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Abstract

Brilliant cresyl blue (BCB) is a super vital stain that has been used to select competent oocytes in
different species. The objectives of present studies were to determine mMRNA abundance for select
TGFB superfamily components, SMAD2/3 and SMAD1/5 phosphorylation levels and transcript
abundance for other oocyte (JY1) and cumulus cell (CTSB, CTK, CTSSand CTSZ) markers of
oocyte quality in bovine oocytes and or adjacent cumulus cells classified based on developmental
potential using BCB staining. The ability of exogenous FST, JY1, or cathepsin inhibitor treatment
to enhance development of embryos derived from poor quality oocytes selected based on BCB
staining was also determined. Cumulus oocyte complexes (COCs) from abattoir derived ovaries
were subjected to BCB staining and GV stage oocytes and cumulus cells harvested from control,
BCB+ and BCB- (poor oocyte quality) groups for real time PCR or Western blot analysis.
Remaining COCs underwent in vitro maturation, in vitro fertilization and embryo culture in
presence or absence of above described treatments. Levels of FST, JY1, BMP15 and SMAD], 2, 3
and 5 transcripts were higher in BCB+ oocytes whereas abundance of CTSB, CTSK, CTSSand
CTSZ mRNAs was higher in cumulus cells surrounding poor quality BCB- oocytes. Western blot
analysis revealed SMAD1/5 and SMAD?2/3 phosphorylation were higher in BCB* than BCB~
oocytes. Embryo culture studies demonstrated that follistatin and cathepsin inhibitor treatment but
not JY-1 treatment can promote developmental competence of BCB- oocytes. Results provide
further understanding of molecular indices of oocyte competence.
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INTRODUCTION

Oocyte developmental competence is generally referred to as the ability of the oocyte to
resume meiosis, cleave post fertilization, promote embryonic development, and bring a
pregnancy to term in good health (Sirard et al. 2006). Oocyte quality is one of the major
limitations to in vitro embryo production efficiency (Boni 2012; Rajput et al. 2013). Hence,
identification of molecular markers of oocyte quality with diagnostic and/or therapeutic
applications has been of significant interest in livestock species and humans.

Numerous studies have reported potential association of paracrine/autocrine mediators,
including members of the transforming growth factor TGF superfamily with embryo
developmental progression (Bettegowda et al. 2008; Mamo et al. 2011; Patel et al. 2007;
Ruvolo et al. 2013; Torner et al. 2008; Wang and Sun 2007). For example, the oocyte
specific protein JY-1 is functionally required for meiotic maturation, cumulus expansion and
embryo development post fertilization (Bettegowda et al. 2007; Lee et al. 2014b). Our
previous studies (Bettegowda et al. 2008; Patel et al. 2007) in the prepubertal calf model of
poor oocyte competence have identified intrinsic oocyte (FST) and cumulus derived factors
(CTSB, CTK, CTSS, CTS?) associated with oocyte competence. The oocyte derived TGF3
superfamily members GDF9 and BMP15 are key regulators of fertility (Abir et al. 2014;
Barzegari et al. 2010; Persani et al. 2014). GDF9 signals intracellularly through SMAD2/3,
whereas BMP15 utilizes the SMAD1/5/8 signaling pathway (Shimasaki et al. 2004).
Expression of mRNA for SMAD signal transduction factors in human granulosa cells is
correlated with oocyte quality (Kuo et al. 2011). Furthermore, supplementation with the pro-
mature complex form of BMP15 during in vitro maturation improves bovine early
embryonic development (Sudiman et al. 2014). Yet, the global significance of above factors
to oocyte competence is not completely understood.

Despite recent advances in reproductive and developmental biology, morphological criteria
remain the most widely used method for oocyte selection because molecular marker (RNA)-
based evaluation of oocytes is invasive, costly and or not readily amenable to rapid
classification. Brilliant Cresyl Blue (BCB) staining is a non-invasive method for oocyte
evaluation that has been used to select competent oocytes in different species including
cattle, goats, sheep, pigs (Opiela and Katska-Ksiazkiewicz 2013), buffalo (Manjunatha et al.
2007), horses (Mohammadi-Sangcheshmeh et al. 2011; Pereira et al. 2014) and mice (Wu et
al. 2007). BCB is used to determine the intracellular activity of glucose-6-phosphate
dehydrogenase (G6PDH) (Alm et al. 2005) linked to egg quality. The G6PDH is a
regulatory enzyme that is synthesized and accumulated during oocyte growth and its activity
gradually decreases as oocytes complete their growth phase (Mangia and Epstein 1975). The
BCB dye can be reduced by the GEBPDH enzyme activity, thus oocytes that have completed
their growth phase cannot reduce BCB to a colorless compound and display a blue
cytoplasm (BCB™). However, growing oocytes have a high activity of GGPDH and can
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reduce the blue substrate, resulting in a colorless oocyte cytoplasm (BCB™) (Ericsson et al.
1993; Tian et al. 1998; Wassarman 1988). Using BCB staining as an indicator of oocyte
competence, previous studies in cattle and other species demonstrated greater rates of
blastocyst development following in vitro fertilization for BCB* oocytes that have
presumably completed the growth phase versus BCB™ counterparts (Alm et al. 2005).

The objectives of the current studies were to determine 1) whether transcript abundance for
select developmentally important genes in GV oocytes (FST, JY1 CTSB, CTSS, CTSZ,
BMP15, GDF9, SMADL, 2, 3 and 5) and adjacent cumulus cells (FST, CTSB, CTK, CTSS,
and CTS?) differs in good versus poor quality oocytes selected based on BCB staining, 2)
differences in activity of SMAD1/5 and SMAD2/3 signaling pathways in good versus poor
quality oocytes selected based on BCB staining and 3) to determine the effect of exogenous
follistatin and JY-1 protein treatment during embryo culture, and cysteine-proteinase
(cathepsin) inhibitor treatment during in vitro maturation on embryonic development
following in vitro fertilization of good versus poor quality oocytes selected based on BCB
staining.

Specific oocyte and cumulus expressed transcripts are associated with higher
developmental competence of bovine oocyte

Expression of specific developmentally important genes were analyzed in BCB selected GV
stage oocytes (FST, JY-1, CTSB, CTSS, CTSZ, BMP15, and GDF9) and adjacent cumulus
cells (CTSB, CTK, CTSS and CTS?) to investigate factors associated with higher oocyte
competence. Real time PCR analysis showed > 20 fold higher abundance of mRNA for FST
in good quality GV stage (BCB*) oocytes compared to poor quality (BCB~) oocytes (P <
0.05; Fig. 1A). Oocyte FST mRNA abundance was also lower in BCB™ oocytes relative to
control oocytes selected based on morphological criteria. Likewise, abundance of oocyte
JY-1 and BMP15 mRNA was > 2 fold higher (P < 0.05) in BCB™* versus BCB™ and control
oocytes, however was not different between control versus BCB- oocytes (Fig. 1B-C
respectively). In contrast, oocyte mMRNA abundance for GDF9 did not differ between control
oocytes versus oocytes that were positive or negative for BCB staining (Fig. 1D).
Abundance of transcripts for CTSB, CTK, CTSS, and CTSZ was higher in cumulus cells
surrounding poor quality oocytes (based on BCB staining) than those surrounding good
quality BCB* and control oocytes (P< 0.05; Fig 2A-D). Abundance of CTSS but not CTSB,
CTSK or CTSZ mRNA, was also lower in BCB™ relative to control oocytes. Results support a
positive relationship of oocyte FST, JY1 and BMP15 mRNA expression with its
developmental potential as determined by measurement of G6PDH activity (BCB staining),
and a negative relationship between cumulus cell cathepsin B, Sand Z mRNA and oocyte
quality based on BCB staining criteria.

Cumulus cell expression of FST and oocyte expression of CTSB, CTSS, and CTSZ:
relationship with BCB staining and oocyte quality

We also examined oocyte expression of above described cumulus cell egg quality markers
(CTSB, CTSS and CTSZ) and cumulus cell expression of FST to determine if observed
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relationship between transcript abundance and oocyte quality (based on BCB staining) was
shared in both the oocyte and cumulus cell compartments. Cumulus cell expression of FST
was > 40 fold higher in BCB™ relative to BCB™ and control groups, but not different
between control and BCB™ oocytes (P< 0.05; Fig 3A). Abundance of CTSB mRNA was
similar between control oocytes versus oocytes that were positive or negative for BCB
staining (Fig 3B). CTSSmRNA abundance was higher in BCBrelative to BCB™ and control
oocytes, but did not differ between BCB™ and control oocytes (Fig. 3C). In contrast, oocyte
CTSZ mRNA was lowest for the good quality BCB™* oocytes, but did not differ between
poor quality BCB™ and control oocytes (Fig, 3D). Results indicate similar negative
relationship between oocyte and cumulus cell expression of CTSS but not CTSZ and CTSB
mRNAs and oocyte quality based on BCB staining and elevated expression of FST mRNA
is shared in the cumulus cells and oocytes that stain positive for BCB relative to poor quality
oocytes that are negative for BCB staining.

A possible link between SMAD signaling and oocyte competence

Above studies revealed a positive relationship between BMP15 transcript abundance and
oocyte quality based on BCB staining. Hence, the potential relationship between oocyte
quality and TGFB-SMAD signaling was further examined. Results demonstrated higher
mRNA abundance for SMAD1, SMAD2, SMAD3, and SMAD5 s in BCB* relative to BCB~
oocytes (P < 0.05; Fig. 4A-D). Oocyte SMAD2, and 5 mRNAS were significantly lower in
poor quality (BCB™) oocytes relative to controls, but SMAD1 and SMAD3 mRNAs were not
different. The potential relationship between SAMD signaling and bovine oocyte quality
was further evaluated by Western blot analysis of SMAD2/3 and SMAD1/5 phosphorylation
of GV stage oocytes harvested from control, BCB*, and BCB™ groups. We observed > 1.5
fold higher phosphorylation level of SMAD2/3 (Fig. 5) and SMAD1/5 (Fig. 6) in good
quality (BCB*) compared to both control and poor quality (BCB™) groups but no significant
difference in SMAD phosphorylation was found between BCB™ and control oocytes. Results
suggesting a positive relationship between both SMAD2/3 and SMAD1/5 phosphorylation
and oocyte quality determined by BCB staining.

Effects of exogenous follistatin supplementation on indices of embryo developmental
progression for embryos derived from good and poor quality oocytes based on BCB

staining

Our results revealed higher FST mRNA abundance in oocytes with high developmental
potential (BCB™). Previous studies (Lee et al. 2009) established that exogenous follistatin
supplementation enhances the developmental potential of early bovine embryos. Hence, the
effects of exogenous follistatin on the developmental capacity of embryos derived from
BCB screened oocytes were determined. Presumptive zygotes derived from control, BCB*
and BCB™ oocytes were subjected to initial 72 hr of in vitro culture in the presence or
absence of maximal stimulatory dose of exogenous follistatin (10 ng/ml) (Lee et al. 2009),
then cultured follistatin free until d 7. For embryos cultured in the absence of FST, all
developmental endpoints measured (early cleavage, total cleavage, development to 8- to 16-
cell and blastocyst stages were lower for embryos derived from poor quality (BCB™) oocytes
versus good quality (BCB*) and control oocytes selected based on morphological criteria
(Fig.7A-D). Percentage of embryos undergoing early cleavage and rates of development to
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8- to 16-cell and blastocyst stages were increased similarly in response to follistatin
treatment for BCB™ and control oocytes. Follistatin treatment of embryos derived from poor
quality (BCB™) oocytes did not increase early cleavage), but did increase total cleavage rates
and rates of development to 8- 16 cell and blastocyst stages (16.4 vs 10.8%), but to levels
lower than observed for embryos derived from control and BCB* oocytes cultured in the
absence of follistatin (Fig 7A-D). Results indicate that follistatin treatment during embryo
culture can enhance developmental capacity of embryos derived from poor quality oocytes
selected based on BCB staining.

Effects of exogenous JY-1 treatment during initial 72 hr of in vitro embryo culture on
developmental capacity of bovine embryos derived from BCB screened and control

oocytes

We also determined the effects of treatment with exogenous recombinant JY-1 protein
(rJY-1) during initial 72 hr of in vitro embryo culture on similar developmental endpoints as
described above for control oocytes selected based on morphological criteria and oocytes
selected based on BCB staining. Reduced developmental capacity as indicated by early
cleavage, total cleavage and development to 8-16 cell and blastocyst stages was observed for
BCB- oocytes relative to control and BCB* oocytes as observed above. However,
stimulatory effects of exogenous rJY-1 treatment were not observed for any developmental
endpoints for embryos derived from control, BCB* and BCB~ oocytes (Supplemental data
figure 1). Results indicate exogenous JY-1 supplementation during embryo culture does not
enhance developmental capacity of embryos derived from control oocytes or oocytes of
good and poor quality selected based on BCB staining.

Effects of cathepsin inhibitor (E-64) treatment during meiotic maturation on developmental
capacity of in vitro fertilized embryos derived from control oocytes and oocytes classified
based on BCB staining

Above studies revealed a negative relationship between cumulus cell CTSB, CTSS CTSZ
mRNA and oocyte competence based on BCB staining and previous studies demonstrated
beneficial effects of cathepsin inhibitor treatment (during meiotic maturation) on subsequent
early embryonic development. Hence, the effects of cathepsin inhibitor (E-64) treatment
during in vitro meiotic maturation on indices of developmental progression for embryos
derived from control oocytes selected based on morphological criteria versus oocytes
screened for developmental competence based on BCB staining (BCB* and BCB™) were
investigated. Reduced developmental capacity as indicated by early cleavage, total cleavage
and development to 8-16 cell and blastocyst stages was observed for BCB™ oocytes relative
to control and BCB+ oocytes in this experiment as observed above. Treatment with E-64
during meiotic maturation similarly increased early cleavage and rates of development to
8-16 cell and blastocyst stages for embryos derived from BCB™ and control oocytes relative
to embryos derived from untreated oocytes in each group (Fig 8A-D). Furthermore,
treatment with E-64 improved developmental competence of BCB™ oocytes to a level
similar to untreated control oocytes in terms of early cleavage and development to 8-16 cell
and blastocyst stages (Fig. 8A-D).
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The results of the current studies demonstrated higher levels of FST, JY1, BMP15 and
SMAD1, 2, 3and 5 transcripts in BCB* oocytes relative to poorer quality (BCB~) oocytes
and greater abundance of CTSB, CTK, CTSSand CTSZ mRNAs in cumulus cells
surrounding BCB™ oocytes, supporting a similar relationship of expression of above genes
with oocyte competence as reported in our previous studies (Bettegowda et al. 2008; Patel et
al. 2007). Furthermore, follistatin treatment during in vitro embryo culture and cathepsin
inhibitor treatment during meiotic maturation were able to enhance developmental
competence of poor quality oocytes selected based on BCB staining, but exogenous JY-1
supplementation during embryo culture had no effect on developmental progression on
embryos derived from control, BCB* and BCB™ oocytes. As our previous studies have
shown that exogenous JY-1 added to oocyte/fembryo culture medium can rescue oocytes
after JY-1 knockdown (Lee et al. 2014b), these results suggest that differences in oocyte
FST, but not JY-1 expression, and cumulus cathepsin expression are functionally related to
reduced developmental capacity of growing oocytes selected based on BCB staining.

Results of present studies further support a positive relationship of follistatin expression
with oocyte quality, as evidenced by greater FST mRNA in BCB+ versus BCB- oocytes. We
have previously demonstrated higher abundance of mRNA for the TGFf growth factor
superfamily binding protein follistatin in good quality oocytes collected from adult animals,
versus oocytes from prepubertal animals which are known to be of reduced developmental
competence (Patel et al. 2007). We also demonstrated a positive relationship between
maternal FST transcript abundance in bovine 2-cell embryos and time to first cleavage (a
second indicator of developmental competence) and demonstrated embryotrophic effects of
exogenous follistatin on early cleavage, blastocyst development, and cell lineage
determination in bovine embryos (Lee et al. 2009). Embryotrophic actions of follistatin were
also observed on cultured rhesus monkey embryos (VandeVoort et al. 2009). However,
follistatin expression and effects of exogenous follistatin treatment during embryo culture
were similar for embryos derived from good quality oocytes based on BCB staining versus
morphological criteria. Hence, while BCB selection provides a useful tool for selection
based on oocyte quality it does not yield greater developmental potential than selection
based on rigid morphological criteria in our described system.

We previously established that the novel oocyte specific protein JY-1 is an important
regulator of cumulus/granulosa cell function and early embryogenesis (Bettegowda et al.
2007; Lee et al. 2014b). JY-1 gene polymorphisms are associated with reproductive traits,
such as the occurrence of early pregnancy in cattle (De Camargo et al. 2014; De Camargo et
al. 2013). Furthermore, knockdown of endogenous oocyte JY-1 using siRNA demonstrated
that JY-1 is required for meiotic maturation, cumulus expansion and for cleavage divisions
post fertilization. Effects of JY-1 knockdown can be rescued by supplementation of culture
media with recombinant JY-1 protein (Lee et al. 2014b). While BCB* oocytes had slightly
higher relative levels of JY-1 mRNA than BCB™ oocytes or oocytes selected based on
morphological criteria, supplementation with exogenous JY-1 protein during initial stages of
embryo culture following IVF did not impact development of embryos derived from control,
BCB™ or BCB™ oocytes. Hence, while functional studies support a requirement of JY-1 for
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meiotic maturation, cumulus expansion and early embryogenesis, results of present studies
suggest that levels of endogenous JY-1 in oocytes selected morphologically and or via BCB
staining are not limiting to early embryonic development.

Our previous studies of cumulus cell determinants of oocyte competence revealed cumulus
cell cathepsin (CTSB, CTSK, CTSS and CTSZ) mRNA transcripts are elevated in cumulus
cells of prepubertal oocytes which have lower developmental competence than oocytes
harvested from adult animals (Bettegowda et al. 2008). We also demonstrated that reduced
developmental competence of oocytes from prepubertal animals is linked to increased
cumulus cell apoptosis (Bettegowda et al. 2008). Inhibition of cathepsin activity during
bovine in vitro maturation (Balboula et al. 2013; Bettegowda et al. 2008) using a cathepsin
inhibitor (E-64) reduces cumulus cell apoptosis and improves oocyte developmental
competence and blastocyst development. In the current studies, treatment with E-64 during
in vitro oocyte maturation increases development of embryos derived from control, BCB*
and BCB™ oocytes, with E-64 treatment rescuing development of embryos derived from
BCB™ oocytes to similar rates as embryos derived from untreated control oocytes. While we
cannot discount potential beneficial effects of cathepsin inhibitor treatment during in vitro
maturation directly on the oocyte, as oocyte CTSSand CTSZ mRNA was also higher in poor
quality BCB™ oocytes, our previous studies suggest effects of E-64 treatment are mediated
directly on cumulus cells as E-64 treatment of denuded oocytes during in vitro maturation
has no effect on developmental potential of resulting embryos. Hence, results suggest that
reduced developmental potential of oocytes derived from BCB™ embryos is also linked to
altered cumulus cell phenotype/function.

Bone morphogenetic protein 15 (BMP15) and growth differentiation factor 9 (GDF9) are
TGFB superfamily members that play an important role in follicular and oocyte development
(McNatty et al. 2005; Yan et al. 2001). Our previous studies demonstrated dynamic
temporal regulation of MRNA for numerous TGFB superfamily ligands and receptors during
oocyte maturation and early embryonic development (Lee et al. 2014a). Based on results to
date, the potential mechanism of action of follistatin in regulation of bovine early
embryogenesis is unclear. The mechanisms responsible for observed effects are not clear.
Follistatin was initially classified as a high affinity activin binding protein (Nakamura et al.
1990). However, follistatin can also bind and regulate activity of multiple TGFf superfamily
members including inhibins and select BMPs (Balemans and Van Hul 2002; Lin et al. 2003;
Otsuka et al. 2001) and similar effects of activin versus follistatin treatment of early
embryos were observed in previous studies (Lee et al. 2009). In the current studies, higher
levels of FST, BMP15, SMAD1, SMADS5, SMAD2 and SMAD3 mRNAs, and SMAD1/5 and
SMAD2/3 phosphorylation were observed in BCB* versus BCB™~ oocytes. This may suggest
that effects of follistatin on early embryonic development are potentially not mediated by
inhibition of ligand induced activity of TGF superfamily members and associated decrease
in SMAD2/3 and or SMAD1/5 activation. However, divergent effects of follistatin
supplementation during in vitro maturation versus embryo culture have been reported
previously, with inhibitory effect of exogenous follistatin treatment during in vitro
maturation on subsequent embryonic development observed for rhesus monkey
(VandeVoort et al. 2009) and bovine oocytes (Silva and Knight 1998) versus stimulatory
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effects of exogenous follistatin supplementations (during embryo culture) on indices of
developmental capacity (Lee et al. 2009). Given stimulatory effects of follistatin on early
embryonic development are dose dependent and reversed at higher follistatin concentrations,
the inhibitory effects of follistatin observed during in vitro maturation versus embryo culture
may be explained in part by contribution of follistatin coming from the cumulus cell layer.
Indeed follistatin mMRNA was higher in the cumulus layer surrounding BCB™* versus control
and BCB™ oocytes in the current studies.

In summary, results of present studies provide novel information supporting a positive
relationship between oocyte follistatin expression and oocyte competence based on BCB
staining and a negative relationship between cumulus cell cathepsin expression and oocyte
quality based on BCB staining. Results also conclusively demonstrate that treatment with
exogenous follistatin during embryo culture or cathepsin inhibitor (E-64) treatment during
meiotic maturation can enhance development post fertilization of poorer quality oocytes
selected based on BCB staining. Results also demonstrate a positive relationship of
SMAD1/5 and SMAD2/3 activation with oocyte competence and provide further
understanding of previously reported indices with oocyte competence.

MATERIALS AND METHODS

Materials

All chemicals and reagents used were obtained from Sigma-Aldrich unless stated otherwise.

Oocyte recovery and Brilliant Cresyl Blue staining

Oocytes were recovered as previously described (Lee et al. 2009). Isolated cumulus oocyte
complexes (COCs) were exposed to 26 uM of BCB diluted in Dulbecco’s Phosphate Buffer
Saline containing 0.4 % BSA (mDPBS) for 90 min at 38.5°C in a 5 % CO, humidified air
atmosphere (Torner et al. 2008). Control COCs were selected based on morphology as
previously described (Lee et al. 2009) and incubated in mDPBS without BCB for 90 min
(Su et al. 2012). Following BCB exposure, the COCs were washed twice in a warm solution
of mDPBS, and examined under a stereomicroscope. COCs exposed to BCB were divided
into two groups according to their cytoplasm coloration: oocytes with any degree of blue
coloration to the cytoplasm (BCB™) and oocytes without blue cytoplasm (BCB™) and
processed for RNA isolation and quantitative real time RT-PCR or Western blot analysis
and remaining COCs utilized for in vitro maturation and embryo culture experiments as
described below.

RNA isolation and real time PCR analysis

For RNA analyses, cumulus cells and oocytes were harvested separately from control, BCB*
[+] and BCB™ [-] germinal vesicle (GV) stage oocytes (n = 4 pools of 10 oocytes for each
oocyte group). Total RNA was extracted using the RNeasy® Micro Kit (Qiagen) according
to manufacturer’s instructions. Before RNA extraction, each sample was spiked with 250fg
green fluorescent protein (GFP) synthetic RNA as an exogenous control for RNA recovery
and efficiency of cDNA synthesis (Bettegowda et al. 2006). Total RNA from each sample
was utilized for reverse transcription using iScript cDNA synthesis kit (BioRad) according
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to manufacturer’s instructions. After termination of cDNA synthesis, each RT reaction was
then diluted with nuclease-free water to a final volume of 40 pl.

The quantification of all gene transcripts was done by real-time quantitative RT-PCR using
The CFX96™ Real-time PCR System (BioRad). All PCR primers used in this study were
designed using PerlPrimer® Software v1.1.21 (Marshall 2004). Primer sequences and
GenBank accession numbers for transcripts analyzed are shown in Table 1. Transcript
abundance for genes of interest was normalized relative to abundance of endogenous control
RPSI8.

Western blot analysis

Samples were collected in RIPA buffer (150 mM NaCl, 1.0% IGEPAL®, 0.5% sodium
deoxycholate, 0.1% SDS, and 50 mM Tris, pH 8.0, Sigma) supplemented with 1X protease,
phosphatase inhibitor cocktail (Roche Applied Science) and stored at =80 °C until used for
western blotting. The samples were mixed with 5X sample buffer and denatured at 95 °C for
10 min. Equal amount of protein (20 oocytes/group) were separated by SDS-PAGE
electrophoresis using 4-20% per-cast gels (Bio-Rad) and transferred on to a polyvinylidene
difluoride (PVDF, Millipore, Bedford, MA, USA) membrane with tank electrophoretic
transfer apparatus (Bio-Rad). After the transfer, membranes were blocked for 1 hr in 5%
BSA in Tris Buffered Saline with Tween® 20 (TBST, 137 mM Sodium Chloride, 20 mM
Tris, 0.5% Tween-20, pH 7.5) at room temperature before overnight incubation with the
appropriate primary antibody (listed below) diluted in TBST with 5% BSA at 4°C.
Membranes were probed sequentially with primary rabbit anti-phosphorylated (p) SMAD2/3
polyclonal antibody [1:1000 (vol/vol), Santa Cruz, sc-11769] or primary rabbit anti p-
SMAD1/5/8 polyclonal antibody [1:1000 (vol/vol), Santa Cruz, sc-12353]. After detection
of p-SMAD2/3 and p-sMAD1/5, membranes were striped with restore Western blot
stripping buffer (Thermo Scientific) for 30 min at room temperature and re-probed with
Rabbit anti total (t)-SMAD2/3 polyclonal antibody [1:1000 (vol/vol), Santa Cruz, sc-8332]
or rabbit anti t-SMAD1/5/8 polyclonal antibody [1:1000 (vol/vol), Santa Cruz, sc-6031-R].
After detection of t-SMADZ2/3 or t-SMAD1/5, membranes were striped and re-probed with
mouse anti-actin monoclonal antibody (1:5000 (vol/vol) Millipore; MAB1501). HRP-
conjugated Anti-rabbit-1gG (Cell Signaling Technology] and Anti-mouse-1gG (Thermo
Scientific) were used as secondary antibodies at a 1:5000 (vol/vol) dilution. Protein signals
were detected with SuperSignal West Dura Chemiluminescent Substrate (Thermo scientific,
Waltham, MA, USA). Images were scanned using myECL Imager (Thermo Scientific).
Then, intensities of protein bands were quantified by ImageJ software (Schneider et al.
2012) and normalized relative to abundance of actin level in each lane. Phosphorylation
level was then expressed as corrected signal intensity for p-SMAD/t-SMAD.

In vitro embryo production and FST and JY-1 supplementation

After completion of BCB staining protocol, BCB*, BCB™ and control oocytes were matured
in TCM-199 media [supplemented with 0.2 mM sodium pyruvate, 5 mg/ml Gentamycin
sulfate, 156 nM bovine LH (Sioux Biochemical, Sioux Center, 1A), 15.6 nM bovine FSH
(Sioux Biochemical), 3.67 nM 17-estradiol, and 10% v/v defined FBS (Hyclone, Logan,
UT)] at 38.5 °C in a 5 % CO, humidified air atmosphere for 24 hrs. Then, the matured
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COCs were co-incubated with frozen thawed bovine spermatozoa separated by Percoll
gradient techniques for 20 hr in fertilization media FIV (114 mM NaCl, 25 mM NaHCOg,
3.2 mM KCl, 0.34 mM NaH,P0Oy,, 0.183 mM penicillin-G, 16.6 mM sodium lactate, 0.5 mM
MgCl,.6H,0, 2.7 mM CaCl,.2H,0, 0.2 mM sodium pyruvate, 6 mg/ml BSA, and 1.5 U of
heparin) in 38.5 °C in 5 % CO, humidified air. After IVM and IVF, the cumulus cells were
stripped using 0.1% hyaluronidase and vortexed for 5 min. Then, presumptive zygotes were
cultured in KSOM medium supplemented with 0.3 % BSA and 1) with or without 10 ng/ml
follistatin (25-30 presumptive zygotes per group, 4 replicates) and 2) with or without 1
ng/ml JY-1 (25-30 presumptive zygotes per group, 4 replicates). The 8-16 cell stage
embryos were then separated 72 h post fertilization and cultured in fresh KSOM medium
supplemented with 0.3 % BSA and 10 % FBS until d 7.

Cysteine-Proteinase (Cathepsin) Inhibitor Treatment

For determination of effects of cathepsin inhibitor (E-64) treatment on embryonic
development following IVF for BCB*, BCB™ and control oocytes, in vitro maturation, in
vitro fertilization and embryo culture were performed as described above except that
treatments consisted of 0 or 10 uM E-64 in in vitro maturation medium (45-50 COCs per
group, 4 replicates).

Statistical analysis

For gene expression studies, differences in mMRNA expression were analyzed by ANOVA
using the general linear models procedure of SAS (SAS Institute Inc., NC, USA). For
Western blot data, similar models were used to analyze the differences in protein expression
and phosphorylation level. For experiments studying the effects of Follistatin, JY1 and
cysteine proteinase (cathepsin) inhibitor (E-64) supplementation on early embryonic
development, data were arcsin transformed prior to analysis by mixed linear models analysis
procedures. In all cases data are presented as untransformed mean + SEM.
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BCB- Oocytes that reduce the blue color of BCB stain
BCB Brilliant Cresyl Blue

BCB+ Oocytes that retain the blue color of BCB stain
BMP15 Bone Morphogenetic Protein 15

CTSB Cathepsin B
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Figure 1.

Expression of FST (A), JY1 (B) BMP15 (C), and GDF9 mRNAs (D) in BCB-screened GV-

stage bovine oocytes. Quantitative reverse transcriptase PCR analysis of mRNA abundance

was performed on samples of control, BCB* and BCB~ GV-stage oocytes (n = 4 pools of 10
oocytes for each oocyte group). Data were normalized relative to abundance of endogenous

control (RPSL8) and are shown as mean = standard error. Values with different superscripts
across treatments indicate significant differences (P < 0.05).
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Figure 2.

Cumulus cell cathepsins expression in BCB-screened GV-stage COCs. Quantitative reverse
transcriptase PCR analysis of mMRNA abundance for CTSB (A) , CTK (B) , CTSS(C) and
CT<Z (D) in bovine cumulus cells harvested from GV stage control, BCB* and BCB~
bovine COCs (n = 4 pools of 10 COCs for each oocyte group). Data were normalized
relative to abundance of endogenous control (RPSL8) and are shown as mean + standard
error. Values with different superscripts across treatments indicate significant differences (P
<0.05)
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Cumulus cell expression of FST (A) and oocyte expression of CTSB (B), CTSS(C), and
CT<Z (D) in oocytes and cumulus cells from BCB-screened, GV-stage bovine COCs.
Quantitative reverse-transcriptase PCR analysis of mRNA abundance for FST in cumulus
cells, and CTSB, CTSS and CTSZ in oocytes from control, BCB* and BCB™ groups (n = 4
pools of 10 oocytes/cumulus cells from 10 COCs each per group). Data were normalized
relative to abundance of endogenous control (RPS18) and are shown as mean + standard
error. Values with different superscripts across treatments indicate significant differences (P

<0.05)
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Figure 4.

Expression of mRNAs for SMAD1 (A), SMAD2 (B), SMAD3 (C) and SMADS5 (D) in BCB-
screened, GV-stage oocytes. Quantitative reverse-transcriptase PCR analysis was on oocytes
from control, BCB* and BCB™ groups (n = 7 pools of 10 oocytes each per group). Data were
normalized relative to abundance of endogenous control (RPSL8) and are shown as mean +
standard error. Values with different superscripts across treatments denote significant
differences (P < 0.05).
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Figure 5.
SMAD 2/3 phosphorylation in BCB-screened, GV-stage oocytes. Samples of control, BCB*

and BCB™ GV stage oocytes (n=6 replicates of 20 oocytes/group) were subjected to Western
blot analysis of total (t)-SMAD2/3 (A), phosphorylated (p)-SMAD2/3 (B). Expression levels
were normalized relative to abundance of endogenous control (actin). Phosphorylation level
(C) was expressed as p -SMAD2/3 / t-SMAD2/3 Data are shown as mean + standard error.
Values with different superscripts across treatments indicate significant differences (P <
0.05). Representative Western blot (D).
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Figure 6.

SMAD1/5 phosphorylation in BCB-screened, GV-stage oocytes. Samples of control, BCB*
and BCB™ GV stage oocytes (n=6 replicates of 20 oocytes/group) were subjected to Western
blot analysis of total (t)-SMAD21/5 (A), phosphorylated (p)-SMAD1/5 (B). Expression levels
were normalized relative to abundance of endogenous control (actin). Phosphorylation level
(C) was expressed as p-SMAD1/5/t-SMAD1/5 Data are shown as mean * standard error.
Values with different superscripts across treatments indicate significant differences (P <
0.05). Representative Western blot (D).
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Figure 7.

Effects of exogenous follistatin supplementation on indices of development for embryos
derived from BCB-screened, GV-stage oocytes. Presumptive zygotes derived from in vitro
fertilization of oocytes from control, BCB* and BCB™ groups were cultured with or without
10 ng/ml follistatin (n=25-30 presumptive zygotes/group; n = 4 replicates) for 72 hr, then
cultured in fresh medium (minus FST) until d 7. Effect of exogenous follistatin on (A)
proportion of embryos that reached the 2-cell stage within 30 h post fertilization (early
cleaving), (B) total cleavage rate (determined 48 hpi), (C) proportion of embryos developing
to the 8-16 cell stage (72 hpi) and (D) proportion of embryos developing to the blastocyst
stage (d 7). Data are shown as mean + standard error. Values with different superscripts
across treatments indicate significant differences (P < 0.05).
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Figure 8.

Effects of cathepsin inhibitor (E-64) treatment during meiotic maturation on developmental
capacity of in vitro fertilized embryos derived from BCB-screened, GV-stage oocytes.
Cumulus oocyte complexes (COCs) from control, BCB* and BCB™~ oocytes were cultured
with or without 10 uM cathepsin inhibitor E-64 during in vitro maturation (45-50 COCs per
group, 4 replicates). After subsequent in vitro fertilization, presumptive zygotes were
cultured until d 7. Effect of E-64 supplementation during meiotic maturation on (A) early
cleavage rate (determined at 30 hpi), (B) total cleavage rate (determined 48 hpi), (C)
proportion of embryos developing to the 8-16 cell stage (72 hpi) and (D) blastocyst
formation rate (d 7). Data are shown as mean + standard error. VValues with different
superscripts across treatments indicate significant differences (P < 0.05).
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Table (1)

Sequence of primers used for real-time PCR

Gene GenBank Accession number Primer Sequence”
BMP15 | AY572412 F: 5-TTGGACAGAGATGGATATCATGGA-3'
R:5-CGGCGCCCCTTGTGA-3'
CTSB BF868324 F:5-CGATGCCCGGGAACAGT-3'
R: 5-GAGCCAGGATCCCTGATC-3'
CTsK BF230198 F:5-CATATGAACTGGCCATGAACCA-3'
R:5-TGAGTCCAGTCATCTTCTGAACCA-3'
CTSS BE482678 F:5-TCGTGGTTGGCTATGGTAACC-3'
R:5-TGCAGGCCCCAGCTGTT-3'
CTsz BE752253 F: 5-GGGAGAAGATGATGGCAGAAAT-3
R:5-TCTTTTCGGTTGCCATTATGC-3'
FST BF774514 F F: 5I-CAGAGCTGCAAGTCCAGTACCA-3'
R: 5-CATGTAGAGCTGCCTGGACAGA-3'
GDF9 AF307092 F: 5-TGACCAGAAGAGAGGGCTGTCT-3'
R: 5-CGGTGACGGGACAATCTTACA-3'
Jy-1 EF642497 F:5-TTGGAACTTCCATGGACGACC-3'
R:5- TCATTTTGTGGCTTCCATTCTG-3'
RPS18 | BC102293 F:5'-GTGGTGTTGAGGAAAGCAGACA-3'
R:5-TGATCACACGTTCCACCTCATC-3'
SMAD1 | BC116117 F:5-CACCATGAACTGAAACCATTGG-3'
R:5-GATGCACACCTCCTTCTGCTT-3'
SMAD2 | BC123801 F: 5-TGCCGAGTGCCTAAGTGACA-3'
R: 5-GGTGCCAGCCATATCTCTGATT-3'
SMAD3 | XM_593090 F: 5-GCTGCGGGCCATGGA-3'
R: 5-ATTCACGCAGACCTCGTCCTT-3'
SMADS | DV821574 F:5-GCAACGTTTCCTGATTCTTTCC-3'
R

:5'-GGCGGGTAGGGACTATTTGG-3'

*
F, forward; R, reverse.
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