Biology of Reproduction, 2021, 104(1), 117-129
doi:10.1093/biolre/ioaa186

Research Article

Advance Access Publication Date: 8 October 2020

Research Article

NEDDA4-like ubiquitin ligase 2 protein (NEDL2) in
porcine spermatozoa, oocytes, and
preimplantation embryos and its role in oocyte
fertilization'

Jiude Mao', Michal Zigo', Dalen Zuidema', Miriam Sutovsky' and
Peter Sutovsky?-2-*

"Division of Animal Sciences, University of Missouri, Columbia, MO, USA and 2Department of Obstetrics,
Gynecology and Women'’s Health, University of Missouri, Columbia, MO, USA

*Correspondence: Division of Animal Sciences, University of Missouri, 920 East Campus Drive, S141, Columbia, MO
65211-5300, USA. Tel: +1 (573) 882-3329, Fax: +1 (573) 882-6827; E-mail: SutovskyP@missouri.edu

TGrant Support: This work was in part funded by Agriculture and Food Research Initiative Competitive Grant no.
2015-67015-23231 and 2020-67015-31017 from U.S. Department of Agriculture, The National Institute of Food and
Agriculture USDA NIFA, and seed funding from the Food for the 21st Century F21C program of the University of
Missouri-Columbia. Porcine gametes and fibroblast cells were provided by National Swine Resource & Research Center
at The University of Missouri, supported by grant U42 0D011140 from National Institutes of Health (NIH) Office of Research
Infrastructure Programs (ORIP). Financial support provided by grants #2011-67015-20025 and 2015-67015-23231 from
USDA-NIFA and by MU F21C Program funding to P.S.

Received 5 May 2020; Revised 25 June 2020; Editorial Decision 6 October 2020; Accepted 6 October 2020

Abstract

The ubiquitin-proteasome system plays diverse regulatory and homeostatic roles in mammalian
reproduction. Ubiquitin ligases are the substrate-specific mediators of ubiquitin-binding to its
substrate proteins. The NEDD4-like ubiquitin ligase 2 (aliases NEDL2, HECW2) is a HECT-type
ubiquitin ligase that contains one N-terminal HECW ubiquitin ligase domain, one C-terminal HECT
ubiquitin ligase domain, one C2 domain, and two WW protein-protein interaction modules. Beyond
its predicted ubiquitin-ligase activity, its cellular functions are largely unknown. Current studies
were designed to investigate the content and distribution of NEDL2 in porcine spermatozoa,
oocytes, zygotes, and early preimplantation embryos, and in cumulus cells before and after
in vitro maturation with oocytes, and fibroblast cells as positive control by western blot and
immunocytochemistry, and to examine its roles during oocyte fertilization. Multiple isoforms of
NEDL2 were identified by WB. One at approximately 52 kDa was detected only in the germinal
vesicle (GV) stage and metaphase Il oocytes, and in early preimplantation embryos. Other isoforms
were high mass bands at 91, 136, and 155 kDa, which were only detected in somatic cells.
Interestingly, ejaculated spermatozoa prominently displayed the same 52 kDa band as oocytes;
they also had two minor bands of 74 and 129 kDa, which were not detected in somatic cells or
oocytes. By immunofluorescence, NEDL2 showed a diffused cytoplasmic localization in all cell
types and accumulated in distinct foci in the germinal vesicles (GVs) of immature oocytes, in
maternal and paternal pronuclei of zygotes and nuclei of embryo blastomeres and somatic cells. In
blastocysts, the labeling intensity of NEDL2 was stronger in the inner cell mass than in trophoblast,
indicating higher NEDL2 content in the ICM cells than in trophectoderm. NEDL2 abundance was
10 times higher in post-maturation oocyte-surrounding cumulus cells than that of cumulus cells
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before in vitro maturation with hormones, indicating that NEDL2 may have a unique role in
cumulus cells after ovulation. Microinjection of anti-NEDL2 antibody into oocyte before IVF did not
affect the percentage of oocytes fertilized, percentage of oocytes cleaved, or blastocyst formation.
However, the anti-NEDL2 antibody decreased the number of pronuclei, accelerated the formation
of nuclear precursor bodies at 6 h postfertilization, inhibited sperm DNA decondensation, and
resulted in more fertilized oocytes without male pronuclear formation. In summary, NEDL2 may
play a key role during fertilization, especially during sperm DNA decondensation.

Summary sentence

NEDL2 is present in the mammalian gametes, zygotes, and preimplantation embryos and is
implied in the sperm DNA decondensation and formation of male pronucleus.

Key words: fertilization, oocyte, sperm, ubiquitin, HECW2, NEDL2.

Introduction

The ubiquitin-proteasome system (UPS) plays diverse regulatory and
homeostatic roles in many basic cellular processes including differ-
entiation, cell cycle control, apoptosis, and immune response [1, 2]
and mammalian reproduction such as spermatogenesis, capacitation,
and fertilization [3, 4]. Ubiquitin is a highly conserved protein of
76 amino acid residues, which is attached covalently to substrate
proteins via an energy-dependent three-step process, involving an E1
ubiquitin-activating enzyme, an E2 ubiquitin-conjugating enzyme,
and an E3 ubiquitin-protein ligase. The E3 ubiquitin ligase largely
determines the substrate specificity of the system and in mammals,
there are hundreds of ubiquitin-protein ligases [2]. They can be
grouped into two main classes: the RING (Really Interesting New
Gene) E3s, which mediate the direct transfer of ubiquitin to the
substrate [5], and the HECT (Homologous to E6-AP C-Terminus)
E3s, which are involved in the transfer of activated ubiquitin from
the E2 to the substrate by forming an intermediate complex with the
C-terminus of the E3 [6].

The NEDD4-like ubiquitin ligase 2 (NEDL2, also called
HECW?2) are the members of NEDD4 subfamily of E3 ubiquitin
ligases, which share a similar domain composition: an N-terminal
HECW domain of which the function is not clearly understood, and
might determine the substrate specificity of the ligase or even posses
E3 ligase activity, a C2 domain that mediates anchoring of E3s to
intracellular membranes, two WW modules that mediate protein—
protein interaction, and a catalytic HECT domain at the C-terminus.
It was demonstrated that NEDL2 protein interacts with two isoforms
of p73, «, and B (p73 a tumor protein related to the p53); it binds
to p73, and ubiquitinates p73. This ubiquitination leads to the
stabilization of p73a/B and increased p73« transcriptional activities
[7]. NEDL2 is involved in the regulation of cell cycles, specifically
transition from metaphase to anaphase. It has the potential to
interact with many other functional enzymes/proteins as indicated
by immunoprecipitation (IP) and mass spectrometry study [8]. Thus,
the homozygote mutated NEDL2 ™~ mice died within 2 weeks after
birth [9].

WW domains, named after its two highly conserved tryptophan
(Trp) residues are small functional domains, found in signaling pro-
teins, which mediate protein-protein interactions in a similar but dis-
tinct manner from Src homology three domains [10]. WW domain-
containing proteins and their cognate ligands have been demon-
strated to be involved in a wide spectrum of cellular events including
cell cycle control (Pin1/Ess1), ubiquitin ligation (Nedd4/Rsp5 and
smurfl), and transcriptional activation (YAP65) [10, 11]. Relevant to
this study, the group I WW domain-containing proteins (i.e., YAP635,

Nedd4, and dystrophin) recognize proline-rich effector molecules
with a minimal consensus sequence of PY motif [12].

Beyond its predicted ubiquitin-ligase activity, its exact cellular
functions in mammalian fertilization and embryo development are
not known and have never been studied before. To our knowledge,
there is also no detailed study describing the distribution and expres-
sion of NEDL2 in an animal oocyte and embryo. Because NEDL2
contains two WW domains, NEDL2 could be engaged during fertil-
ization by the WW-binding motifs of the sperm-released postacro-
somal sheath WW domain-binding protein (PAWP). A candidate
component of the sperm-borne oocyte-activating factor, PAWP elicits
calcium oscillations, activates oocytes, and promotes pronuclear
development following microinjection of PAWP protein or human/-
porcine Pawp cRNA [13-16].

The objective of the present study is to investigate the content
and distribution of NEDL2 protein in porcine spermatozoa, oocytes
zygotes, and early preimplantation embryos, as well as in somatic cell
controls (cumulus and day 35 fetal fibroblast cells). Furthermore,
we aim to determine its roles during oocyte fertilization and early
embryo development by using a function-blocking method after
microinjection of anti-NEDL2 antibody into matured oocytes and
followed by in vitro fertilization (IVF). We postulate that NEDL2
plays a role during oocyte fertilization and embryo development.
For the very first time, we demonstrate that: (1) gametic and somatic
NEDL2 isoforms are present in the pig; (2) NEDL2 is predominantly
present in embryo blastomere and somatic cellular nucleus; and (3)
NEDL2 plays an important role in fertilization, especially during
sperm DNA decondensation.

Materials and methods

Ethical approval

All applicable international, national, and/or institutional guidelines
for the care and use of animals were followed. All procedures involv-
ing vertebrate animals were completed under the strict guidance of
an Animal Care and Use protocol approved by the Animal Care and
Use Committee of the University of Missouri. This article does not
contain any studies with human participants performed by any of
the authors.

Chemicals, antibody, and recombinant protein

All chemicals used in this study were purchased from Sigma
Chemical Co. (St. Louis, MO) unless otherwise stated. The main
anti-NEDL2 antibody (ab154888, Abcam, Cambridge, MA) used
in this study was a rabbit polyclonal antibody raised against a
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synthetic peptide, corresponding to a region within N terminal
amino acids 1-44 of human NEDL2. The human amino acid
1-44 sequence is 100% homologous with porcine sequence (while
the full sequence was 91.6% homologous). This N-terminal portion
is immediately adjacent to a HECW domain, and thus the said
antibody is predicted to be function-blocking. The second anti-
NEDL2 primary antibody used to confirm and validate experimental
results was also a rabbit polyclonal antibody raised against synthetic
peptide derived from an internal region of human NEDL2 (ab92711,
Abcam). Agarose-immobilized, p62-derived UBA domain for affinity
purification of ubiquitinated proteins [17] was purchased from
Biomol (cat. # BML-UW9010-0500, Biomol, Plymouth Meeting,
PA). Affinity-purified goat anti-rabbit IgG FITC secondary antibody
(cat. # 65-6111) and goat anti-rabbit IgG (H + L) cross-absorbed
TRITC (cat. # T-2769) secondary antibodies were purchased from
Invitrogen— ThermoFisher (Rockford, IL).

Porcine oocyte maturation, antibody preparation, and
microinjection

Detailed procedures for oocyte collection and in vitro maturation
have been described previously [18]. Briefly, ovaries from prepuber-
tal gilts were collected at a local slaughterhouse and transported to
the laboratory in a warm box (25-30°C). Cumulus oocyte complexes
(COCs) were aspirated from antral follicles (3-6 mm in diameter).
Oocytes with uniform ooplasm and compact cumulus were collected
and washed three times in HEPES-buffered Tyrode lactate (TL-
HEPES, pH 7.4) medium containing 0.1% (w/v) polyvinyl alco-
hol (PVA) and one-time wash with the maturation medium [18].
A total of 50 COCs were transferred to 500 pL of the matu-
ration medium that had been covered with mineral oil in a 4-
well plate (Nunc) and equilibrated at 38.5°C, 5% CO; in the
air. Oocyte maturation medium was tissue culture medium (TCM)
199 (Mediatech, Manassas, VA) supplemented with 0.1% PVA,
3.05 mM D-glucose, 0.91 mM sodium pyruvate, 0.57 mM cysteine,
0.5 pg/mL LH (L 5269, Sigma), 0.5 pg/mL FSH (F 2293, Sigma),
10 ng/mL epidermal growth factor (E 4127; Sigma), 10% porcine
follicular fluid, 75 pg/mL penicillin G, and 50 pg/mL streptomycin.
After 40 h in vitro maturation, cumulus cells were removed with
0.1% hyaluronidase in TL-HEPES-PVA medium and the oocytes
were washed three times with TL-HEPES-PVA medium and trans-
ferred into HEPES-buffered manipulation medium TCM-199 sup-
plemented with 0.6 mM NaHCO3, 2.9 mM HEPES, 30 mM NacCl,
0.3% (wt/v) BSA, and 0.01 mg/mL gentamicin (pH 7.4) for microin-
jections.

Before microinjection, the anti-NEDL2 polyclonal antibody was
desalted using Zeba spin desalting columns (cat # 89890, ThermoFis-
cher Scientific). The final antibody concentration was 0.5 mg/mL,
with approximately 10 pL injected per oocyte. Microinjection was
performed on the stage of a Zeiss Axiovert-35 inverted micro-
scope (Jena, Germany) fitted with Eppendorf micromanipulators
and Femtojet 5247 injector (Eppendorf, Hauppauge, NY). Through
a glass micropipette, the antibody was microinjected to 3-5% of
oocyte volume, as estimated from the displacement caused by injec-
tions. Surviving oocytes were washed three times in the fertilization
medium and used for IVE.

IVF, culture of putative zygotes, and assessment of
developmental ability

According to the experimental design, both non-manipulated (sam-
ples collected for immunocytochemistry (ICC) and Western blot

analysis) and sham/antibody injected (for functional blocking anal-
ysis) MII oocytes were used for IVE Thereafter, 30-35 oocytes were
placed into each of 100-pl drops of a modified Tris-buffered medium
(mTBM) containing 2 mM caffeine and 0.2% BSA, covered with
mineral oil, in a 35-mm polystyrene petri dish, which had been
equilibrated for 48 h at 38.5 8C in 5% CO; in the air. The dishes
were kept in a CO; incubator until spermatozoa were added for
fertilization.

In the current study, to eliminate variation in IVF experiments
among different boars, the sperm-rich fraction of ejaculate, from
a known fertile boar, was collected on a weekly basis and used
for IVF 24 and 48 h later. The semen was immediately checked
for motility, and only those ejaculates with 80-90% were used
for further experiments. Sperm samples used for WB were washed
three times in TBS right after collection and stored at —20°C until
further use. For IVE, semen was cooled to ambient temperature and
centrifuged at 600 g for 10 min to remove the seminal plasma. The
sperm pellets were resuspended with Beltsville Thawing Solution
extender (Minitube, Delavan, WI) to the final concentration of
1 x 10% cell/mL. On fertilization day, semen was diluted 10 times
in mTBM. Then 1 pL of diluted semen was added into oocyte-
containing fertilization droplets with the final sperm concentration
of 1 x 10° cells/mL. Oocytes were co-incubated with spermatozoa
for up to 6 h at 38.5°C, 5% CO,.

At the end of spermatozoa-oocyte co-incubation, putative
embryos were washed three times and transferred to four-well plates
containing 500 mL of porcine zygote culture medium 3 (PZM3)
(108.0 mmol/L NaCl, 10.0 mmol/L KCl, 0.35 mmol/L KH,POy4,
0.4 mmol/L MgS04.7H20, 25.07 mmol/L NaHCO3, 0.2 mmol/L
sodium pyruvate, 2.0 mmol/L Calcium lactate (ThermoFisher
Scientific, Pittsburg, PA), 1.0 mmol/L glutamine, 5.0 mmol/L
hypotaurine, 20 mL/L Eagle basal medium amino acid solution,
10 mL/L modified Eagle medium amino acid solution, 0.01 mg/mL
gentamicin, and 3 mg/mL bovine serum albumin (BSA, pH 7.3)) and
incubated at 38.5 °C, 5% CO,. At 48 and 168 h after insemination,
cleavage rate and blastocyst formation rate were evaluated under a
stereomicroscope, respectively. Only embryos with blastomeres of
equal size were counted to determine the cleavage rate.

Immunofluorescence

A standard immunofluorescence procedure, as described previously
[19], was performed for ICC of samples. GV stage oocytes before
in vitro maturation were treated with hyaluronidase to disassociate
cumulus cells. Metaphase II (MII) oocytes and cumulus cells before
and after 40 h maturation and different-stage embryos, from zygotes
to 2-, 4-, 8-cell, and d7 blastocysts were collected at different time
points after IVF (6-168 h) according to the embryo development
stage. Zona pellucida was removed by short (5 s) incubation in acidic
PBS (pH = 2). Oocytes, embryos, and cell samples were fixed in
2% formaldehyde for 40 min at room temperature, washed, perme-
abilized in PBS with 0.1% (v/v) Triton X-100 (PBST), and blocked
for 25 min in PBST containing 5% normal goat serum in 9-well
plates. Spermatozoa were allowed to settle onto polylysine-coated
coverslips, fixed in 2% formaldehyde, and all the following steps
were carried out on coverslips. Samples were incubated overnight at
4°C with primary antibody (Ab154888 diluted at 1:200 in PBST con-
taining 1% normal goat serum. On the following day, after a wash in
PBST, the samples we incubated with the corresponding secondary
antibody, goat anti-rabbit IgG-FITC diluted at 1:100 and DNA
counter-stain 4,6-diamidino-2-phenylindole (DAPIL, 2.5 pg/mL) at
room temperature for 40 min.
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Negative controls were obtained by the replacement of the anti-
NEDL2 antibody with normal rabbit serum at the concentration
identical to that of the specific antibody. Image acquisition was
performed on a Nikon Eclipse 800 microscope (Nikon Instruments,
Melville, NY) with a Cool Snap camera (Roper Scientific, Tuc-
son, AZ, USA) and MetaMorph software (v7.1, Universal Imaging,
Downington, PA).

To detect injected anti-NEDL2 antibody and endogenous oocyte
NEDL2 protein, a double-labeling procedure with two secondary
antibodies conjugated with FITC or TRITC was performed. At
10 h after IVF, anti-NEDL2 antibody injected, and normal serum
injected control oocytes were collected, zona removed, fixed in 2%
formaldehyde in PBS, permeabilized in 0.1% Triton X-100 in PBS,
and incubated with goat-anti-rabbit (GAR)-IgG-FITC for 40 min
at room temperature to detect injected antibody. Then, the samples
were incubated with the primary antibody as above. On the second
day of ICC, the goat-anti-rabbit secondary antibody conjugated with
TRITC was used to detect both injected and oocyte endogenous
NEDL2 (in yellow after merge green with red). The remaining steps
of ICC were the same as described above.

Multiple trials were performed with non-manipulated normal
GV/metaphase II stage ova, I[VF-generated zygotes, embryos, and
normal rabbit serum injected sham control and antibody-injected
oocytes and zygotes. Immunofluorescence intensity data were ana-
lyzed with Image Studio Lite (v5.2, Li-Cor, Lincoln, NE), and images
were edited by using Adobe Photoshop CC (Adobe Systems, Moun-
tain View, CA).

SDS/PAGE and western blotting analysis

Western blotting (WB) as described previously [19] was used for the
current study with a little modification. Briefly, sperm samples were
collected from a proven fertile boar and washed three times in TBS by
centrifuging at 700 g for 10 min. A total of 50 million spermatozoa
were loaded per lane. For oocyte and embryo samples, the zona
pellucida was removed in acidic PBS for § s and washed in PBS
three times. Oocyte-surrounding cumulus cells were collected after
oocyte in vitro maturation and washed in PBS three times. Fibroblast
cells from day 35 fetal skin was a kind gift from Dr. Randall Prather,
University of Missouri, Columbia, MO. After washing, all the exper-
imental samples were boiled in SDS loading buffer (50 mM TRIS
(pH 6.8), 150 mM NaCl, 2% SDS, 20% glycerol, 0.02% bromophe-
nol blue). To achieve reducing conditions, 5% B-mercaptoethanol
was added to the samples. Gel electrophoresis was performed on
4-20% gradient gels (PAGEr Gels; Lonza Rockland Inc., Rockland,
ME) by loading sperm/oocyte/embryo/somatic cell extracts, followed
by transfer to PVDF membranes (Millipore, Bedford, MA) using
an Owl wet transfer system (Fisher Scientific, Houston, TX) at a
constant 50 V for 4 h. The membranes were incubated sequentially
with 10% non-fat milk for 30 min at room temperature, rabbit
anti-NEDL2 antibody (ab154888, 1:10,000 dil./ab92711, 1:20,000
dil.; Abcam) overnight at 4°C, and HRP-conjugated goat anti-rabbit
antibody (1:10 000 dilution) for 40 min at room temperature. Mem-
branes were reacted with chemiluminescent substrate (SuperSignal,
Pierce, Rockford, IL) and exposed to Kodak BioMax Light Film
(Kodak, New Haven, CT) for various times using a Kodak M35A X-
OMAT Processor (Kodak). Densitometry quantification of the bands
of interest was performed by scanning the film (300 dpi) with Epson
Perfection V500 photo color scanner (Epson America, Inc., Long
Beach, CA) and determined by Image Studio software (v5.2, LI-COR,
Lincoln, NE). Negative control was obtained by the replacement of
the anti-NEDL2 primary antibody with non-immune rabbit serum.

The specificity of both NEDL2 antibodies (ab154888,ab97211)
was confirmed by WB with NEDL2 overexpression lysate (cat. #
NBP2-06601, Novus Biologicals, Centennial, CO). Briefly, NEDL2
overexpression lysate and the empty vector lysate (negative control)
with approximately the same total endogenous vector protein load
were resolved in parallel on SDS-PAGE, transferred onto PVDF
membrane, and probed with both NEDL2 antibodies, as described
above. Alternatively, spermatozoa and MII oocytes were run in par-
allel on SDS-PAGE, transferred onto PVDF membranes and NEDL2
antibodies were preincubated with NEDL2 overexpression vector
lysate and empty control vector in parallel with approximately the
same total endogenous vector protein load.

IP and isolation of polyubiquitinated proteins

For NEDL2 IP, Pierce™ Cross-link IP Kit (cat# 26147, ThermoFisher
Scientific) was used, closely following the manufacturer’s protocol.
Briefly, 10 pg of anti-NEDL2 antibody (ab154888) was adsorbed
to Protein A/G agarose following cross-linking with disuccinimidyl
suberate. Protein extract from 500 MII oocytes (0.5 mg of total
protein, estimated by Pierce™ BCA Proteins Assay Kit, cat# 23225)
was applied to the column with the cross-linked antibody and left to
incubate at 4°C with end-over-end rotation overnight. The following
day, the supernatant (non-binding/flow-through fraction) was saved
for further WB analysis, and the column was thoroughly washed.
The bound antigen was eluted by a pH drop (pH 2.8) in three
successive 5-min incubations at ambient temperature. Those three
elution fractions were pooled, proteins were precipitated using a 2-D
clean-up kit (cat # GE80-6484-51, GE Healthcare), and redissolved
in the SDS loading buffer for WB analysis. Following the low pH
elution, the beads were washed and incubated with the SDS loading
buffer (10 min, 70°C). Conventional IP, omitting the cross-linking
step, was performed in parallel, wherein the epitope was eluted
directly by the SDS loading buffer. For WB analysis, instead of HRP-
conjugated secondary antibody, Clean-Blot™ IP Detection Reagent
(HRP, cat # 21230, ThermoFisher Scientific) was used to avoid
binding to fragments of IP antibody, since the expected molar mass
of the immunoprecipitated protein was 52 kDa, overlapping with the
mass of antibody heavy chain (50 kDa).

The method as described by Sutovsky et al. [19] was used for the
isolation of polyubiquitinated sperm proteins. Briefly, spermatozoa
were lysed with RIPA extraction buffer (50 mM TRISeHCI pH 7.4,
150 mM NaCl, 1% TrX-100, 1% sodium deoxycholate, 0.1%
SDS, 1 mM DTT, 2 mM EDTA), and incubated with recombinant
agarose-matrix-bound UBA domain of ubiquitin-binding protein
p62/SQSTM1 for 20 min at room temperature. Secondary interac-
tions with the column were disrupted by three washes with RIPA
buffer, and bound polyubiquitinated sperm proteins were eluted
with SDS-PAGE loading buffer, resolved on a 4-20% reducing gel
under non-reducing conditions, transferred onto a PVDF membrane,
and probed with the polyclonal anti-NEDL2 antibody, as described
above.

Statistical analysis

Dependent variables were analyzed for normality by using the Wilk—
Shapiro test [20]. Data for dependent variables, fertilization rate,
percentage of oocytes cleaved at day 2 of culture (cleavage rate),
and percentage of oocytes forming apparent blastocysts (blastocyst
formation rate) were arcsine-transformed and analyzed by the gen-
eral linear model procedure of SAS [20]. For all variables, sources of
variation were experimental day, treatment, and day by treatment
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interaction. Regression analysis was performed to determine the
correlation between the number of blastomeres and the WB band
intensity of NEDL2 by the CORR procedure of SAS (SAS, 2014).
A value of P < 0.05 was considered statistically significant. In
the results, least-squares means and standard errors of means are
presented.

Results

Specificity of the NEDL2 antibodies

The main anti-NEDL2 antibody (ab154888) used for WB, ICC,
and microinjection of function block experiments was raised against
immunogen, a synthetic peptide corresponding to a region within
N terminal amino acids 1-44 (MASSAREHLLFVRRRNPQMRY-
TLSPENLQSLAAQSSMPENMTLQ) of NEDL2 protein. When this
protein sequence was blasted against known proteins in the whole
animal kingdom and porcine species with two independent online
programs, NCBI online program (https://blast.ncbi.nlm.nih.gov/Bla
st.cgi) and BLASTP (v2.2.31) online program (http://web.expasy.o
rg/tmp/1week/blastf4984.html), only one protein matched the 44
amino acid sequence, which was a NEDL2 (HECW?2) protein in
pig, human, mouse, and other species. Because there are no other
proteins that have the identical sequence used as the immunogen
sequence, we anticipated that the antibody would recognize the
NEDL2 epitope only. To further support its unique specificity, the
anti-NEDL2 antibody from the same company did not detect any
signal by western blot using NEDL2” mutation mouse brain tissue,
while NEDL2 is highly translated in the normal animal brain [9].
We further confirmed antibody specificity by using NEDL2 over-
expression lysate for WB analysis and immunosaturation prior to
the incubation with the primary NEDL2 antibodies (Figure 1). Both
NEDL?2 antibodies were able to recognize the full-length 175.8 kDa
NEDL2 recombinant protein (Figure 1A) in NEDL2 expression vec-
tor lysate, as well as the other, lower molecular isoforms, representing
processed forms, and/or degradation products of the full-length,
recombinant protein. Immunosaturation of the primary antibodies
completely removed the 52 kDa band detected by ab92711, and
the majority of the 52 kDa signal was also removed in WB with
ab154888 (Figure 1B). The 52 kDa isoform was not detected in
spermatozoa with ab154888 antibody, most likely because of steric
hindrance caused by proteins that co-migrated with NEDL2.

Two distinct forms of NEDL2 are present in gametic vs
somatic cells

WB with a commercial, well-characterized, and specificity-confirmed
(Figure 1) rabbit polyclonal antibody (ab154888, Abcam) was used
to detect NEDL2 in oocytes, preimplantation embryos, ejaculated
spermatozoa, and somatic cells. As shown in Figure 2A, a single
unique band at approximately 52 kDa was detected in the germinal
vesicle (GV) stage oocytes, metaphase II (MII) oocytes, zygotes (30 h
after IVF), 2-, 4-, 8-cell, and blastocyst stage embryos. Oocyte-
surrounding cumulus cells and fibroblast cells, both used as somatic
controls displayed higher mass bands (91 kDa and 136 kDa for
cumulus cells, 155 kDa for fibroblast cells); however, they lacked the
52 kDa form detected in oocytes and embryos. Ejaculated sperma-
tozoa prominently displayed the same 52 kDa band as oocytes and
embryos; as well as other higher mass bands at 74 and 129 kDa,
which were not detected in somatic cells or oocytes. To further

validate the observations of the single 52 kDa band in pig oocytes
and embryo embryos, the PVDF membrane was probed with a
different anti-NEDL2 antibody (ab92711, Abcam). WB with the
ab92711 antibody again revealed a single band with the same
molecular weight (at approximately 52 kDa) immune-reactive to
NEDL?2 in the GV- and Mll-stage oocytes, zygote to the blastocyst
stage embryos (Figure 2B). Then, different GV-stage and MII stage
oocyte samples were collected, and WB was repeated two more times
on different samples, including different loading volume of fibroblast
cell lysate. As expected, GV and MII oocytes had the same sized
single band at approximately 52 kDa (Figure 2C) across different
exposure times (data not shown). Somatic cell control (fibroblast
cells) showed the band at 155 kDa and protein load-dependent band
density (Figure 2C’).

For spermatozoa, another prominent band besides the 52 kDa
prominent band was observed at approximately 129 kDa. To
determine whether NEDL2 protein may be (auto) ubiquitinated, a
common posttranslational modification seen in sperm proteins, the
recombinant ubiquitin-binding UBA domain protein SQSTM1/p62
[17], was used to pull down ubiquitinated proteins from ejaculated
sperm extracts. The SQSTM1 bound protein fraction was resolved
by 1-D PAGE and screened for NEDL2 by WB. The 129 kDa
form was detected in the polyubiquitinated protein fraction,
prepared by affinity purification from ejaculated sperm lysate using
a recombinant ubiquitin-binding protein, p62 (Figure 2C”). The
presence of 129 kDa isoform and additional higher molecular forms
in the p62 pulldown fraction suggested that the 129 kDa isoform
may be a result of polyubiquitination of the lower mass NEDL2
species. Again, WB of ejaculate sperm extract revealed the presence
of the 52 kDa band, but an absence of 136 and 155 kDa bands
observed in cumulus oophorus and fibroblast cells, respectively,
confirmed the observation described above. Furthermore, the
presence/absence of the 155 kDa band in cumulus oophorus cells
depended on reducing conditions of SDS-PAGE (Figure 2D).

IP following WB was performed to further confirm that the
single 52 kDa band is NEDL2, and the NEDL2 antibody directly
binds to the intended target. Five hundred MII ova were lysed and
immunoprecipitated with the anti-NEDL2 antibody (ab154888).
The immunoprecipitate was resolved by 1D-PAGE and probed by
the NEDL2 antibody using the WB technique. Again, WB displayed
a prominent band at 52 kDa in the immunoprecipitates (Figure 2D’,
lanes 2—4), indicating that this protein band is indeed an isoform or
fragment of NEDL2. Collectively, NEDL2 protein was present in all
examined cell types, including embryos. Multiple NEDL2 forms with
different molecular weight were observed by WB, a gametic isoform
at approximately 52 kDa, and somatic isoforms at 91 kDa and
136 kDa in cumulus oophorus cells (136 kDa form was not present
under reducing conditions, Figure 2D), and 155 kDa in fibroblast
cells.

When WB band intensity was plotted against cell number per
embryo based on the developmental stage (1-cell zygotes to aver-
age 34 of nuclei in day 7 blastocyst embryo), there was a sig-
nificant logarithmic correlation between them (R* = 0.99), which
indicates that the NEDL2 protein content within each blastomere
at different stages of development was unchanged (Figure 2E). Also,
interestingly, NEDL2 protein content in the cumulus cells increased
significantly after in vitro maturation with oocytes in the LH- and
FSH-containing medium (P < 0.01), compared to the cumulus cells
before maturation, detected by both WB and immunofluorescence,
as described below (Figure 3).
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Figure 1. Confirmation of NEDL2 antibody specificity. (A) WB detection of recombinant NEDL2 protein in NEDL2 expression vector lysate (lanes “1”) and empty
vector lysate (lanes “2"); cDNA based, predicted molecular weight of NEDL2 protein is 175.7 kDa. Comparable amounts of total vector’s endogenous proteins
were loaded per lane, as shown by CBB staining. (B) Alternative validation by immune-saturation approach; WB detection of NEDL2 in MIl oocytes (lanes “3")
and spermatozoa (lanes “4"”) with NEDL2 antibodies saturated with NEDL2 expression vector lysate or empty vector lysate prior to incubation. Comparable
amounts of total vector’s endogenous proteins were used for immunosaturation. Extracts from 100 million spermatozoa and 150 MIl oocytes were loaded per
lanes “3” and “4,” respectively. The blots in (B) represent the same exposure time.

NEDL2 protein localizes to cytoplasm, pronuclei, and
blastomere nuclei

By immunofluorescence (Figure 4), NEDL2 showed a diffused cyto-
plasmic localization at all stages of oocytes and embryos and in
fibroblast and cumulus cells. Additionally, NEDL2 protein accumu-
lated and formed granular particles in the GVs of immature oocytes,
in maternal and paternal pronuclei of zygotes, and the blastomere
nuclei of 2-, 4-, 8-cell, and blastocyst stage embryos (Figure 4A°-G’)
and the nucleus of cumulus and fibroblast cells (Figure 4H* and I).
During oocyte maturation, GV broke down, the visible nucleus dis-
appeared, and thus NEDL2 protein in MII oocyte was in a diffused
format. Furthermore, NEDL2 was not present on the metaphase
plate in MII oocyte (Figure 4B), which is different from the somatic
cell [8]. The presence of NEDL2 diffused in metaphase Il oocyte was
confirmed by WB analysis as described above (refer to Figure 2).
Interestingly, for the differentiating multicell blastocyst embryo, the
labeling intensity of NEDL2 protein was different between the
outside trophectoderm cells and the inner cell mass (Figure 4G). In
general, there was stronger NEDL2 labeling inside the inner cell
mass than in trophoblast. The labeling pattern was different as well,
more NEDL2 in the cytoplasm and some in nuclei in trophoblast
cells. In ICM, the labeling of NEDL2 was very strong both in
cytoplasm and nuclei, indicating higher NEDL2 protein content in
ICM cells compared to trophoblast cells (Figure 4G). For ejaculated
spermatozoa, the NEDL2 protein was present in the postacrosomal
region and tail (Figure 4]).

Microinjection of anti-NEDL2 antibody into MIl oocytes
prevents the formation of male pronucleus
afterfertilization

The objective of the current experiment was to determine whether
microinjection of anti-NEDL2 antibody into MII oocytes before IVF

would block the function of NEDL2 protein and affect fertilization,
pronuclear formation, and subsequent embryo development. The
experiment was repeated seven times (seven replicates) for 21 h post-
IVF fertilization study. The experiment was repeated five times for
embryo culture. The percentage of fertilized oocytes was calculated
as the number of oocytes fertilized by sperm penetration divided by
total oocytes in fertilization droplets. The percentage of pronuclear
formation was computed as the number of oocytes with one or
more pronuclei divided by the number of fertilized oocytes. Oocyte
fertilization and embryo development data are presented in Table 1.
Overall, anti-NEDL2 antibody microinjection into oocytes before
IVF did not affect the fertilization rate, the percentage of oocytes that
formed pronucleus, the number of spermatozoa that penetrated zona
pellucida or the percentage of embryo cleaved at day 2 or percent
blastocyst formation at day 7 of culture after IVE. However, more
oocytes were found to be penetrated by spermatozoa, but the sperm
head did not undergo decondensation in the antibody-injected group,
compared to the normal serum injected sham controls as shown
at 6, 10, and 21 h post-IVF in Figure 5. The average number of
pronuclei formed inside fertilized oocytes was significantly lower,
but monospermic fertilization percent was higher in the antibody-
injected group than in controls (Table 1 and Figure SE and F at
21 h after IVF). Such findings indicate that anti-NEDL2 antibody
may have interfered with fertilization by inhibiting sperm nucleus
decondensation and paternal pronucleus formation (referring to still
condensed sperm nuclei in Figure 5B, D, and F).

As demonstrated by the immunofluorescence of NEDL2, this
protein was accumulated in the pronuclei of zygote at 30 h post-
IVF (Figure 4C). We were interested in knowing whether NEDL2
protein was present at the very beginning of pronuclear formation
both in male and female pronuclei; its early presence may indicate
its importance for early fertilization events and development. We
also wanted to know whether injected anti-NEDL2 antibody could
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Figure 2. Proteomic characterization of NEDL2 in the porcine oocytes, preimplantation embryos, ejaculated spermatozoa, and somatic cells. (A) Western blot
analysis of NEDL2 in porcine ova, embryos (30 per lane), somatic cells (fibroblast and cumulus cells), and spermatozoa, probed with rabbit polyclonal anti-
NEDL2 antibody (ab154888, Abcam; the same antibody was used in C, D, and E). A single unique band at 52 kDa was detected in oocytes and embryos. Both
somatic controls displayed multiple high mass bands; cumulus cells at 91 and 136 kDa (this band disappears under reducing conditions, see D), and fibroblast
cells at 155 kDa. Ejaculated sperm extracts prominently displayed the same 52 kDa band and two other bands at 74 and 129 kDa. (B) Western blot analysis of
NEDL2 in porcine ova and embryos (30 per lane) by using a different rabbit polyclonal anti-NEDL2 antibody (ab92711, Abcam). A single band in these tissue
samples confirmed the observation in (A). (C) Repeated WB of NEDL2 by using different oocyte samples (52 kDa), (C’) series dilution of fibroblast cell lysate
(Lane 1, undiluted; Lanes 2 to 5: 1:1, 1:3, 1:7, and 1:15 dilution in loading buffer), and (C”) NEDL2 detection in polyubiquitinated protein fraction, affinity-purified
from ejaculated sperm sample including input control. (D) NEDL2 detection in cumulus cell under reducing (r) and non-reducing (nr) SDS-PAGE conditions, (D’)
WB analysis of NEDL2 IP from 500 metaphase-ll-arrested ova with SDS-PAGE gel run in parallel. Lane 1: molecular mass standards (Marker); Lane 2: IP with
cross-linked antibody, epitope eluted with low pH; Lane 3": SDS loading buffer eluted epitope followed after the low pH elution; Lane 4’: conventional IP, epitope
eluted with SDS loading buffer; Lane 5': antibody non-binding/flow-through fraction. The 52 kDa band of expected gametic NEDL2 is labeled with an arrow. (E)
Correlation between cell number in developing embryos and NEDL2 abundancy detected by WB and densitometric quantification (r = 0.99, P < 0.01).

still be detected at 10 h after IVF and possible interactions with
pronuclear formation. We harvested in vitro fertilized oocytes at
6 and 10 h after IVF and examined NEDL2 protein by ICC. As
expected, this protein was present in both male and female pronuclei
regardless of treatment, as soon as DNA started to decondense
and form pronucleus, as shown in Figure SA and B, and Figure 6.
NEDL2 had been accumulating before the pronucleus developed
fully (Figure 6). Moreover, the injected antibody could be detected
at 10 h after IVF (Figure 5D). As shown in Figure 5D, spermatozoon

could penetrate and fertilize the oocyte in the antibody-injected area.
However, neither the sperm head nor the oocyte metaphase plate
decondensed, indicating a possible interaction between the antibody
and DNA decondensation in both spermatozoon and oocyte. The
lower number of pronuclei in the antibody-injected group further
supports this possibility. Interestingly, and unexpectedly, at 6 and
10 h after IVE, zygotes from the antibody-injected group formed
nucleolar precursor bodies (NPBs) while none of the control zygotes
had any NPB formation (Figure SA and B). The average number
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Figure 3. Assessment of NEDL2 content (labeling intensity) in cumulus oophorus cells before and after 40 h of in vitro maturation with oocytes, by ICC (A) and
WB analysis (B), NEDL2 is detected at 91 kDa under reducing conditions and the lower mass forms are assumed to be its degradation products. (C) Densitometric
quantification before vs. after VM. Ab154888 antibody was used in both ICC and WB. a,b: means of labeling intensity by ICC with different letters differ (P < 0.01).

Table 1. Effects of anti-NEDL2 antibody microinjection into oocytes on fertilization, pronuclear formation, and embryo development in vitro.

Hours post-IVF

Parameters

Treatment

Control (n) NEDL2 AB (n)

21h % of oocytes fertilized

% of oocytes formed pronucleus

% of oocytes fertilized but no pronucleus formed
# of spermatozoa penetrated oocyte

# of pronuclei in oocyte

% of monospermic fertilization

48 h

168 h

% of oocytes cleaved
% of blastocysts formed

92.8 +1.9 (219) 91.5 + 1.9 (232)
96.0 £2.2 912 +22
4418 12.9 + 1.8°
42402 41402
4240.1° 2.840.1°

5.6+ 1.6° 12.9 + 1.6°
52.2 £ 8.4 (172) 55.7 & 8.4 (154)
142 £ 4.3 7.9+ 4.3

abMeans with the column with different superscripts differ (P < 0.05).

of NPBs was 2.6 = 0.5 vs. 0.1 £ 0.4 for the NEDL2 antibody
group and the sham control group, respectively. These results sug-
gested that the anti-NEDL2 antibody also accelerated the NPB
formation.

Discussion

As a part of our ongoing effort to evaluate the role of the ubiquitin-
proteasome pathway in mammalian fertilization and early embryo
development, we determined the expression pattern of NEDL2 pro-
tein in gametes, preimplantation embryos, fibroblast cells, in cumu-
lus cells before and after oocyte maturation with LH/FSH, and its
roles in fertilization. To our knowledge, this is the first report of mul-
tiple distinct isoforms of NEDL2 protein, the gametic isoform found
exclusively in spermatozoa, oocytes, early preimplantation embryos;
and the somatic isoforms present in porcine cumulus oophorus and
fibroblast cells. During early embryo development, the consistent
protein level in the blastomere of different stage embryos from 1-cell

zygote to multicell blastocyst, like a housekeeping gene, indicated
that this ligase is needed for fertilization and embryo development.
In order to study the NEDL2 function, an attempt was undertaken
to ablate NEDL2 by morpholino and CRISPR/Cas9 approaches,
but unlike in the case of the zygotic ubiquitin-tail ribonucleopro-
tein UBAS2 ablation [21], this approach was unsuccessful. This
lack of effect is likely due to the fact that the NEDL2 protein
is abundant in the oocyte both before and after meiotic matura-
tion, and involved in very early events of zygotic development that
occur before translational (from stored mRNA) and transcriptional
activation (de novo) of the zygote. Never the less, an alternative
approach of the microinjection of anti-NEDL2 antibody into oocytes
before fertilization decreased the number of pronuclei formed at
21 h after IVF and there were more oocytes fertilized, but sperm
DNA did not decondense and no male pronucleus was formed
compared to the sham control group. Moreover, antibody injection
accelerated the formation of NPBs. Taken together, the current study
suggests that NEDL2 is important during fertilization, specifically
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Figure 4. Representative immunofluorescence images of NEDL2 (green) in porcine ova, zygote, and embryos generated by IVE NEDL2 labeled in green, and DNA
counterstained with DAPI in blue were superimposed over the corresponding light-microscopic images in red acquired with differential interference-contrast
(DIC) optics (on top, A-J). The intensity of NEDL2 expression was further analyzed by MetaMorph software (v7.1) and presented as intensity profiles in the
bottom panels (A” to J”) using heat map pseudocoloring. The following oocyte, embryos, and cell types are shown: (A) GV-stage oocyte, (B) metaphase Il
oocyte, (C) 30 h post-IVF zygote, (D) 2-cell stage, (E) 4-cell stage, (F) 8-cell stage, (G) day 7 blastocyst stage embryo, (H) surrounding GV-stage-oocyte cumulus
cells, (I) d35 fetal fibroblast cells, and (J) ejaculated spermatozoa. Typical, representative patterns of NEDL2 labeling are shown (color merged A'-J’). NEDL2
showed both a diffused cytoplasmic localization and accumulation in distinct foci in the GVs, pronuclei, or nuclei at all stages of oocytes and embryos and in
fibroblast and cumulus cells. Ab154888 antibody was used in ICC analysis.
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~Sham control

PB - Metaphase plate

Figure 5. Representative images of oocytes at 6, 10, and 21 h after IVF in
normal serum (sham) and anti-NEDL2 antibody (ab154888) injected groups.
DNA was counterstained with DAPI (blue). (A, B) Immunofluorescence of
NEDL2 (green) in the sham and anti-NEDL2 antibody-injected oocytes at 6 h
post-IVFE It also illustrates that the anti-NEDL2 antibody injection accelerated
the formation of nucleolus precursor bodies. Spermatozoa were labeled
with MitoTracker in red. (C, D) Immunofluorescence of injected anti-NEDL2
antibody (green) and oocyte endogenous NEDL2 (red) at 10 h post-IVE The
injected antibody was detected and labeled in green and red, and shown in
orange in (D) after merging the two colors. (E, F) Comparison of pronuclei
formed at 21 h after IVE Multiple pronuclei formed in the sham control, while
only female pronucleus formed at this time, and sperm DNA was still not
decondensed. (G, H) The corresponding light-microscopic images acquired
with differential interference-contrast (DIC) of sham and antibody injected
zygotes. Note: the sperm DNA did not decondense in the antibody injected
group at 6, 10, and 21 h after IVE DSH: decondensing sperm heard; NPB:
nucleolus precursor body; PB: polar body; PN(s): pronucleus (pronuclei); FPN:
female pronucleus; MPN: male pronucleus. Bar = 25 pm.

during sperm DNA decondensation and early stage of pronuclear
development, perhaps participating in the recycling of sperm-nuclear
protamines.

Female pronucleus Male pronucleus

Polar body

Figure 6. NEDL2 protein presents in both male and female pronuclei at the
beginning of pronuclear formation (6 h after IVF). Note: NEDL2 accumulated
in the male pronucleus as soon as it started to develop. Ab154888 antibody
was used. Bar = 25 pm.

The ubiquitin-proteasome pathway (UPS) plays diverse regula-
tory and homeostatic roles in many basic cellular processes including
spermatogenesis and fertilization [3, 4]. This omnipresent prote-
olytic system ensures rapid, substrate-specific degradation of various
proteins in the cell cytoplasm and nucleus (see reviews [1, 4, 22]).
This pathway involves multiple steps and enzymes. Single ubiquitin
molecules are activated by ubiquitin-activating enzymes (E1), and
the activated ubiquitin is covalently ligated to the substrate’s internal
lysine residue with the help of ubiquitin carrier protein (E2) and
ubiquitin-protein ligases (E3s). High NEDL2 levels in gametes and a
stable protein level in blastomeres at all stages of pre-embryo devel-
opment from one-cell zygote to blastocyst indicates that NEDL2, one
of the E3 enzymes, might be pivotal to the final step in the ubiqui-
tination cascade in fertilization and early embryonic development.
Through recognition of particular substrates, this enzyme defines the
exquisite spatiotemporal nature and confers specificity to the path-
way. Canonical NEDL2 has an N-terminal HECW domain with not
clearly understood function, a C2 domain that mediates anchoring
of E3s to intracellular membranes, the catalytic HECT domain at
the C-terminus that catalyzes the attachment of ubiquitin molecule
onto the substrate, and two internal WW domains that mediate
protein-protein interaction (https:/www.uniprot.org/uniprot/Q9P2
P5). These WW domains are group 1 domains and recognize proline-
rich ligands with a minimal consensus sequence, PPXY [12]. The
epithelial Na™ channel ENaC is the best-studied example of a
Nedd4/Nedd4-like substrate. Its cell surface expression is regulated
by the ubiquitin-protein ligase Nedd4-2 via direct PY motif/WW
domain interaction. This regulatory mechanism is impaired in Lid-
dle’s disease [23]. Similar to this PY motif/WW domain interaction
mechanism, the interaction between WW-containing NEDL?2 protein
and postacrosomal sheath WW domain-binding protein (PAWP) in
sperm could be possible. PAWP is a novel sperm protein identified
as a candidate sperm-born oocyte-activating factor [14-16]. PAWP
elicits calcium oscillations, activates oocytes, and promotes pronu-
clear development following fertilization. Therefore, WW domains
in NEDL2 could be engaged during fertilization by WW-binding
motifs PAWP. Interestingly, when Zheng [24] tried to identify the
protein that could interact with PAWP, the author found that PAWP
bound to a 52 kDa protein, which had the characteristics of Nedd4


https://www.uniprot.org/uniprot/Q9P2P5
https://www.uniprot.org/uniprot/Q9P2P5

Characterization of NEDL2 in mammalian gametes, 2021, Vol. 104, No. 1 127

Table 2. Reported and computationally predicted splicing variants of human NEDL2 mRNA.

Splice variant UniProt reference  Protein class Length (AA) Mass (Da)
HECW2-201 QIP2PS5-1 Enzymes 1572 175 769

Predicted intracellular proteins

Plasma proteins

Disease related genes
HECW2-201 QIP2PS5-2 82 9041
HECW2-202 AO0A2CI9F2N4* Computationally predicted 1216 135904
HECW2-203 C9JHL2 Computationally predicted 120 13 673
HECW2-209 AOA2R8Y6F3 Computationally predicted 1579 176 601
HECW2-212 AOA2R8YE7S Computationally predicted 814 93786

AThis entry became obsolete on 12-05-2018 and the predicted sequence is available at UniParc as UPIO000FOAS541.

but was unable to identify the protein. Current findings suggest that
NEDL2 meets all these criteria (size, Nedd4 family member, and
WW-containing domains), thus making it a candidate protein for
PAWP interactions.

Multiple isoforms of NEDL2 have been reported in other species.
At least two NEDL2 isoforms were reported and four other predicted
to this date in the human as the products of an alternative RNA
splicing (Table 2). Three isoforms of NEDL2 have been reported
in the mouse. The canonical, full-length NEDL2 has a molecular
weight of 176 kDa and 1578 aa [25]. The isoform CRA-b has a
294 aa [26], and the third isoform only has 240 aa [27]. According
to the porcine NEDL2 gene sequence data [28], the corresponding
pig NEDL2 protein contains 1574 AA and has a 96% homology
to the human sequence and 95% homology to the mouse sequence.
There was no report on different porcine NEDL2 isoforms before.
We discovered a small size NEDL2 isoform of approximately 52 kDa
in pig oocytes and embryos. Since this small NEDL2 species was
recognized by the antibody raised against amino acid sequence
1-44 of the N- terminal portion as well as by the antibody raised
against synthetic peptide derived from an internal region of NEDL2,
it is highly likely that the catalytic C-terminal HECT domain (338
amino acids, 39.6 kDa) is missing in this small NEDL2 isoform. The
gametic isoform might therefore perform its functions independently
of its C-terminal E3 ligase domain. The small-sized gamete isoform
of NEDL2 could be the result of alternative splicing, alternative
promoter usage, and alternative initiation sites of translation. For
the exact splicing mechanisms of small NEDL2 in oocytes and
preimplantation embryo, its regulation of isoform expression and
gene structure requires future studies. Different isoforms in different
cells as observed in the present study could explain its diverse roles
in reproduction and somatic cells in general as reported as in other
proteins [29]. The second possible mechanism for protein isoforms
was protein ubiquitination as one of the fundamental regulatory
posttranslational modifications controlling cellular protein turnover
and homeostasis, which may be the case of sperm samples examined
in the current study. To determine if the higher band at 129 kDa was
the ubiquitination of the lower 52 kDa band, we used recombinant
ubiquitin-binding UBA domain protein SQSTM1/p62 [17] to pull
down ubiquitinated proteins from ejaculated sperm extracts. The
SQSTM1 bound protein fraction was resolved by 1-D PAGE and
screened for NEDL2. The presence of 129 kDa isoform and another
higher band in this p62 pulldown fraction suggests the ubiquitination
of lower mass NEDL2 species. Thus, NEDL2 protein, as an E3 ligase,
can be modified by other enzymes [8], and it also modifies other
proteins as reported in many other enzymes [30].

The roles of NEDL2 during final oocyte maturation and
cumulus expansion after LH surge are not yet known. Based on
published studies in other cells and current observations of a
significant increase in NEDL2 protein level after 40 h maturation
with gonadotrophins in vitro, we proposed two possible roles
of NEDL2 protein in the final cumulus cell expansion. The first
possible role of NEDL2 involved in non-proteolytic roles in histone
regulation, and signal transduction in cumulus cells after LH surge.
During COC expansion, cumulus cells started to differentiate and
produce many cytokines and inflammatory factors and are released
from the ovary along with the oocyte at the time of ovulation [31,
32]. Thus, the oocyte is the center of a pronounced inflammatory
reaction and is essentially treated as a foreign body. This dramatic
function shift of cumulus cells in synthesizing different proteins may
be explained by histone modification via the ubiquitin-proteasome
pathway. Ubiquitination is one main posttranslational modification
at the histone NHj-terminus [33]. The second possible role of
NEDL2 in cumulus cells was their distinct fate involving the
apoptosis pathway. As discussed above, ubiquitin binds to histones
and may regulate chromatin structure during transcription [2], and
thus has been immunochemically detected in both cytoplasm and the
nucleus [34] as observed in the current study. Ubiquitin upregulation
has been associated with apoptosis [35]. In the present study, NEDL2
contents in cumulus cells were increased two and a half times by ICC
and 10 times by WB. Moreover, tumor suppressor protein p73 is
involved in cell cycle regulation and induction of apoptosis. NEDL2
interacts with two isoforms of p73, «, and B. It binds to p73 and
ubiquitinates p73. This ubiquitination leads to the stabilization of
p73a/B and increased p73a transcriptional activities [7], further
supporting the idea of NEDL2 involving the cell apoptosis pathway
after maturation in an LH-containing medium. Otherwise, similar to
its sister protein NEDL1, which is associated with the C-terminus of
tumor protein p53, NEDL2 may increase its proapoptotic functions
independently of its E3 ligase activity [36].

At fertilization, the inactive sperm nucleus must be rapidly trans-
formed into a DNA replication-competent male pronucleus before
the formation of the zygote. The sequential events of this crucial
process are well conserved among animals and are controlled by
molecules present in the egg. Because ubiquitin-dependent proteol-
ysis is required for cell cycle progression, it has been demonstrated
that proteasome is activated during egg activation in the Xenopus
[37]. It was concluded that such proteasome activation is due to the
calcium-induced assembly of 26S proteasome from the 20S protea-
some. Microinjection of anti-NEDL2 antibody reduced the number
of pronuclei in oocytes, and accelerated the formation of nuclear
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precursor bodies; both may be caused by the same mechanism of
high MAPK and MPF activities. In mouse, small NPBs appeared
about 4 h after ethanol activation and took about 1.5 h to fuse into a
large NPB, which persisted for about 10 h before the disappearance.
MAPK and MPF activities at the initial stage of activation regu-
late NPB fusion after pronuclear formation [38]. Therefore, it was
possible that in antibody-injected oocytes, the ubiquitin-proteasome
pathway was interrupted by antibody neutralizing NEDL2 activities,
resulting in higher MAPK and MPF activities and NPBs formed
sooner than the controls. For the very same reason and pathway,
higher MAPK activities also may explain the low number of pronu-
clei formed in NEDL2 antibody-injected oocytes. It is known that
completion of meiosis and entry into interphase depends upon a
fall in the activities of MAPK (principally ERK1 and ERK 2), since
preventing its decline using phosphatase inhibitors, or by injecting
constitutively activate MEK, prevents pronuclear formation [39].
Therefore, high activities of MAPK and MPF may impair sperm
DNA decondensation and pronuclear formation. In any case, the
effect of the NEDL2 antibody injection on MAPK and MPF activities
and quantities needs to be addressed by future studies. On the other
hand, very recently it was found that NEDL2 protein can interact
with many other proteins/enzymes such as nucleoplasmin (NPM)
3 [8]. Mammalian homologs NPM1-3 are expressed in oocytes,
and recent in vitro studies showed that NPM1 and the complex
NPM1-3 efficiently promoted the sperm nuclear decondensation
and nucleosome organization [40]. NEDL2 is also shown to be
the substrate of APC/C-Cdh1 [8], which regulates metaphase exit.
Therefore, there are many possibilities for the anti-NEDL2 antibody
to disrupt sperm decondensation pathways and inhibit this process.

In summary, we have demonstrated different isoforms of NEDL2
in porcine oocytes, embryos, spermatozoa, and somatic cells. NEDL2
protein was detected in both the nucleus and cytoplasm. Its protein
content in oocytes and blastomere of different stage preimplantation
embryos was constant but significantly increased in cumulus cells
after maturation in the LH-containing medium in vitro. Microin-
jection of anti-NEDL2 antibody in metaphase II oocytes increased
the number of oocytes fertilized without male pronucleus formation,
decreased the number of pronuclei, and accelerated the formation of
nuclear precursor bodies. These data suggest that NEDL2 plays a key
role in oocyte fertilization, especially in sperm DNA decondensation
and during the early stages of pronuclear development.
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