes/
eggs PAR-3 is centrally involved in the initial establishment
of the cortical subdomain containing PAR-3 and PAR-6,
because PAR-3 is the first to localize to the cortex.
Similarly, in C. elegans 1-cell embryos, PAR-3 is initially
present in the anterior cortex in the absence of functional
PAR-6 or aPKC, but the converse is not true (Hung and
Kemphues, 1999; Tabuse et al., 1998; Watts et al., 1996).
Thus, PAR-3 located in the cell cortex could serve as a
platform for assembly of proteins involved in development
of egg polarity.
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