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ABSTRACT
Oocyte meiosis is completed though two asymmetric cellular divisions, where the
oocyte extrudes half of its DNA two times, into two smaller daughter cells called polar
bodies. N-WASP is an important factor in the actin polarization pathway. We
investigated whether N-WASP is required for the extrusion of both polar bodies during
mouse female meiosis. Previous work in our laboratory demonstrated that the DNA
replication protein origin recognition complex 4 (ORC4) forms a cage around the
chromosomes that will be extruded during polar body extrusion (PBE), but not the
chromosomes that remain in the oocyte. My hypothesis is that N-WASP’s involvement
in action polarization may be important for PBE, and related to ORC4 cage formation.
We first localized N-WASP during oocyte progression through meiosis and found that it
co-localizes with ORC4, except that N-WASP was not present in the initial stage, GV
oocytes, while ORC4 was. This finding suggested the possibility that N-WASP was
synthesized during meiosis. We tested this by injecting siRNA into GV oocytes upon
collection, then allowing them to mature. We found that only 23.2% + 2.5%
(MEAN+SD) of oocytes injected with siRNA directed towards N-WASP progressed to
MII (the normal end point for in vitro GV maturation), while 92.9% + 10.1% of oocytes
injected with control siRNA progressed to MII. These data suggest that (1) N-WASP
may function in the same process that regulates PBE that ORC4 does, (2) that N-WASP
is synthesized during meiosis, and (3) that N-WASP is required for progression to MII.
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INTRODUCTION
Female Mouse Meiosis and Similarities to Humans
In the mammalian oocyte, meiosis involves two consecutive asymmetric meiotic
divisions to produce four haploid cells. Each unique haploid cell contains half of the
original genetic information from the parent cell which arise from two fundamental
processes (12). (1) The maternal or paternal form for each pair of homologs is chosen
at random, resulting in the daughter cell possessing a distinctive mixture of maternal
and paternal chromosomes. (2) While maternal and paternal DNA sequences are
similar, they are not identical, and as they undergo genetic recombination, they produce
new hybrid forms of each chromosome. The goal of meiosis is to produce haploid cells
for diploid reproduction.
In meiosis, diploid cells replicate DNA to become 4N, then undergo two mitoticlike divisions without an intervening DNA replication, first to two diploid cells then to two
haploid cells. Meiosis is unique in that the process reduces a cell’s chromosome
number by half while also creating new allele combinations distributed across daughter
cells through segregation and recombination (12). In mouse oocytes at the germinal
vesicle breakdown (GVBD) stage, the DNA is already doubled (4n, 80 chromosomes).
The oocyte progresses to Anaphase I (AI) where homologous chromosomes segregate
into the first polar body and the oocyte which is already at the metaphase stage, now
called the MII oocyte, leaving the oocyte with now half of its original DNA (Figure 1).
Once fertilization occurs, sister chromatids segregate in a mitotic manner during
Anaphase II (AII) to extrude the second polar body resulting in the production of a
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haploid gamete. Thus, meiosis is completed through two rounds of asymmetric cellular
divisions.
The process of asymmetrical cellular division in meiosis results in a single
gamete to be used for reproduction with a large portion of cytoplasm to support zygotic
development. This is different from male meiosis, where the two meiotic division are
equal, resulting in four haploid gametes, each with very little cytoplasm. During the
asymmetric cellular divisions, the oocyte maintains majority of its cytoplasm to ensure
the cell inherits maternal components necessary to support early embryogenesis (25).
Meiosis relies on the spatial and temporal organization of cytokinesis and karyokinesis
(31). To become a haploid cell, the asymmetric divisions require that the meiotic
spindle be positioned near the cortical region where polar body extrusion will occur (22).
The cortical polarity is initiated due to the internal asymmetry from the position of the
DNA (7). This process gives rise to a large haploid cell and two smaller polar bodies.
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Figure 1:
Preliminary data of the ORC4 localizing in mouse oocytes. GV oocytes were
isolated and cultured in vitro, then stained for ORC4 and visualized by confocal
microscopy. GV oocytes contained ORC4 in the cell periphery. Metaphase I oocytes
had more diffuse patterns of ORC4 distribution. At anaphase I, ORC4 surrounded
the chromatin nearest the oolemma, and this was maintained in metaphase II. All
images are shown at the same magnification, bar = 10µm. (14)

Mechansims Associated with Polar Body Extrusion (PBE)
Asymmetric cellular division in oocytes creates genetically distinct daughter cells
which possess different developmental fates. Previous research investigated the
mechanisms necessary for asymmetric division. Cell polarity, a kind of asymmetric
cortical organization, orients the meiotic spindle’s position and orientation which
determines the plane and site of cytokinesis (13). Maintenance of the meiotic spindle
orientation and position rely on the microtubules originating from the poles of the
spindles interacting with cortical regulators such as cytoplasmic dynein (13).
During oogenesis, the formation of the meiotic spindle is essential to nuclear
division since polar body extrusion is dependent on spindle positioning of the near the
oocyte membrane. The formation of the meiotic spindle happens during the early

11

stages of oogenesis and spindle assembly in mouse oocytes occurs after GV arrest.
Following GVBD, the meiotic spindle is located in the center of the oocyte, but shortly
after, the spindle migrates toward the nearest cortical region of the cortex and
establishes the cells polarity (29).
Actin forms filaments which provide oocytes with the mechanical ability
necessary to initiate migration to the cortex. Within the oocyte, actin polymerization
contributes to maintaining membrane vesicles to support composition of the cellular
membrane and interface of the cell with the environment. Actin and myosin interact to
produce changes in cellular shape and manages internal subcellular movement. Myosin
generates force between actin filaments, which construct contractions that pull up the
rear of moving cells, pinch cells in two, and induce changes in cellular shape. Myosin
also associates with subcellular organelles and protein complexes which can move
along actin filaments within the cell (18). At anaphase, homologous chromosomes or
sister chromatids are drawn to the spindle poles followed by segregation occurs and
rotation of the meiotic spindle. The protrusion of this actin-enriched domain and
constriction of the myosin ring leads to the extrusion of the first polar body containing
half of the cell’s genetic material (5,29). The mechanical system for meiotic spindle
rotation begins after chromosomes segregate. Following the first polar body extrusion,
the oocytes progress to MII where the meiotic spindle is assembled near the first
cellular division site along the cortex. The chromosome clusters establish a cortical
actomyosin domain which is similarly to MI, located above the spindle. The oocyte is
arrested at this stage, awaiting fertilization.
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Though the mechanism of cortical polarization is not fully understood, it has been
reported that in murine oocytes, GTPase Ran uses chromatin signaling to manage
cortical polarity during polar body extrusion (6). It is reported that GTP-binding nuclear
protein Ran, is a small G protein used in the translocation of RNA and proteins through
the nuclear pore complex (7). Ran has been shown to be involved in DNA synthesis and
cell cycle progression, as mutating Ran disrupts such (5,6). GTP/GDP activates Ran via
RCC1 exchange factor which is bound to chromatin, resulting in the generation of a
Ran-GTP gradient localized on the meiotic chromosomes (5). Therefore, disrupting
Ran-GTP inhibits chromatin induced cortical polarization (5).
Also occurring near the chromatin near the cortex during spindle migration is the
polarization of Rac, another known factor involved in polar body extrusion (8). These
authors, found that inhibiting Rac during stops development to prometaphase I and
spindle migration. They also observed spindles detaching from the cortex, preventing
polar body extrusion in arrested oocytes.
During metaphase, the F-actin cap generated by the Arp2/3 complex is
surrounded by a ring of myosin-II (29). The chromatin emits Ran guanosine
triphosphate which manages the stereotypic actin and myosin-II organization (29). At
that site, the Arp2/3 complex creates a surrounding cytoplasmic stream from the
continuous flow of actin. The Arp2/3 complex simultaneously prevents the myosin-IIcontaining ring from contracting, which causes a reverse cytoplasmic streaming flow
(29). This dynamic creates a hydrodynamic force that rotates the spindle. Therefore,
the meiotics spindle positioning and rotation is maintained through Ran guanosine
triphosphate signaling, Arp2/3 complex activity, and myosin II contractility.
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Previous studies have shown that the establishment of the spindle positioning in
the meiosis is an actin-dependent process which is reliant on the regulation of the
cytoskeleton system. Actin and myosin are proteins which form filaments involved with
motion in cells, with my project focusing on cellular division. Actin polarization functions
to organize meiotic spindle positioning via microfilaments and remodeling of the
overlying cortical domain in the formation of resultant polar bodies (9,24). The meiotic
spindle rotates from a parallel to radial orientation relative to the cortex in order for
cellular division to occur. Therefore, inhibition of spindle rotation prevents polar body
extrusion (29).
The Role of ORC4 in PBE
In DNA replication, the origin recognition complex (ORC) is the first complex to
identify replication origins, a process called licensing. ORC is a multi-subunit DNA
binding complex made up of six subunits which start from one though six. Each protein
of the ORC has a unique contribution to oocyte development: ORC1 in embryo growth,
ORC2 in cell cycle regulation, ORC3 in neuronal maturation, and ORC4 in Meier-Gorlin
syndrome in humans, ORC5 in uterine leiomyomas and malignant myeloid disease,
ORC6 in chromosome condensation and segregation in Drosophila (1,2,4,10,11,19).
It has been previously reported that after fertilization, ORC2 localizes between
the separating maternal chromosome during AII and is also present in G1 pronuclei
(16). Our lab found that ORC1-ORC3, and ORC5 possess similar patterns of
localization to ORC2, suggesting structural roles during mitosis (15). We also learned
that ORC6 was present around the nucleoli at all stages between G1 and 2-cell G1 and
of the polar body, but not detectable on the chromosomes (15). Our lab also identified a

14

function of ORC4 on polar body extrusion besides its well-known function on DNA
replication.
At GV, ORC4 is located just beneath membrane of the oocyte. The early
presence of ORC4 in the oocyte implies the protein may not need to be synthesized for
later stages of oogenesis. Preliminary data indicates that using siRNA as a means to
knockdown ORC4 expression has no effect on oogenesis suggesting this is the case.
ORC4 surrounds one set of chromosomes destined to become the first polar body
during anaphase in both meiotic divisions, but not the DNA that remains in the oocyte
(Figure 1) (15). ORC4 then locates into the nucleus of the polar body during zygotic G1
and binds to the embryo chromatin at zygotic anaphase (15). This suggests that the
function of ORC4 changes during zygotic G1 from a role in polar body segregation to its
originally defines contribution to DNA synthesis.
The ORC4 cage surrounding a specific set of chromatin indicates that ORC4
must contain domains that form this structure and polymerize either through ORC4ORC4 interactions or with another protein. Peptide-peptide interactions are important
mediators of protein-protein interactions. Dr. Nguyen from our lab designed an
experiment to inhibits ORC4 cage formation using peptides to block protein-protein
interactions (14). We found that the use of peptides simultaneously prevented the
formation of the ORC4 cage and inhibited polar body extrusion (14). The resultant was
the formation of two pronuclei retained in the oocyte. This finding indicates that ORC4
is required for polar body formation (14).
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N-WASP
While the concept of asymmetric cellular division in meiosis has long been
known, the mechanism of cortical polarization, resulting in the formation of a thick Factin cap is still poorly understood. Previous research has shown N-WASP to be
required for actin polarization. N-WASP is an actin nucleation promoting factor that
regulates actin polymerization (23). N-WASP is an important part of the RHO-GTPaseArp2/3 pathway and Cdc42-N-WASP-Arp2/3 pathway (3,5).
Dehapiot et al., (2013) shows polar body extrusion occurs in a Cdc42/N-WASP
pathway. The activated form of Cdc42 is concentrated at the cortical regions of meiotic
chromosomes which recruits N-WASP, forming the F-actin cap resulting in polar body
extrusion (5). Experimentation shows inhibition of Cdc42 causes a release of N-WASP
into the cytosol, loss of F-actin cap formation, and no polar body extrusion in MII
oocytes (5). The Arp2/3 complex, which is upstream of N-WASP regulates actin in a
way that involves cell migration and adhesion, endocytosis, and establishment of cell
polarity (20).
N-WASP contains a characteristic VCA domain consisting of three conserved
motifs, verprolin-homology domain, cofilin-homology domain, and the acidic domain,
that allow G-actin and Arp2/3 to bind (17). N-WASP activity towards the Arp2/3 complex
is regulated in two synergistic ways: an allosteric process and oligomerization (17). In
the allosteric process, inactive and active conformations changes control the
accessibility of the Arp2/3 activation region. Through oligomerization, dimers or other
oligomers compromise the ability of N-WASP to activate the Arp2/3 complex (17).
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N-WASP contains a C-terminal VCA domain, which binds to actin and Arp2/3
complex to induce actin filament nucleation (21,30). In the actin polarization pathways,
the chromatin-mediated Ran gradient activates the N-WASP and Arp2/3 complex via
Cdc42- cortical actin cap formation which induces polar body extrusion, as shown in
Figure 2 (5,7,21). The polarization of Cdc42 is required for the recruitment of N-WASP
and the formation of the F-actin cap necessary for polar body extrusion (5,21).
Within the cell, the Arp2/3 complex nucleates new actin filaments by branching
from existing filaments directly involved with cortical actin cap formation, and generation
of cytoplasmic flow to maintain the position of the spindle in MI oocytes (21,23).
Previous studies showed the knockdown of N-WASP using a morpholino affected
localization of Arp2/3 and spindle migration during MI and MII chromosome migration
(28,29). Cdc42 knockdown was found to have no effect on MI spindle migration, but
necessary for the first polar body extrusion (23). It has also been shown that
knockdown of N-WASP caused failure of cytokinesis completion during MII (25).

17

Figure 2:
The chromatin-mediated Ran gradient activates the N-WASP and Arp2/3 complex via
Cdc42 cortical actin cap formation.
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Goals of this Proposal
As described above, actin reorganization is required for the formation of the polar
body, and N-WASP is needed for actin polarization. The role of N-WASP in the
asymmetric meiotic division in mammalian oocytes is conceptualized but poorly
understood. The goal of this research is to test the hypothesis that N-WASP is required
for polar body extrusion during oocyte maturation, and is associated with ORC4 during
this process. The specific aims of this project were:
Specific Aim 1: To determine the localization of N-WASP during polar body extrusion.
Specific Aim 1.1: Determine the localization of N-WASP during all stages of
oogenesis.
To determine the expression of N-WASP at meiotic stages GV through G1. We use
parthenogenetic activation of oocytes of this experiment to obtain G1 oocytes after
meiotic arrest. Oocytes underwent immunocytochemistry treatments with N-WASP and
OCR4 antibodies. Then cells were analyzed using confocal imaging.
Specific Aim 1.2: To determine how closely N-WASP co-localizes to ORC4.
Oocytes undergone immunohistochemistry with both N-WASP and ORC4 treatment to
observe co-localization. Determination of frequency and overlap of signals was
analyzed and observed by statistical analyses.
Specific Aim 2: Test the hypothesis that N-WASP is required for polar body extrusion.
N-WASP siRNA will be microinjected into GV stage oocytes to examine the effects on
cage formation and polar body extrusion. Oocytes will then be analyzed using
immunohistochemistry using antibodies.
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Actin is required for the formation of the polar body. N-WASP is needed for actin
polarization. The role of N-WASP in asymmetric meiotic division in mammalian oocytes
is conceptualized, but poorly understood. The experiment will serve as a means for
understanding the mechanism of polar body extrusion by observing how N-WASP is
involved and how N-WASP is related to ORC4. Our findings provide a comprehensive
understanding of the role N-WASP has in polar body extrusion that could be used as a
future reference.
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MATERIALS AND METHODS
Animals
B6D2F1 mice, purchased from the Jackson Laboratory (Stock No: 100006), were
used for the experimentation. Mice were fed ad libitum with a standard diet and
maintained in a temperature and light-controlled room (22°C, 14h light/10h dark), in
accordance with the guidelines of the Laboratory Animal Services at the University of
Hawai’i and guidelines presented in National Research Council’s (NCR) “Guide for Care
and Use of Laboratory Animals” published by Institute for Laboratory Animal Research
(ILAR) of the National Academy of Science, Bethesda, MD, 2011. The protocol for
animal handling and treatment procedures was reviewed and approved by the
Institutional Animal Care and Use Committee at the University of Hawai’i.
Oocyte Preparation and Extraction
To collect germinal vesicle (GV) stage oocytes, females were induced to super
ovulate using 5 IU PMSG, as described (27). Ovaries were removed 24 hours after
injection and placed into a HEPES-CZB medium in a petri dish at room temperature. GV
stage oocytes were collected from the ovaries. GV oocytes with surrounding cumulus
cells were placed in HEPES-CZB drops under mineral oil and cultured for 2 hours. The
oocytes were washed thoroughly and let to mature to various stages.
Metaphase II (MII) oocytes were prepared and collected from super-ovulated
mice as described previously, 5 IU PMSG and 5 IU hCG administered 48 hours apart
(15). Oviducts were removed 14–15 hours after the injections of hCG and placed in
CZB free Ca2+. The cumulus cells were released from the oviducts into 0.1% bovine
testicular hyaluronidase in HEPES-CZB (27) medium for 10 minutes to disperse
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cumulus cells. The cumulus-free oocytes were washed in a global total LP for
Fertilization media and incubated for 10 minutes. Cell were cultured and incubated in
global total LP for 30 minutes. To obtain oocytes arrested at MII stage, cells were fixed
immediately after culturing. To obtain meiotic stages after MII, the arrested oocytes
were activated after culture and left to mature to their respective stages. Incubation of
oocytes were all under a controlled environment of 37ºC and 5% CO2 in air. These
oocytes were used for immunochemistry experimentation.
GV Maturation in Culture to MII
The collected GV oocytes that successfully underwent germinal vesicle
breakdown were collected and cultured in global total LP for 4 hours to reach
metaphase I (MI) and 9 hours to reach anaphase I (AI), respectively. Incubation of cells
were all under a controlled environment of 37ºC and 5% CO2.
Parthenogenetic Activation MII to 2 cells
Oocytes were incubated in CZB calcium free medium consisting of 10% SrCl2 for
at least one to three hours to progress the arrest. Depending on the targeted stage of
development, oocytes remained in the parthenogenesis media until time for fixing. To
obtain the AII stage, oocytes were incubated for 2 hours. Oocytes were incubated for
3.5 hours to obtain GI stage oocytes and 8 hours to obtain 2 cell stage oocytes. If time
for incubation past maximum time of 3 hours in 10% SrCl2/calcium free, then cells were
put back into culture media for remaining amount of time to mature for their respective
stages. Incubation of cells were all under a controlled environment of 37ºC and 5% CO2.
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Immynocytochemistry (ICC)
Embryos were cultured in CZB until the desired stage for parthenogenesis
activation was reached then fixed in 3% paraformaldehyde/PBS for 30 minutes at room
temperature. After fixing, cells were washed for three times with 0.1% Tween/PBS
(PBSw) for ten minutes. Cell were then permeabilized with 0.5% Triton X-100/PBS,
washed again using the same previous technique, blocked with 5% BSA/PBSw for 1h at
room temperature, then incubated in primary antibody (Polyclonal goat anti-ORC4 (C15, catalog no. sc-19726; Santa Cruz Biotechnology, Santa Cruz, CA) and N-WASP
(30D10) Rabbit mAb #4848; Cell Signaling Technology) at 1:100 dilution overnight at
4°C. The cells were washed three times again, then incubated in secondary antibody
(Donkey anti-Goat Catalog# D-20698 and Donkey anti-Rabbit Catalog# A-31572;
Invitrogen, Grand Island, NY) at 1:1000 dilutions at 37°C for 1 h. Embryos were washed
three times, and mounted with DAPI (catalog no. P-36931; Invitrogen). Images were
collected on an Olympus FV1000-IX81 confocal microscope using Fluoview v. 2.1
software. All images shown in Figures are single optical sections. Photoshop was used
to enhance and brighten already present fluorescence. For each stage of embryonic
development, at least 20 embryos were examined by ICC, and findings were only
reported if they were consistent in all embryos.

23

siRNA, Controls (Scramble) and N-WASP
N-WASP siRNA (N-WASP siRNA (h), catalog# sc-36006, Santa Cruz
Biotechnology, Santa Cruz CA) and control siRNA (siRNA scramble) were injected into
the cytoplasm of GV oocytes 30 minutes before activation. Following microinjection, the
oocytes were incubated in CZB calcium free medium containing 10mM of SrCl2.
Oocytes were able to develop to normally to MII, where they stop due to meiotic arrest.
These sets of oocytes were analyzed by ICC using appropriate antibodies to
determine how siRNA for N-WASP affects the expression of the N-WASP protein. All
oocytes in the control sample and treatment sample were imaged and categorized into
the appropriate stage they development to: GVBD, MI, AI, MII. Once organized, the
data was used for statistical analysis.
Statistical Analysis
Statistical analysis of the data was performed in Microsoft Excel.
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RESULTS
Distribution of N-WASP during Oogenesis and Oocyte Activation
The first step in determining whether N-WASP plays a role in PBE and what the
mechanism of such a role might be was to determine the distribution of N-WASP during
oogenesis using immunocytochemistry. We performed extensive staining of N-WASP
on various stages of oogenesis from the GV stage to the G1 stage. We isolated
oocytes at the GV stage and cultured them until they reached the respective metaphase
I and anaphase I stage. All oocytes underwent the same treatment, but were fixed at
different time intervals to obtain the appropriate stages.
We found that during the GV stage, N-WASP staining is not present in the cell.
During MI, the chromosome migrates closer to where the first PBE will occur: N-WASP
was seen along the membrane (Figs. 3, 4, 6, & 6.1). There was a thin line along the
cortex where the DNA was closed to. During AI, N-WASP is seen surrounding one of
the sister chromatid destined to become the first polar body (Fig. 6.2). N-WASP was
seen still surrounding the nucleus of the extruded polar body. The chromosomes which
remain in the cell continue to undergo cellular division. During MII arrest, N-WASP is
still seen only within the first polar body, and along the membrane (Figs. 3, 4, & 6). NWASP is once again seen in anaphase II surrounding the sister chromatid that will
become the 2nd PB and not the DNA within the cell. Same as the first polar body, NWASP is seen within the second polar body. During G1, N-WASP is not seen within the
first PB and not near the pronucleus.
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These findings were consistent in every zygote where the N-WASP staining was
clear and successful. Positive expression rates for certain stages can be seen in
Figures 7-10. A diagram of our findings is shown in Figure 3 and confocal images in
Figure 4. N-WASP is seen localizing along the cortex where the genetic material is
extruded to be either the first or second polar body. This staining patterning is remotely
similar to our labs previous findings on ORC4 (15). Since ORC4 is required for polar
body extrusion and N-WASP possess similar staining patterns, this suggests that NWASP may play a role in polar body extrusion.

Figure 3:
Our proposed model of N-WASP staining patterns. N-WASP is not seen in the GVBD and earlier
stages, but can be first seen at metaphase I. N-WASP staining continues all throughout the cell
progression. It appears that N-WASP is involved with polar body extrusion, and particularly the
genetic material that gets extruded from the cell.
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Figure 4:
Parthenogenetic activated zygotes were fixed and stained for N-WASP at GVBD, MI, AI,
MII, AII, and zygotic G1. Cells were visualized with confocal microscopy. N-WASP was
undetectable at the GVBD stage. Stages AI to G1 have similar staining patterns as the
ORC4 model.
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Co-staining of N-WASP and ORC4 During Oogenesis (Specific Aim 1.2)
It was apparent that N-WASP staining patterns were somewhat similar to ORC4
staining patterns. N-WASP protein displayed similar behavior as ORC4 in all stages of
oogenesis except for GV (Figure 4). Based on our previous work, we proposed a model
for the expression of NWASP and ORC4, diagrammed in Figure 5. This model
predicted some differences in expression. To ensure that our model was correct, we
then performed a co-staining experiment in which oocytes were double-stained for
ORC4 (red) and NWASP (green) (Figure 6). In this case, because the N-WASP was
identified with green fluorescence, the signal was not as strong or prevalent as the red
staining for ORC4. However, the model in Figure. 5 was confirmed in our experiments
(Figure. 6). The co-staining experiment, reinforced the finding that N-WASP is not
detectable at the GV stage since ORC4 can be seen clearly along the entire cortex.
Another notable difference is that the ORC4 signal lasted longer in the polar bodies than
did N-WASP.
Prior work indicates ORC4 is required for polar body extrusion. We previously
examined the immunocytochemistry expression patterns of ORC4 during the first two
cell cycles of mouse meiosis (14,15). ORC4 is part of the structure that forms a cage
around the set of chromosomes closest to the zygotic membrane which will segregate
and be extruded during both polar body extrusions. At GVBD, ORC4 is found along the
membrane of the whole oocyte. At anaphase I, ORC4 surrounds the polar body
chromosomes and continues to be seen surrounding the nucleus of the polar body.
This finding was also the case in anaphase II oocytes. This previous work also shows
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that inhibition of ORC4, stops polar body extrusion. Therefore, it is interesting to see if
N-WASP has the same attributes as OCR4.
The purpose was to investigate the localization of the N-WASP protein in relation
to ORC4 in mouse oocytes. To do so, we optimized for fixation and antibody titers that
N-WASP localizes around the chromosomes that will be extruded in both polar bodies in
the murine female meiosis, but not the chromosomes that remain in the cell (Figure 5).
The notable differences between ORC4 and N-WASP staining occur during the GV, MII,
and AII stage (Figure 6). During the GV stage, no N-WASP staining is detectable or
present; however, ORC4 is very clear along the membrane of the cell (Figure 6.1). At
AI, the N-WASP staining is clearer and seen localizing similarly as ORC4 (Figure 6.2).
During MII, ORC4 remains in the first PB, but N-WASP is not detected. This trend is the
same for GI stage oocytes where N-WASP does not remain detectable in the second
polar body (Figure 6.3). During experimentation, ORC4 overall had a brighter, stronger,
and longer lasting detectable signal under confocal microscopy. This may have
contributed to the discrepancies in whether or not N-WASP is detected in the polar body
or not.
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Figure 5:
Our proposed model of N-WASP and ORC4 localization patterns of through the GVBD
through G1 stages of meiosis. N-WASP is not shown in the GVBD stage, but in all
other stages afterwards. This model is based on preliminary data.
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Figure 6:
Parthenogenetic activated zygotes were fixed and stained for N-WASP and ORC4 at
GVBD, MI, AI, MII, AII, and zygotic G1. Cells were visualized with confocal microscopy.
Stages AI to G1 possess similar staining patterns as the ORC4 model. While you can
see both polar bodies in AII, the G1 oocyte only has the second polar body and the
nucleoli. This can be due to the fact that the polar body may have degraded at this
point.
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Figure 6.1:
Close up of GVBD row in Figure 6 shows N-WASP not detectable at the GVBD stage. However
ORC4 can be clearly seen.

Figure 6.2:
Close up of AI row in Figure 6. The homologous chromosomes are very clear. The lower
chromosomes remains in the cell and there is no staining of either N-WASP or ORC4 around it.
The bulging along the cortex where the first polar body will be is seen with both N-WASP and
ORC4 staining.

Figure 6.3:
At the G1 stage, N-WASP is not seen surrounding the nucleoli and only around the second polar
body. The first polar body is not seen in this image as it may have degraded by then.
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Statistical Analysis of N-WASP Staining Patterns
Each experiment performed was analyzed using confocal microscopy and percent
expression was recorded. Negative expression is defined as no staining at all, positive
expression means there is staining present. Each entry focuses on the positive expression of NWASP in the experiment and only two instances of outliers were appropriately removed. It
appears N-WASP behaves differently at various stages of oogenesis. Our findings show N-WASP
staining to only occur from stages MI to AII if not including polar body staining. GV and GVBD
oocytes did not possess any staining of N-WASP within the oocyte, so there is no graphical data
to report.
MI has variable measures, which could indicate that while N-WASP is present within the
cell, more N-WASP is still being synthesized (Figure 7). At AI, the percent of positive signals is
the highest of all stages (Figure 8). During AI, the homologous chromosomes cross over then
migrate close to the cortex, where half of the genetic material will become extruded into the
first polar body. N-WASP may be more consistently expressed at this point since it is involved
in the actin polarization pathway.
At MII, a high positive percent expression is seen in most experiments (Figure 9). At AII,
N-WASP expression becomes more variable again (Figure 10). It is seen always surrounding the
sister chromatids to become the second polar body. Occasionally it is no longer seen in the first
polar body as it may have degraded if the entire first polar body has not degraded already. G1
oocytes did not show N-WASP staining within the cell except within the second polar body.
There were no instances of it surrounding the nucleus, therefore, there is no data to graph.
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Figure 7:
MI was the first sign of N-WASP staining in oogenesis. While every experiment possessed
oocytes with signal, the percentage of positive expression varies from 50 percent to 100
percent with an average slightly higher than 75 percent. Data legends indicate total cell count.
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Figure 8:
Almost all AI oocytes were 100 percent positive expression. N-WASP staining can be clearly
seen at the MI stage before and at the MII stage after AI, meaning there may be large amount
of N-WASP made in the cell. Experiment 8/18/19 may have had oocytes that were not cultured
well, explaining the possible discrepancy. Data legends indicate total cell count.
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Figure 9:
The easiest stage of oocytes to collect and culture are MII due to the meiotic arrest. The
findings were variable, but did not drop much lower than 50 percent. Data legends
indicate total cell count.
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Figure 10:
At AII, the percentage of positive expression becomes variable, even getting as low as
10 percent. At this stage, N-WASP is seen involved in the extrusion on the second
polar body, but appears to no longer be found within the cell. Data legends indicate total
cell count.
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Requirement of N-WASP for PBE
In order to test our hypothesis that N-WASP is involved in polar body extrusion,
we planned to conduct an experiment that inhibited N-WASP production. Since, NWASP was not detectable at the GVBD stage, this led us to consider that N-WASP may
be synthesized in early stages of oogenesis after the GV stage. It is possible N-WASP
protein is still being produced at that point. Our inhibition experiment uses RNA
interference, short interfering RNA (siRNA). The idea that siRNA to N-WASP can inhibit
the production of N-WASP protein and ultimately affect polar body extrusion. SiRNA
can accomplish this through mRNA degradation, translational inhibition, and/or
transcriptional inhibition. Using siRNA as a means to inhibit N-WASP protein synthesis
during GVBD to prevent the first PB extrusion was used as our design since the first
strong signal of N-WASP were in MI oocytes (Figure 11).
Testing for PBE after siRNA
Dr. Nguyen performed an experiment similar to this design and her findings show
siRNA ORC4 did not prevent polar body extrusion (unpublished data). This suggested
that orc4 transcription or translation is NOT required for polar body extrusion. However,
injected ORC4 peptides did prevent PBE. This suggested that disturbance of ORC4
polymerization disrupts the ORC4 cage and prevents PBE.
We first injected siRNA into GVBD oocytes and followed their progression as
shown in the Dr. Nguyen paper, siRNA ORC4 showed to have little effect (Figure 11)
(14). However, siRNA N-WASP had an effect on the first stage of oogenesis (Table 1).
We conducted two experiments, where siRNA NWASP was the treatment and siRNA
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scramble was the control. We designed this experiment so that all oocytes experience
the same injury. Once all oocytes underwent siRNA injection, ICC, and confocal
imaging, they were scored into the appropriate stages they stopped development at.
In the control sample, almost all cells displayed normal patterns of oogenesis as
seen in our normal staining experiments. As shown in Table 2, almost all of the
oocytes, 92.9% of oocytes progressed normally. In the treatment, more than half of the
oocytes remained at the GVBD stage, not progressing at all. 21.3% of those oocytes
developed to MI stage and 21.3% developed to MII. None of the experiments
possessed oocytes which stopped at the AI stage. No oocytes were activated to begin
the second polar body extrusion as they were fixed during ICC. Based on these results,
we conclude that siRNA N-WASP inhibits PBE.
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Figure 11:
Our proposed model with graphics displaying how we will execute the microinjection of
siRNA. We plan to do it at the GVBD stage where N-WASP is undetected.

Table 1:
siRNA was injected into the oocytes and the number of oocytes that progressed to have
a polar body were counted and compared with oocytes that were injected with our
siRNA control. The sets of oocytes were analyzed by ICC using appropriate antibodies
to observe expression of the N-WASP protein.

Table 2:
Only 21.3 percent of oocytes injected with N-WASP siRNA were able to progress to
extrude a polar body and reach MII arrest. Almost all oocytes in the control progressed
normally. About half of the experimental oocytes stayed at the GVBD stage.
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DISCUSSION
In this work, we have described the localization of N-WASP during various
stages of meiosis, and tested its role in asymmetric cellular division. This unique
characteristic is similar to our previous findings of investigating ORC4 patterning in the
same manner. Since ORC4 is required for polar body extrusion, this leads us to believe
a possible affiliation with N-WASP as well. This discovery has important implications for
reproductive biology.
N-WASP and ORC4 staining patterns
Our work demonstrated that N-WASP and ORC4 have similar staining patters,
except that ORC4 is already present in GV oocytes, while NWASP was undetectable.
Here we provide extensive ICC evidence to support our proposed model. N-WASP can
be seen localizing similarly in all stages of oogenesis except at the GB stage. All our
experiments show N-WASP is undetectable in early stages of oogenesis, and this can
be seen even when doing co-staining experiments. While N-WASP is not detectable in
those early stages of experiment, ORC4 was seen along the cortex of the cell
consistently.
During our co-staining experiment, ORC4 appears to last longer and produce a
brighter signal during ICC. The phenomenon can be seen more obviously in the polar
bodies: ORC4 was seen to last longer, even in degrading PBs. Confocal images show
ORC4 staining in polar bodies remaining at later stages much longer than N-WASP.
The N-WASP staining in polar bodies seemed to degrade by development of the next
stage and was not seen to last beyond that. This finding may be due to the different
protocols used, or it may be that N-WASP protein is degraded more quickly.
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N-WASP siRNA testing
The most direct evidence that N-WASP is required for PBE is that siRNA NWASP that were injected into the oocyte prevented the progression of healthy oocytes
to the MII stage. More than half of the cells remained at the GVBD stage and less than
a quarter of the cells progressed to MII. About a quarter of the cells stopped at MI, but
none of the cells stopped at AI. If cells were to develop past MI, they would continue to
progress all the way to MII. According to Figure 8, the consistency of positive N-WASP
expression at AI was the highest while our inhibition experiment produced no cells
arrested at this stage. This experiment specifically targeted the N-WASP cage
formation, and this disrupted normal progression, demonstrating that N-WASP is
required for PBE.
Another paper, by Wang et al. (2016), through an in vivo experiment,
demonstrated that N-WASP deletion had no effect on oocyte polarity, spindle formation,
migration or homologous chromosome or sister chromatid segregation (25). They claim
the deletion had no effect on first polar body formation, as their oocytes progressed
normally to meiotic arrest; however, they did find that the second polar body could not
form due to failed cytokinesis (25). Wang et al. mention a defective midbody may be
the cause of such findings, yet the current knowledge on midbody formation and
function is limited (25). This finding is inconsistent with the in vitro experiment by Yi et
al. that demonstrated knockdown of N-WASP had an effect on Arp2/3 localization and
spindle positioning during MI chromosome migration and MII spindle positioning (28,29).
During both stages of meiosis, the spindle failed to migrate and position appropriately
for polar body extrusion (28,29).
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While the findings by Wang et al. (2016) are different than what I found from my
work, it is possible the oocyte may have developed an alternate pathway since deletion
happened very early on in development. N-WASP may play an important role in
coordinating actin activity when polar body extrusion occurs. The findings are important
for understanding the regulation of meiosis, particularly polar body extrusion, that have
an effect on oocyte quality.
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CONCLUSIONS
In the cytoplasm, N-WASP is most known for its ability to regulate actin
polymerization via simulating the Arp2/3 complex (17,21,30). In the nucleus, N-WASP
is known for its contribution in regulating gene transcription, perhaps through promoting
actin polymerization (26). In our study, we focus on the role of N-WASP in polar body
extrusion, we found that N-WASP co-localizes to the ORC4 cage during polar body
extrusion. Unlike ORC4, N-WASP is not present in GVBD oocytes. N-WASP appears to
be degraded in the polar body quickly. siRNA targeted to N-WASP inhibits the
progression of oocytes from GVBD to MI. Our data suggests that N-WASP may play an
important role in polar body extrusion. N-WASP is seen involved with functions related
to the proper segregation of the chromosomes and development of a polar body.
In this study, we investigated the functions of N-WASP in mouse oocyte
maturation and its involvement in asymmetrical cellular division via ICC and siRNA as a
means of knockdown. N-WASP is seen localizing similarly to OCR4 in all stages of
meiosis except for GVBD, AI, and AII. siRNA N-WASP has an effect on development of
the oocyte and prevented normal maturation to MII. This indicated that N-WASP is
needed for polar body extrusion.
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Implications and Predictions for the Future
The significance of this research contributes to the additional understanding of
polar body extrusion, a fundamental stage in reducing the 4N meiotic genome to unique
haploid oocytes ready for fertilization. N-WASP is an essential component in actin
polarization, essentially cell movement and division. Therefore, this research
investigated how actin movement is involved with N-WASP within the mouse oocyte in a
procreative manner. Knowing more about asymmetric division in mammalian oocytes
gives further insight to developing healthy embryos for human assisted reproduction
(ART) and assisting those with related reproductive and developmental qualities. The
findings of this work provide further insight on asymmetric cellular division in eukaryotic
gametes and its implications for meiosis, DNA replication, and cell cycle regulation.
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