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Abstract

Posttranslational protein modification by ubiquitination, a signal for lysosomal or proteasomal
proteolysis, can be regulated and reversed by deubiquitinating enzymes (DUBS). This study
examined the roles of UCHL1 and UCHL3, two members of ubiquitin C-terminal hydrolase
(UCH) family of DUBs, in murine fertilization and preimplantation development. Before
fertilization, these proteins were associated with the oocyte cortex (UCHL1) and meiotic spindle
(UCHL3). Intracytoplasmic injection of the general UCH-family inhibitor ubiquitin-aldehyde
(UBAL) or antibodies against UCHL3 into mature metaphase 1l oocytes blocked fertilization by
reducing sperm penetration of the zona pellucida and incorporation into the ooplasm, suggesting a
role for cortical UCHL1 in sperm incorporation. Both UBAL and antibodies against UCHL1
injected at the onset of oocyte maturation (germinal vesicle stage) reduced the fertilizing ability of
oocytes. The subfertile Uchl192d—/~ mutant mice showed an intriguing pattern of switched UCH
localization, with UCHL3 replacing UCHL1 in the oocyte cortex. While fertilization defects were
not observed, the embryos from homozygous Uchl1929~/~ mutant females failed to undergo
morula compaction and did not form blastocysts in vivo, indicating a maternal effect related to
UCHL.1 deficiency. We conclude that the activity of oocyte UCHSs contributes to fertilization and
embryogenesis by regulating the physiology of the oocyte and blastomere cortex.
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INTRODUCTION

Fertilization is a well-orchestrated cascade of events, rather than a single, isolated reaction.
Interruption of any step in the sequence will almost certainly cause fertilization failure. Only
a fully mature oocyte will be recognized and penetrated by a fertilizing spermatozoon to
ensure rapid and synchronous male and female pronuclear development (Plachot and
Mandelbaum, 1990)

Numerous cellular processes such as DNA repair, cell cycle regulation, antigen presentation,
cell-cell communication, cell differentiation and apoptosis, are regulated by protein
ubiquitination. Ubiquitination is a stable posttranslational modification leading to substrate-
protein degradation by the 26S proteasome, a multi-subunit protease with three distinct
peptidase activities. Alterations in ubiquitination and proteasomal degradation lead to
uncontrolled growth, causing tumors (Fuchs, 2002). Deubiquitination reverses this process,
and is mediated by deubiquitinating enzymes (DUBs). DUBs are thiol proteases important
for regulating different cellular processes (Wilkinson, 2009). Ubiquitin C-terminal
hydrolases L1 (UCHLZ1) and L3 (UCHL3) belong to the family of DUBs responsible for
hydrolyzing carboxyl-terminal esters and amides of ubiquitin (Fang et al., 2010). UCHL1 is
a 223-amino acid protein. The overall structure of UCHLL is very similar to that of UCHLS3,
which has a similar size and shares 51% of sequence identity (Boudreaux et al., 2010).

The UCHs participate in gametogenesis (Gu et al., 2009; Kwon et al., 2005; Susor et al.,
2007) and components of the ubiquitin system are involved in early steps of mammalian
fertilization, including sperm capacitation (Kong et al., 2009), acrosomal exocytosis
(Chakravarty et al., 2008) and zona pellucida (ZP) penetration (Sakai et al., 2004; Sutovsky,
2004). A recent study of porcine fertilization revealed that sperm-acrosomal UCHL3 can
participate in sperm-zona pelucida (ZP) interactions and inhibition of polyspermy (Yi et al.,
2007b). UCHL1 is one of the most abundant proteins in mammalian oocytes (Ellederova et
al., 2004; Massicotte et al., 2006). UCHL1 accumulates in the oocyte cortex, where it may
also inhibit polyspermy defense (Yi et al., 2007b). Mutant mice defective in UCHL1
function (the subfertile Uchl192d~/~ mutants) display increased polyspermy after in vitro
fertilization (Sekiguchi et al., 2006).

Recent studies revealed a complimentary UCH distribution in porcine, bovine and murine
oocytes, with UCHL1 accumulation in the oocyte cortex, and UCHL3 association with
oocyte spindle (Susor et al., 2010; Yi et al., 2007b). Based on these observations, we
hypothesized that these respective UCHs may regulate sperm-oolemma interactions,
completion of second meiosis and sperm incorporation in the cortical ooplasm during
murine fertilization. To test the hypothesis, we injected antibodies specific to UCHL1 and
UCHL3 and used a variety of UCH-inhibitors to alter their activities and localization during
oocyte maturation and fertilization. Supplementing this approach with studies of the
Uchl192d=/= mutant mouse, we found that interference with these UCHs caused a reduction
in fertilization rate, abnormal fertilization patterns and failure to undergo morula compaction
after fertilization.
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MATERIALS AND METHODS

Oocyte collection and in vitro maturation

Germinal vesicle (GV)-stage oocytes were collected from ovaries of B6D2F1 mice at 44-46
h after the females were injected intra-peritoneally (i.p.) with 5 IU Gonadotropin Pregnant
Mare Serum (PMSG; Calbiochem, San Diego, CA). GV-intact follicular oocytes were
released from the large antral follicles by puncturing with a needle in HEPES-buffered M2
medium supplemented with 0.1 mM of 3-isobutyl-1-methyl-xanthine (IBMX; Sigma-
Aldrich, St. Louis, MO). All cultures were maintained in MEM-a medium supplemented
with 10% FBS (Life Technologies Carlsbad, CA) at 37°C in a humidified atmosphere of 5%
CO2 for 16h.

Metaphase Il oocyte and embryo collection from wild type and Uchllgad mice

Mice were superovulated by i.p. injection of 5 IU PMSG followed 46-48 h later by 5 1U
human chorionic gonadotropin (hCG; Sigma-Aldrich). Oocytes were collected 13-14 h post
hCG. The Uchl192d+/+ (wild type) or Uchl1929~/= homozygous mutant females were placed
with B6D2F1 males. One cell embryos were collected 23 h post hCG. Embryos were placed
in a sterile culture dish containing 200 pl of HEPES-Buffered M2 medium. Cumulus cells
were partially removed by treatment in HEPES-buffered M2 medium containing 120 U/ml
hyaluronidase (ICN Pharmaceuticals, Costa Mesa, CA; 500 U/mg). Nuclear status of
zygotes was observed with the help of DAPI staining (Vector Labs). Blastocysts were
collected at 108 h post-hCG.

In vitro fertilization

Spermatozoa were released from the caudae epididymis of B6D2F1 male mice into
fertilization medium composed of 1 ml of MEM-a medium (Gibco) supplemented with 4
mg/ml BSA-Fraction V (Sigma) covered with mineral oil, and allowed to capacitate for 1 h
before fertilization. Ten to twenty pl of sperm (5 x 10%) were added to 500 ul of fertilization
media and incubated at 37°C under 5% CO2 in humidified air for 6 h. Only morphologically
normal oocytes with one polar body were used for I\VVF. Presumptive zygotes were washed
in KSOM medium, cultured for 10h, and fixed to check pronucleus (PN) formation.
Parthenogenetic embryos were produced by treating MII stage oocytes for 5.5 h in Ca2+-
free CZB medium supplemented with 10 mM Sr2* and cytochalasin B (Sigma), as described
(O'Neill et al., 1991)

Intracytoplasmic sperm injection (ICSI)

The oocytes that were used for ICSI were pre-injected with ubiquitin aldehyde (UBAL) at
MII stage. ICSI was performed in HEPES-CZB (HCZB) drops covered with mineral oil.
Capacitated spermatozoa were suspended in a drop of 7% PVP (Sigma) in HCZB. Each
spermatozoon was aspirated from the tail side and several piezo pulses (PrimeTech, Ltd.,
Ibaraki-Ken, Japan) were applied to detach the sperm tail from the sperm head. Up to 10
sperm heads were aspirated into injection pipette at one time. A holding pipette was used to
hold the oocyte with its spindle oriented at the 6 or 12 o'clock position. The zona pellucida
was penetrated by applying piezo pulses at 3 o'clock and one sperm head was injected per
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oocyte. Injected oocytes were transferred to KSOM medium for culture. Pronuclei were
observed 6 h later and blastocysts were collected 120 h post ICSI.

Inhibitor and antibody treatments

To observe the function of UCHL1 and UCHL3 during fertilization and oocyte activation,
we used UCH inhibitors (Ubiquitin-aldehyde and UCHL3-inhibitor), as well as antibodies
specific for UCHL1 and UCHL3. Ubiquitin-aldehyde (UBAL; Enzo/Biomol, Plymouth
Meeting, PA UW 8450) is a full-length ubiquitin protein in which the C terminus has been
modified with an aldehyde-group. It is a highly potent, extremely stable inhibitor of most
members of ubiquitin-C-terminal hydrolases/isopeptidase family (Melandri et al., 1996). We
injected approximately 5pl of 100uM UBAL into Ml oocytes (14 h post hCG) prior to IVF,
ICSI or parthenogenetic activation. The cumulus cells were partially removed to facilitate
injection without compromising oocyte quality (Vergara et al., 1997). Alternatively, UBAL
was added to IVF medium during fertilization to treat zona-intact or zona-free oocytes. In
the latter case, the zona pellucida was removed using 0.1% Pronase (Sigma; P-8811) in M2
media. For both experiments, the oocytes were left to recover for 2h in the incubator before
proceeding with IVF. The UCHL3-inhibitor (EMD/Calbiochem, Gibbstown, NJ: Cat #
662069) was added during oocyte maturation or fertilization at the concentration of 100 pM.
The UCHLZ3 inhibitor is specific to UCHLS3 protein. We also injected approximately 5 pl of
1ug/ pl of anti-UCHL1 or anti-UCHL3 antibody into GV and Metaphase 11 stages oocytes,
and performed fertilization. A non-immune rabbit/mouse serum was injected as a control.
The specificity of antibodies was confirmed by Western blotting (see companion paper by
Mtango et al.).

Immunofluorescence

Oocytes were fixed and processed as described (Sutovsky et al., 2004; Yi et al., 2007b). A
mix of anti-UCHL1 mouse IgG (ab20559, Abcam, Cambridge, MA; dil. 1/200) and affinity
purified rabbit anti-UCHL3 IgG (LifeSpan BiosciencessMBL, Woburn, MA; LS-A8724; dil.
1/200) was applied overnight at 4°C, followed by washing and incubation for 40 min with a
mixture of DAPI (blue DAN stain; Life Technologies/Molecular Probes; 2.5 pg/ml), goat
anti-rabbit-TRIC and goat anti-mouse IgG (red and green fluorescent, respectively; both
from Zymed, San Francisco, CA, both diluted 1/100). Spindle localization of UCHL3 was
confirmed by using an alternative rabbit anti-UCHL3 (cat. #3525S, Cell Signaling
Technology, Boston, MA). Oocytes were mounted on slides in VectaShield medium and
examined under a Nikon Eclipse 800 microscope equipped with a CoolSnap HQ CCD
camera operated by MetaMorph 4.6 software. Negative controls were performed by
replacing of specific antibodies with non-immune rabbit and mouse sera (Sigma) and these
slides were photographed at comparable settings.

Statistical analysis—A two-tailed unpaired Student's t test was used to compare the data
between two groups. P < 0.05 was considered to be statistically significant
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Experimental designh and summary of results

A summary of experimental design and most significant results is shown in TABLE 1, with
a detailed explanation in TABLE 2. Briefly we added UCHL3 inhibitor (L3i) in IVM
medium alone, IVF medium alone or in both IVM and IVF medium (TABLE 1 A and B).
Microinjection of UBAL into either GV-stage oocytes or MIl oocytes was followed by IVF,
performed with or without the zona pellucida (IVF + Zona/-zona; TABLE 1 C-F).
Additional experiments included ICSI (TABLE 1 G) or parthenogenetic activation (PA,;
TABLE 1 H) of oocytes pre-injected with UBAL; addition of UBAL into fertilization
medium using oocytes with or without zona (TABLE 1 1, J), injection of UCHL1 antibody
in GV oocytes subjected to IVF without zona (TABLE 1 K), and UCHL1 antibody injection
in M1l oocytes followed by IVF (TABLE 1 L, M).

Oocyte matured under the influence of UCH inhibitors have reduced potential for

fertilization

Initial studies of in vitro maturation in the presence of UCHL3-inhibitor revealed a
significant effect leading to aberrant oocyte meiosis and polar body (PB) extrusion (see
companion paper, Mtango et al.,). We therefore decided to assess whether the UCHL3-
inhibitor (L3i) had an effect on sperm-oocyte interactions and zygotic/pronuclear
development. We examined fertilization rates of morphologically normal M1l oocytes
fertilized in the presence of L3i (Fig. 1; TABLE 2 B) as well as the fertilizing ability of
oocytes matured in the presence of L3i (Suppl. Fig. 1; TABLE 2 A, Fig. 1). When L3i was
present during IVF, the average fertilization rate in the treated group was reduced to 52%
compared to 94% in control fertilization (TABLE 2 B, Fig. 1). This reduction was highly
significant (P=0.0005) overall in three replicates, with 486 oocyte examined. A range of
abnormalities was observed in the pronuclei of the fertilized oocyte and in the spindles of
oocyte that remained unfertilized after this treatment (Fig. 2). In some oocytes, sperm-
oolemma fusion apparently occurred normally, but sperm incorporation failed, resulting in
parthenogenetic activation (e.g. Fig. 1 B), similar to fertilization failures observed in bovine
oocyte in the presence of the microfilament disrupting drug cytochalasin B (Sutovsky et al.,
2003; Sutovsky et al., 1996). Other patterns of aberrant fertilization in the presence of L3i
included dispermy or polyspermy, presence of abnormal polar bodies and parthenogenetic
activation with multiple female pronuclei/karyomeres (Fig. 2).

The in vitro fertilization rate of oocyte matured in the presence of L3i tended to be reduced
(56% compared to 85% controls), but the difference did not reach statistical significance
(p=0.28; TABLE 2 A). However, various abnormalities were observed in these oocyte, such
as abnormal pronuclei and second polar bodies, and the aggregation of UCHL3 in the
spindles of unfertilized oocyte (Suppl. Fig. 1). Altogether, these data indicate that proper
functioning of UCHSs, and UCHL3 in particular, is required for normal oocyte maturation
(companion paper) and fertilization (this paper).
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Oocyte pre-injection with ubiquitin-aldehyde blocks mouse fertilization in vitro

To evaluate further the roles of UCHs in fertilization, mouse oocytes were pre-injected with
ubiquitin-aldehyde (UBAL), a specific inhibitor of UCH-family hydrolases, before IVF.
This yielded a near-complete inhibition of fertilization in the zona-intact oocyte injected
with UBAL at the MlIl-stage (TABLE 2 E, and a partial inhibition of fertilization in oocyte
pre-injected with UBAL at the GV-stage (TABLE 2 C, D). There was no a noticeable
accumulation of spermatozoa in the perivitelline space or morphological anomalies in the
oocyte cortex, but incomplete sperm incorporation into the oocyte cortex (Fig. 2) was
frequent. There was no difference between control and UBAL-injected oocyte when we used
rhodamine-phalloidin staining to examine the integrity of cortical microfilaments (Suppl.
Fig. 2). Studies in the porcine model demonstrated increased polyspermy when UBAL was
added to the IVF medium (Yi et al., 2007b). In contrast, our mouse IVF data did not yield
significant changes in fertilization and polyspermy rates with UBAL present during IVF of
either zona-intact or zona-free oocytes. Fertilization rates were not significantly reduced by
the addition of UBAL in the IVF medium (TABLE 2 I, J). Altogether, our observations
provide evidence that UCHSs sensitive to UBAL play a major role in fertilization. An
inhibitory effect of UBAL could act at the level of the oolemma or at the level of the zona
pellucida.

Effect of UBAL on zona-free and zona-intact oocytes during fertilization

To test the possibility that UBAL affected the zona ability to bind spermatozoa and be
penetrated (e.g. by causing premature zona-hardening), we compared effects of UBAL-pre-
injection and I\VVF with zona-intact and zona-free oocyte. The pre-injection of GV-stage
oocyte with UBAL had reduced the zona-free fertilization rate it by over 80% compared to
vehicle-injected controls (TABLE 2 D).

There was no significant effect on the fertilization when the MII oocyte were pre-injected
with UBAL and fertilized without zonae (TABLE 2 F). This finding contrasts with the low
fertilization rates of MII stage oocyte pre-injected with UBAL but fertilized with the zona
intact. A possible explanation is that zona removal accelerated fertilization by reducing the
time necessary for penetration, so that UBAL would not have time to saturate its substrate
UCHs in the ooplasm. Alternatively, modifications of the zona that may occur during mouse
oocyte maturation as a result of localized cortical granule discharge (Liu et al., 2003), could
have been altered by the injection of UBAL at the GV-stage. Patterns indicative of delayed
or incomplete sperm incorporation into the ooplasm were observed in the UBAL-preinjected
oocytes that were fertilized zona-free (Fig. 3).

These data indicate that prolonged effects of UCH-inhibitors in the ooplasm can be mediated
at the level of sperm-oolemma and/or sperm-oocyte cortex interactions. However, a more
immediate effect can be induced at the level of sperm-zona binding or zona penetration by
spermatozoa.

Pre-injection with UBAL is not detrimental to oocyte viability and pronuclear
development, but affects cortical granule distribution and blastocyst size—To
rule out that UBAL inhibition of fertilization was due to simple toxicity, we tested the
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ability of oocyte to respond to ICSI or parthenogenetic activation. High fertilization rates
were achieved in both the ICSI oocytes preinjected with UBAL (80.2 +13; 5.3% of oocyte
with 2PN), and in control ICSI oocytes (79.8 £ 6.7% with 2PN; TABLE 2 G; Suppl. Fig.
3). Similar to previous UBAL-IVF experiments, the I\VF controls for these ICSI experiments
showed a high fertilization rate (80.0 £ 1.9%) while the UBAL-IVF controls performed in
the same trials with ICSI displayed a nearly complete block of fertilization (1.7 £1.7 %
fertilized; p<0.0001, TABLE 2 G). The ICSI-UBAL oocyte did not show any visible
morphological anomalies or altered distribution of UCHL1 and UCHL3. Those oocyte that
did not develop 2PN after UBAL-ICSI or control ICSI frequently displayed one
parthenogenetic female PN (Suppl. Fig. 3) Furthermore, both control and UBAL-pre-
injected oocyte were easily activated parthenogenetically (TABLE 2 H). In that set of
experiments, all groups, including UBAL and PBS injected parthenotes, non-injected
parthenotes and the IVF control, had near 100% fertilization and PN development rates
(range 92.1 £7.9% to 100%)(TABLE 2 H). Thus, oocytes remained viable and could be
activated following UBAL injection, indicating the effects on fertilization were not due to
simple toxicity.

We also examined the ability of the UBAL pre-injected ICSI oocyte to form blastocysts. The
percentage of blastocyst development was not significantly different (p=0.13) between
UBAL (89.5 + 4.1%) and control (74.8 £ 3.1%) oocyte in two replicates of this experiment.
Cell number per blastocyst was also not significantly different (48.2 + 2.5 UBAL vs. 51.3 +
2.5 Ctrl; p=0.39; n= 78 UBAL + 52 Ctrl; two replicates). However, ICSI blastocysts grown
from the UBAL-preinjected MII oocyte had a significantly smaller diameter (77.3 £ 1.4 um
UBAL vs. 90.9 + 1.8 Ctrl; p<0.0001; n= 78 UBAL + 52 Ctrl; two replicates), indicating a
possible long-term effect on blastocoel expansion rate.

UCHL1 has a specific role in the functioning of the oocyte cortex during fertilization

As a UCH family-specific enzyme inhibitor, UBAL could target multiple oocyte UCHs.
Because of its prominent localization in the oocyte cortex, we focused on UCHL1. We pre-
injected sets of GV-stage and MII oocyte with anti-UCHLZ1 antibody or control non-immune
serum and found that pre-injection with anti-UCHL1 antibody at the MII-stage reduced the
fertilization rate to 7.8% of non-immune serum (NRS) injected controls (TABLE 2 L). We
found varied patterns of delayed or blocked sperm incorporation (Fig. 4), not unlike those
observed in UBAL-injected oocyte. Similar to UBAL experiments, we seldom observed
accumulation of spermatozoa in the perivitelline space of oocytes pre-injected with anti-
UCHL1 antibody and fertilized with zonae intact. Similar to UBAL pre-injection, ZP-
removal before IVF eliminated the inhibitory effect of anti-UCHL1 antibody injection at the
MII stage, while the preinjection at GV-stage reduced fertilization (TABLE 2 K, K”).
Possible explanation is that the acceleration of fertilization process by zona removal reduces
the inhibitory effect of antibody injected at MII stage, as the shortened fertilization time
does not allow for sufficient dissipation of the injected antibody across ooplasm. The
specific inhibitory effect of anti-UCHL1 injection into zona-intact MII stage oocytes
indicates that UCHSs in the mouse oocyte cortex are involved in the regulation of zona
function. Zona free oocyte-fertilization block following the injection of anti-UCHL1
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antibody into GV-stage oocytes indicates the requirement of UCHL1 for the function of
oocyte cortex during fertilization.

Oocytes of UCHL1-deficient mice fertilize normally but have reduced development to

blastocyst

The gracile axonal dystrophy (gad) mice carry an in-frame deletion of exons 7 and 8 of the
Uchl1 gene (Uchl19ad allele), resulting in neurodegeneration and reduced female fertility
(Saigoh et al., 1999). In our mating trials, Uchl1924~/~ homozygous mutant females (n=7)
produced an average of 3.6 pups per liter, compared to 7.3 pups per litter in wild type
females. We also observed an average three-weak delay of pregnancy establishment in
Uchl192d~/= homozygous mutant females, and an increased perinatal/neonatal mortality of
Uchl192d=/=pups. To examine the localization patterns of UCHL1 and UCHL3 proteins in
the oocytes of these mutants, Uchl192d=/= Uchl198*~/~and Uchl192d+/*females were
generated by heterozygous inter se crosses of Uchl192*~/~ males and females, genotyped
and used to harvest oocytes, zygotes and embryos. Contrary to UCHL distribution pattern in
wild type mice (UCHLL in cortex, UCHL3 in spindle), the GV stage and metaphase-II
oocytes of Uchl192d—/~females generated by heterozygous inter se crosses displayed a
distinct absence of UCHL1 in oocyte cortex, where it was replaced with UCHL3 (Fig. 5 A-
F). The association of UCHL3 with the meiotic spindle was not diminished in M1l oocytes
from Uchl192d—/~ females. In order to examine fertilization and embryo development to the
blastocyst stage, while eliminating the possible contribution of a paternal infertility
component from males bearing the Uchl192mutant allele, female Uchl1924~/~ mice were
crossed with homozygous wild type males to produce female offspring carrying a maternally
contributed Uchl1924 mutant allele. The zygotes isolated from Uchl192d*+/*+or Uchl19ad—/~
females, and fertilized in vivo by spermatozoa of Uchl192d+/+ males, displayed comparable,
near-exclusively monospermic fertilization rates (Fig. 5 G, H; Suppl. Fig. 4 A). However,
84 % of embryos recovered on day 4.5 post-hCG from Uchl1929~/~ females mated with wild
type males were abnormal, arrested at the stage of morula compaction (Fig. 5 J, K; Suppl.
Fig. 4 B). We did not observe a significant difference in numbers of MII oocytes, zygotes,
or morula stage embryos obtained from Uchl1924+/+ or Uchl1929—/~ females. 341 Over 80%
of wild type embryos reached the blastocyst stage and showed accumulation of UCHL1 in
the apical cortex of trophoblast cells (Fig. 5 I). The UCHLS3 protein was observed in mitotic
spindles and midbodies both in embryos both from wild type and Uchl1929~/~ females
(Figure 6 1, J), while the morula-arrested embryos from Uchl1924~/~ females occasionally
displayed UCHL3 accumulation in the blastomere cortex (Fig. 5 K). The reduced/failed
blastocyst formation in the Uchl198*~/~ embryos from homozygous mutant females
suggests that the subfertility in these females is most likely due to developmental defects at
the morula-to-blastocyst transition of preimplantation embryo development, arising from a
deficiency of UCHL1 function in the oocyte, and thus a strong maternal effect of this
mutation.

DISCUSSION

Single gene deletion of Uchll or Uchl3 genes is neither infertility causing nor overtly
embryo lethal (although the number of progeny is reduced), presumably due to a mutual

J Cell Physiol. Author manuscript; available in PMC 2015 March 06.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mtango et al.

Page 9

compensating ability between these closely related Uch genes (Kurihara et al., 2000). In
contrast, we find that the inhibitors and antibodies targeting oocyte UCHSs have a profound
negative effect on zona penetration and incorporation of sperm during mouse fertilization
(see summary of fertilization data, TABLE 1 and TABLE 2). For instance, the inhibition of
ooplasmic UCHs by UBAL reduces fertilization rates in zona-intact cocytes and to a lesser
extent in the zona free oocytes. The effect of UBAL on fertilization/sperm incorporation is
most likely mediated by UCHL1, since intracytoplasmic injection of anti-UCHL1 antibody
almost completely abolished fertilization of zona-enclosed oocyte. No such effect on
fertilization was observed in oocyte pre-injected with antibody against UCHL3. These
results suggest an effect of UCHL1 on post-fertilization modification of the zona pellucida.
For example, UCHL1 activity may control cortical granule release, with premature cortical
granule release causing premature cleavage of ZP proteins to block sperm binding and
sperm-zona penetration. Other effects on the zona are also possible.

Interestingly, inhibiting UCH function at the GV stage can also prevent fertilization,
indicating additional targets of UCH action that control fertilization process. This could
include changes in the oolemma and oocyte cortex, and potentially changes in the release of
chemoattractant molecules from oocytes and/or cumulus cells. If UCHs only controlled
oolemma and oocyte cortex, one would expect a fertilization block by intracytoplasmic
injection of UBAL or anti-UCHL1 antibody to result in the accumulation of spermatozoa in
the perivitelline space. This, however, was not the case in our studies. Furthermore, we have
not observed differences in cortical microfilament distribution in control and UBAL injected
oocyte stained with rhodamine-phalloidin. Altered distribution or function of cortical
granules, as observed in bovine oocytes matured in the presence of UCH-inhibitors (Susor et
al., 2010), could also alter fertilization rate in UCH-manipulated mouse oocyte. However,
such a treatment, preventing cortical granule exocytosis and post-fertilization zona
alterations, would be expected to actually increase fertilization/polyspermy rate, not reduce
it, as we observed. The inability of the UBAL - injected oocytes to attract spermatozoa thus
remains a distinct possibility. A recent study in ascidians indicated that the valosin
containing protein (VCP/p97), an OTU-class deubiquitinating enzyme found in the asicidian
oocyte cortex, interacts with the oocyte-produced sperm attracting factor SAAF and may be
essential for fertilization (Kondoh et al., 2008).

Apart from a double knockout, the most efficient strategy to eliminate or reduce the
compensation between UCHL1 and UCHLZ3 is by targeting these respective UCHs with
specific antibodies and inhibitors once they already occupy their preferred subcellular
locality. Such a strategy had an obvious effect on murine fertilization. Targeting of UCHL1
in the oocyte cortex inhibited fertilization. Interestingly, we find partial compensation in
function between members of the UCH family. Loss of UCHL1 from the egg cortex of
Uchllgad—/— mice is accompanied by a potentially compensatory translocation of UCHL3
to the cortex. This suggests that UCH functions associated with the egg cortex and oolemma
may be at least partially restored by UCHL3 function, if opportunity for this is presented
during oogenesis.

Such a compensatory translocation of UCHL3 may be a long term process occurring during
oogenesis in the Uchl1929=/~ mice. In contrast, the inhibition of both proteins after
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maturation does not allow this compensation, resulting in more severe effects of UCHL1
deficiency. The translocation of UCHLS3 and possibly other related UCHSs to the oocyte
cortex may not be fast enough when inhibitors and antibodies, injected into the ooplasm,
target UCHL1 that is already in oocyte cortex. The UCHL1 and UCHL3 are very closely
related, sharing high amino acid sequence homology, similar size, and similar ability to
deubiquitinate substrate proteins. Consequently, the UCHL1 and UCHL3 proteins may be,
under certain experimental conditions, functionally overlapping (Kurihara et al., 2000).

High polyspermy has been demonstrated in porcine oocytes fertilized with the addition of
UBAL in IVF medium. In this case, the most likely target of UBAL was UCHL3 associated
with boar sperm acrosome (Yi et al., 2007b). High polyspermy was also proposed to be the
cause of subfertility in Uchl1929~/~ mice in vitro (Sekiguchi et al., 2006). Neither our
studies using UBAL addition in mouse 1\VF medium nor our findings in zygotes fertilized in
vivo and recovered from Uchl1924—/~ females provide indication of increased polyspermy.
However, it is possible that the Uchl1929=/~ oocyte would show polyspermy if challenged
by higher number of spermatozoa during I\VVF, as reported previously (Sekiguchi et al.,
2006). Alternatively, polyspermy might only be an in vitro phenomenon in the Uchl192d=/~
mutants, one that may be ameliorated by the exposure of spermatozoa to seminal plasma and
oviductal fluid in vivo. We might speculate that deficiency in functional UCHL1 (Sekiguchi
et al., 2006) could lead to different phenotypes in vitro vs. in vivo. Even so, the subfertility
in Uchl1929=/= mice (Sekiguchi et al., 2006; Yamazaki et al., 1988b) is most likely due to
impaired preimplantation embryo development at the morula stage, as demonstrated by our
data.

While rodents and other mammalian species seem to use the ubiquitin-proteasome pathway
during sperm-oocyte interactions, our data hint at differences between taxa in how this
pathway contributes to the fertilization process. Based on our studies in ungulate models, we
anticipated that the inclusion of UBAL and antibodies against UCHL1 or UCHL3 in the IVF
medium would stimulate murine fertilization and cause polyspermy. In ungulates, UCHL3
in the sperm acrosome is thought to participate in the process of sperm passage through zona
pellucida by interacting with the sperm acrosome-borne proteasomes. In accord with the
stimulatory effect of UBAL on proteasomal proteolysis, inhibition of UCHSs increased
sperm-zona penetration rate in porcine (Yi et al., 2007a) and bovine (Susor et al., 2010)
oocytes. This is in line with the observation that the inhibition of whole 20S proteasomal
core activities, an intervention that has opposite effect to that of UCH-inhibition, blocks
sperm-ZP penetration in higher mammals (Sutovsky, 2004). In these experiments, zona free
porcine oocytes were readily fertilized in the presence of proteasomal inhibitors (MG132
and lactacystin) or anti-proteasome antibodies. In the mouse, however, proteasomal
inhibitors such as ALLN block sperm-oolemma fusion and sperm incorporation in the
ooplasm (Wang et al., 2002). Our data on UCH inhibitors and antibodies affecting sperm
incorporation in the ooplasm but not sperm-ZP penetration in the mouse are consistent with
this observation. Thus, caution should be exercised when hypotheses on mammalian
fertilization are generalized based solely on mouse data.

In spite of the aforementioned species differences, the participation of ubiquitin system in
fertilization is extremely conserved, with communalities found between mammals (Morales
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et al., 2003), ascidians (Sawada et al., 2002), echinoderms (Y okota and Sawada, 2007) and
even plants (Doelling et al., 2007). While the mechanism of their action may vary, the
expression and localization patterns of UCHSs appear to be evolutionarily conserved between
rodents and primates. High expression levels of proteasomal subunits and enzymes of the
ubiquitin system appear to be a common feature of mammalian oocytes and early embryos
(Assou et al., 2009; Mtango and Latham, 2007). Importantly, aberrant expression of genes
encoding for UCHs and other components of ubiquitin system has been associated with
reduced developmental potential of primate embryos (Mtango and Latham, 2007). Our data
confirm a conserved localization of UCHS between rodents, ungulates and primates. It is
plausible that some etiologies of human infertility and developmental failure after assisted
fertilization may arise from abnormal expression/functioning of human oocyte UCHs.

Beyond fertilization and polyspermy, we observe a strong maternal effect on
preimplantation embryo development, wherein heterozygous Uchl192+~/~ embryos
produced by mating homozygous Uchl1929~/~ females to homozygous wild type males
undergo developmental arrest between the morula and blastocyst stage. Such strong
maternal effects could arise due to haploinsufficieny; however previous reports indicated a
matrilineal origin of the fertility defect (Sekiguchi et al., 2006; Yamazaki et al., 1988a). This
suggests that lethality most likely would arise from triploidy/multiplody (e.g., from
polyspermy) or from aneuploidy resulting perhaps from meiotic defects in the
Uchl192d=/=gocytes. Because we find that polyspermy is not increased with the mutant
oocytes, it is most likely that the increased embryo lethality is due to decreased
developmental competence of Uchl1929—/= oocytes, which could be exacerbated by altered
oviductal environment. While UCHL1 protein does not seem to associate with the meiotic
spindle, it could influence cytokinesis during oocyte maturation and also have an effect on
the association of UCHL3 with the spindle. Consequently, mis-segregation of chromosomes
during meiosis could arise from defects in polar body extrusion or spindle function in the
oocyte. Thus, although UCHL3 may compensate for UCHL1 functions in the oocyte by
translocating to the cortex, this compensation may come at a high cost, namely the incorrect
chromosome segregation. The resulting aneuploidy would yield embryos that are unable to
progress beyond the morula stage, as observed. Some reduction in blastocyst formation and
quality has also been observed in oocyte fertilized by ICSI after preinjection with UBAL
(see ICSI Data in Results). The aberrant blasctocyst phenotype was less robust than that of
Uchl1929=/= mice, possibly because the injected UBAL was metabolized by the ICSI
zygotes prior to morula stage.

Altogether, our data demonstrate the importance of UCHL1 and UCHL3 for mouse
fertilization. Our data also reveal for the first time a key maternal effect of the Uchl1 gene,
such that oocyte-derived UCHL1 protein contributes to successful development to blastocyst
stage, as well as a role for UCH proteins in blastocoels expansion. These results signify new,
key roles for these proteins during early development.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Fertilization anomalies in the oocyte matured under control conditions (no inhibitor) and

fertilized in the presence of UCHL3-inhibitor. A. Spermatozoon (arrow) penetrated ZP but
failed to fuse with the oolemma and/or become incorporated. Oocyte displays abnormal
spindle and a fragmented PB1. B. Sperm incorporation failed (arrow) but the ovum was
activated, forming two female PN. C. Monospermic zygote with two female PN. D.
Monospermic zygote with supernumerary, abnormally small pronuclei. E. Polyspermic egg
showing multiple sperm tails in ooplasm. F. Dispermic ovum with supernumerary pronuclei
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and PBs. G. Fertilization failure with disrupted spindle and multiple female pronuclei/
karyomeres. H. Fertilization failure with multiple parthenogenetic female pronuclei/
karyomeres. |. Fertilization failure with a fragmented first polar body (arrowheads;
incomplete PB2 extrusion). J. Spontaneous parthenogenote showing two abnormally small
pronuclei. K. Diagram summarizing fertilization rates of ova exposed to UCHL3-inhibitor
during in vitro maturation (two left columns; n=176 ova, two replicates) or fertilization (two
right columns; n=486 ova, three replicates). Asterisk denotes a statistically significant
difference between control and treatment, at P < 0.05.
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Fig. 2.
Intracytoplasmic injection of ubiquitin-aldehyde (UBAL) prevents murine fertilization but

does not cause sperm accumulation in the perivitelline space. A. Diagram summarizing the
effect of UBAL on fertilization rate under various scenarios including addition of UBAL in
IVF medium (n=639 ova, four replicates), injection of UBAL in GV or MII oocytes
followed by IVF (n= 164 ova and 301 ova, respectively; two replicates for GV, four for MlI
oocytes), injection of UBAL in GV or MII oocytes followed zona-free IVF (ZF-IVF; n=169
ova, two replicates for GV; n=660 ova, three replicates for MlI), injection of UBAL in MlI
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oocytes followed ICSI (n=733 ova, five replicates) or injection of UBAL in MII oocytes
followed parthenogenetic activation (PA; n=412 ova, three replicates). Asterisk denotes a
statistically significant difference between control and treatment, at P < 0.05.B. Metaphase
I1-stage, UBAL preinjected ovum. Only one spermatozoon is visible in perivitelline space
(arrow). C. An UBAL-preinjected ovum in which the sperm head became incorporated in
the oocyte, but the sperm flagellum (arrow) incorporation has not been completed. D-G.
Control oocytes that remained unfertilized at metaphase-11 (D), failed to fertilize but
underwent spontaneous parthenogenetic activation (E; one PN is visible), were fertilized by
a single spermatozoon (F, arrow) or fertilized by two spermatozoa (G, two sperm tails are
identified in ooplasm by arrows).
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Fig. 3.

A.g Fertilization /sperm incorporation anomalies in the oocytes pre-injected with UBAL at
the GV or MlI-stage of maturation, and fertilized zona-free. Arrows point to sperm tails,
arrowheads to sperm nuclei. A Failed sperm-oolemma fusion and sperm incorporation
documented by the presence of oolemma-bound intact spermatozoon and lack of oocyte
activation (metaphase-11 plate still present). B. Rare case in which multiple oolemma-bound
spermatozoa were observed in an oocyte preinjected with UBAL. C Sperm incorporation
and oocyte activation failure with two oolemma-bound spermatozoa. D. Sperm
incorporation and oocyte activation failure, with a single oolemma-bound spermatozoon. E.
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Incomplete sperm tail incorporation in the presence of a male and female pronucleus and
PB2 extrusion. The male pronucleus is abnormal. F. Complete fertilization failure in an
UBAL-preinjected ovum. G. Control, vehicle-injected ovum showing normal incorporation/
fertilization cone with concomitant incorporation of the sperm head and tail. Labeling of
UCHL1 is green, UCHLS3 red and DNA blue. Corresponding DIC images are shown in
grayscale.
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Fig. 4.
Fertilization failures of oocytes pre-injected with anti-UCHL1-antibody (L1AB) at the MlI-

stage of maturation. Labeling of UCHL1 is green, UCHL3 red and DNA blue. Arrows point
to sperm tails, arrowheads to sperm nuclei. Corresponding DIC images are shown in
grayscale. A. Injection of L1AB followed by IVF resulted in a sperm incorporation failure.
B. An oocyte pre-injected with L1AB at MII shows abnormal PB1 extrusion and maternal
chromosome partition. C. A complete sperm incorporation block is observed in the presence
of oocyte activation and female PN-development (sperm-oolemma fusion occurred
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normally) after the LLAB injection. D-F. An ovum injected with L1AB at MlI-stage,
showing sperm incorporation and oocyte activation failure. G. Non-immune serum injection
at MIl and zona-free-1VF; normal sperm incorporation features a fertilization cone with
concomitant incorporation of the sperm head and tail. H. Ovum pre-injected with non-
immune serum and fertilized with intact zona, shows two normal pronuclei; PB1 is already
fragmented H. Diagram summarizing fertilization rates of oocytes pre-injected with LLAB
at GV-stage and fertilized zona-free (ZF-1VF), oocytes pre-injected with L1AB at Ml stage
and fertilized zona free (total of four replicates using 761 ova), and oocytes pre-injected with
L1Ab at MII stage and fertilized with an intact zona (IVF; four replicates, 544 ova). Asterisk
denotes a statistically significant difference between control and treatment, at P < 0.05.
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Fig. 5.

Ogcyte maturation, fertilization and embryo development in Uchl1924 mice. A-F
Homozygous Uchl1 929/~ gocytes (-/-), heterozygous Uchl1929=/~ oocytes (+/-) and wild
type Uchl192d+/+ gocytes (+/+) were obtained from the properly phenotyped daughters of
Uchl192d+/~ female mice mated with Uchl1924+/~ males. Red labeling denotes UCHL3
while UCHL1 is shown in green. A-C. The GV-stage oocytes; note the replacement of
cortical UCHL1 with UCHL3 in Uchl1929~/= oyum. D-F. Metaphase-11 oocyte; UCHL3
translocation to oocyte cortex becomes even more obvious in Uchl1924—/= gocyte. G-K.
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Wild type Uchl1929+/+ zygotes/embryos (G, G’, 1) were obtained from Uchl192d+/* females
mated with Uchl1924*/* males. Heterozygous Uchl1929+/~ zygotes and later stage embryos
(H, H’, J and K) were obtained from Uchl1lgad—/— females mated with Uchl192d+/+ males;
G, H. Neither the wild type nor the Uchl1929+/~ gocyte showed polyspermy or fertilization
failure. Normal fertilization is revealed by the presence of two pronuclei (blue) and one
sperm tail (arrows in panels G’ and H’, showing corresponding DIC images). I-K. Day 4
embryos; wild type, Uchl192d+/+ embryo has a normal blastocyst appearance with a dividing
blastomere within its inner cell mass. The Uchl1929*/~ embryos failed to reach blastocyst
stage and became arrested at pre-compaction morula stage. Note the accumulation of
UCHL3 in blastomere cortex in Uchl192d+/~ morula (arrows, panel K). Insets show
corresponding DIC images.
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Table 1

Summary of experimental design and fertilization rates

TREATMENT Stage | added/injected | Zonaintact | Zonaremoved | % PN
A | L3iin medium GV Y 56.2
B | UCHLS3i in medium MII Y 52.2
C | UBAL injection GV Y 45.4
D | UBAL injection GV Y 6.6
E | UBAL injection MIl Y 7.9
F UBAL injection MIl Y 47.6
G | UBAL injection MII + ICSI 80.2
H | UBAL injection MII + PA 92.1
| UBAL in medium MIl 81.9
J UBAL in medium Mil 60.1
K UCHL1 Ab inj GV 52
L UCHL1 Ab inj MII Y 5.8
M | UCHL1 Abinj Mil Y 72.5

J Cell Physiol. Author manuscript; available in PMC 2015 March 06.

Page 25



Page 26

Mtango et al.

"a14000 VAN
40 4A\I-4Z Ul PaAIBsqO S| UONEZI|I}3) PadNpal (61°0=d) % £'0T
JeyMawos e ybnoy ‘4z Jo aouasqe/aoussald ayp F €78 4/\I-4Z 1011U09 a1ey %8°ZTFT'09 :dAI-4Z wnipaw
J0 ssa|pJela ‘ayes UoeZI|1LIB) UO 103140 JuedyIubIs "W {(L¥'0=d) %9'S ¥5'68 Ivan aley Med '%S'/F6'T8 AL ULTVEN Yum (a4
OU Sey wnipsw 4A| Ul 7vgn 40 uoppy :4Al +dZ [01U03 81l Ue4 Al +dZ-1vdn erey uad 6€9 14 —-dZ pue +dZ7) 4Al =21
SRETIE] uoneAnoe
213193ds alow & AJ9y1] Sey TvdN 0S ‘UOIeAIIoR "(%00T 10 %62 F T'26 oBuel) sares uawdojanap anuabouayyred
anausbouayired ofiiapun 01 Aljige J19y) Aq passasse Nd/Uo1ezI| 118} 9%00T Jeau pey [011U0d 4A| 3y} pue ‘sajousyired 79 914000
Aupigern 14000 108y4e 10U S3P TN UOKN[OUOD paoslut-uou pue pajosful Sad pue Tvdan Buipnjour sdnolb |1 (454 € | -11A uruondslur Tvan H
'$91A200 U} Wey mou ssop uonaalul
7vdn :uosnpuo) 814000 pajoslu-vdan (1T000°0>d) LT ¥ LT :814000
10 S3y91eq aWwes ay) Ul 4| Ja)e uoinezi|iniay 4AI-TVEN J0 81el uonezi|iey
ou 1214000 paros(ul-vdan 40 1SOI Jaye Pantasgo L9 ¥ 8'6/ :81K000 SO ‘€6 ¥ 2°08 814000 |SOI- VAN 1SO1 ® 814000
aJe Juswdo|anap-Nd pue uonezi|insy [ewioN 1043U09 JO 8YeJ UOIeZI|118S 10 (NdZ %) 81eJ uonezi|isy eel S | -11A uruonodalul Tvan 9
‘[eAOWdl 47 AQ palela|aade SI uonezijinay
UBYM s81eIsgns sl Uo 198 01 Tgn paoalul
10} awin ybnoua ou si a1ay} sdeysad are1pawiwil Jou (9570
SI1vdN J0108YJ8 8L :UuosNfouoD Tvdn 40} slel =d) %2 0T ¥ Z'6. *1043U00 4AI-4Z 79 914000
uoIeZI|118) Ul Uo1dNPaJ JURIIUBIS B J0U ING 8WOS pa1dalul-sgd alel uoiezijiieS %/°02 F 'L 91eJ uonezijiia4 099 ¢ | -1 uruondalul Tvan 4
‘uonezi|nisy
ul 8joJ & Aejd Twgn 01 8A1ISUSS SHON dlwse|doQ
:UoSNPUOD "adeds aulfdALIRd Ul UoIFR|NWNIJE #00=4d) 4Al 79 814200
Wwads ou UONeZI|113) JO 20| 3)3]dW0d JeaN %Y'€C F 6'69 81eJ uolezi|ieS %8'G F 6°/ 8)eJ uoljezi|ie4 T0€ ¥ | -10A uruonoslul 1van 3
"dZ U0 198449 S1I 01 aNp 10U SI UoNezIj11ia)
U0 TN 40 108448 8Y L :UosN[oU0D *(|0U0d (T000°0
Ul 18U} JO 95 8 Sem g Ul 8Jel "usy) 81K000 =d) %9°0 ¥ 2'Z8 :|0u0d 4AI-4Z %2 INAI ‘81K000
pa1oslul-TTydn Ul %00]q UoezI|1La) 818]dwoo JeaN paoslul -Sgd ul arel ‘e %9°0 ¥ 9°9 :8JeJ UONeZI| I8 69T 14 A9 ur uondslul 1van a
‘uolyezi| sy ui 9ol e Aeyd
VAN 01 8AINSUsS SHON dlwise|doQ :UuosN[ouUoD (zT0=4d) 4AI 2 INAI ‘814000
'|013U09 JO % G 01 psdnpal djel uohezi|iieg %S6°'T ¥ 8'¥8 8res uolezi|isS %8'VT F ¥'Gy 9¥eJ uolezi|isy 9T 4 A9 ul uondsful van o)
“Juawdojanap Jeajonuold Juellage sasned pue
9JeJ UoIIBZI[1143) S3dNPal uoiezi|iuay Buunp AlAnoe
€THON J0 uonigiyu| :uosnUo "AjaAndadsal
184-UOU Y} Ul PaAISqO
2Jam sanifewlouqe Jeaponuold pue sjpuids sjel G0000=d.2F . V6 %I’
1111184 s80nPal 4AI Buninp 17 Jo 8oussald :[013U0D Ul 81eJ UoleZI|1HeS F 2°CS 171 ul 8red uonezi|iyed 98y € dA1 Bulnp g7 g
*814200 3y Jo Aujige Buizijiay saonpal
uopeanzew Butinp Auanoe €THON Jo uoniqiyul
:uosnpuo) ‘Aujige Buizijiuay paonpal leymawos (820=4d) %9°LT 1€77 INOYUM A
aAeY 1€7 40 8oussaid 8y Ul pauniew 814000 | G'6 F G'G8 :|043U00 Ul Bjey "M F2°99 :1€71 ul 8red uonezi|iyeS 9.1 4 usy ‘IWAI Bunp 1€ v
UoISN|OU0 79 dWOJIN0 UIRIA| dnoub jonuod dnoub Juswiyeal] | pareaty 914%00-N | seredljdey Juswieal |

Author Manuscript

$81A200 8SNOWW JO UOILZI|IIa) PUB UoITeINIeW OJIA Ul BuLINp SHON 10 108148 UO SWO2IN0 pue s)ynsal Juealiubis

¢ 31avl

Author Manuscript

Author Manuscript

Author Manuscript

J Cell Physiol. Author manuscript; available in PMC 2015 March 06.



Page 27

Mtango et al.

©J8S J1QgR BUNWIWI-UOU -SHN

(1SD1 aunw 0} Jowid peay wiads wo.y paresedss si 1el waads ‘pazi|iiay

PaJapISuU0d aq 0} Wiay) 10} K200 Ndz 4Al Ul wsejdoo ui Jussaid aq isnwi j1e} wiads auo) |D] 10 4Al AQ UOIIRZI|ILIS) [EWIOU YIIM JUS]SISUOD ale WNAO Ue Ul Jussaid (sjewsy=ajew) 1sjonuoid oml-Ndz

(uonezi|111a) 810480 PAAOWAL dZ) A 894)-BUOZ-AA|-4Z
ep1onjjad euoz-4z

apAyspre uninbign-1van

(vz.8v# 1d) £THON Isuree Apognue Nggel-gve
(690299# Waydo1q[ed) £THON 40 JoNgIYuI-IET
('6GG0Zae# ‘Weady) TIHON Isurebe Apognue asnow-gv'T
91A200-|| aseydelsw-||IA

uoleINIew oIHA Ul-INAI

uolezi|ijie) 0IA Ul-4A|

uMOp>{ealq 3]9ISaA [eulwIsb-agAD

914200 921SaA [euIWIAb-AD

SNOILVIAIHdaV

V/IN VIN 655y €e avioL
814200 8y Aq uononpo.d jueideIROWSYD
10 uolyelodiodul wiads ‘uoisny BLIWB|00
-Wwiads 198jJe Aew ‘uoriezi|iuay 10} [e1ussss "louod uondsful-ou ul %¢e'8 | (SN pue gyT1 Usamiag 6000°0
SI TTHON :UOSNPUDD *|043U02 Pa}3[UI-SHUN ¥ (0'88 pue |01U0J SYN Ul =d) 814000 pajoslul gvT dAL®
40 9% §°201 paonpal dnolB g7 Ul 8yes uolezl|inie %0°0T F 877, 81eJ uoljezi|ied Ul %G'G F 8'G 8leJ uonezi|ied 4] % 1A Ul uonosful gv-171 1
"4AI-4Z pue WA 0} Joud abels AD
1e paoslul st gy UsYM [enueIsgns 1 UoKIgIYul 8Ly Al
nq ‘abels 111N 1e paroalul gy Jo 19818 Alongiyul sy} (Tt7°0 = d) 11N e pajasful asouys ui Jou Ing -47 79 914200 [[IN/AD
S30NpPaJ [eAOWal BUOZ AQ UONeZI|ILa) Buliels]aody (1°0 = d) abe1s AD 1e pardalul 814900 Ul padnpal sales uonezl|iaS 19/ ¥ uruondslul gv-11 | A M
UOoISN|OU0 79 BWO0IN0 UIBIA| dnoub jonuod _ dnoub Juswieal] | payeaty 814300-N | saredljday juswileal |

Author Manuscript

Author Manuscript

Author Manuscript Author Manuscript

J Cell Physiol. Author manuscript; available in PMC 2015 March 06.



