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Abstract

Endometrial epidermal growth factor (EGF) shows a cyclic change with two peaks on days 2—4
and days 13—14 of the estrous cycle. In repeat breeder cows, loss of the peaks has been associated
with reduced fertility. By infusing seminal plasma (SP) and osteopontin (OPN) derived from SP
and milk into the vagina, their EGF profile and fertility are restored. However, SP is difficult to
obtain, and both SP and OPN can transmit infectious diseases. While OPN can be sourced from
recombinant protein without this risk, recombinant bovine OPN (rOPN) expressed in Escherichia
coli should be examined for its effects on the EGF profile, since it does not undergo
posttranslational modification, which is important for its biological activity. In study 1, PBS, SP
(0.5 ml), and rOPN (0.3 mg) were infused into the vagina at estrus (day 0) in 74, 37, and 105
repeat breeder Holstein cows, respectively, with an altered EGF profile. The endometrial EGF
concentrations were measured on day 3. Some cows (n = 58, 20, and 83, respectively) were
inseminated immediately before the infusion and then diagnosed for pregnancy between days 30
and 35. The normalization rate of the EGF profile and conception rate in the tOPN group (58.1%
and 47.0%, respectively) were not significantly different from those in the SP group (62.2% and
45.0%, respectively) but higher than those in PBS group (29.7% and 28.1%, respectively) (P <
0.05). In study 2, repeat breeder cows with an altered EGF profile were infused with PBS (n = 18)
and rOPN (n = 17), while fertile controls with a normal EGF profile (n = 18) were infused with
PBS. Two or three embryos were transferred into cows on day 7 and then recovered on day 14.
Embryo recovery rates of the rOPN and fertile groups were comparable (58.7% vs. 58.3%) but
higher than that of the PBS group (58.7% vs. 32.0%) (P < 0.05). The embryo recovery rate of cows
with normalized EGF profile was higher than that of cows with unnormalized EGF profile (64.4%
vs. 16.7%) (P <0.05). The embryo sizes of cows in the rOPN and fertile groups were comparable
but larger than those in the PBS group (P < 0.05). However, the embryo size was not correlated to

the corresponding endometrial EGF concentrations. In conclusion, rOPN without posttranslational
2
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modifications normalized the EGF profile in repeat breeder cows. Improved fertility by
normalization of the EGF profile could be attributed partly to the increased embryo viability up to

day 14.

Keywords: Repeat breeder cows, Epidermal growth factor, Endometrium, Embryo development,

Osteopontin
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1. Introduction

Repeat breeder cows are major sources of economic loss in the dairy industry [1]. Repeat breeder
cows are generally defined as cows that fail to conceive after at least three inseminations without
detectable abnormalities in their genital organs during an estrous cycle [1,2]. The modest changes
in circulating ovarian steroid hormone concentrations [3—6] have associated with their reduced
fertility. Plasma progesterone (P4) concentrations rise slowly after ovulation and show lower levels
during the Iuteal phase [3-5]. Moreover, repeat breeder cows have lower plasma estradiol (E2)
concentrations around the day of ovulation [6]. These modest changes in the ovarian steroid
hormone concentrations of repeat breeder cows may be amplified as an alteration of growth factors
and cytokines in the endometrium [7] since these factors are primarily regulated by E2 and P4 [8,9].

Epidermal growth factor (EGF) is a growth factor that controls the endometrial function
[8,10-12] and embryo development [8,13]. Alteration in the endometrial EGF profile reduces
fertility in embryo transfer (ET) recipients [14] and repeat breeder cows [7,15-17]. In fertile cows,
endometrial EGF concentrations peak twice on days 2—4 and days 13—14 during the estrous cycle;
in approximately 70% of Holstein lactating repeat breeder cows, these peaks decrease [15-17]. In
most cases, the loss and recovery of the endometrial EGF peak on day 3 is accompanied by those
on day 14 [16,18], thus making the endometrial EGF concentration on day 3 an indicator of the
endometrial EGF profile [14,19].

Infusion of seminal plasma (SP) into the vagina restores the normal endometrial EGF
profile and fertility in repeat breeder dairy cows [20]. This SP function is characterized by a form
of osteopontin (OPN) in SP [21]. OPN purified from bovine milk (mOPN) restores the normal
endometrial EGF profile and fertility in repeat breeder dairy cows [22]. OPN is an acidic protein in
cattle consisting of 262 amino acids; it also called secreted phosphoprotein 1 (SPP1) [23,24]. This
protein is secreted in various tissues [25] in the reproductive organs such as the ovary [26,27],

oviduct [28], uterus [29-31], testis [32], and epididymis [32]. OPN has multiple roles in different
4
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physiological systems, including tumor progression [33], inflammation [34], and reproductive
systems [35-39]. In the reproductive system, OPN has a role in sperm capacitation [38] and
acrosome reaction [36], preimplantation embryo development [35,36], conceptus attachment
[37,40,41] and invasion into the endometrium [42], and corpus luteum (CL) formation [39].

As regards the application of OPN to fertility improvement technology at production
sites, SP and raw milk may not be suitable as raw materials to prepare OPN. SP is difficult to
obtain in quantity and both SP [43] and raw milk [44—46] may transmit infectious diseases. An
alternative source of OPN without these disadvantages may be recombinant protein [47], which
can be cost-effectively produced in Escherichia coli (E. coli)[47]. However, such recombinant
proteins do not undergo posttranslational modification, which is considered important for
biological activity of various proteins [48].

For OPN, posttranslational modifications have shown to be crucial in the expression of its
biological activity [34,49-51], but some functions of OPN do not depend on this modification
[40,41,49,50,52,53]. OPN enhances the lung cancer cell growth depending on glycosylation in
human [51]. OPN induces the expression of interleukin-12 [49,50] and tumor necrosis factor o
(TNFa) [50] in macrophage depending on phosphorylation, while it induces the chemotaxis of
macrophages [50] and suppress the expression of interleukin-10 [49] in a phosphorylation
independent manner in mice. In sheep and pigs, recombinant rat OPN produced in E. coli without
posttranslational modification binds to integrins in uterine luminal epithelial cells [40],
trophectoderm cells [40,41], endothelial progenitor cells [52] and the placental tissue [53], leading
to promote trophectoderm cell adhesion and migration [40,41], endothelial progenitor cell
incorporation into vasculature [52], and ion transport across the placenta [53].

Therefore, in the present study, we investigated the effect of full-length recombinant OPN
(rOPN) expressed in E. coli, which has no posttranslational modification [48], on the

normalization of the endometrial EGF profile and the recovery of fertility in repeat breeder dairy
5



105  cows. Fertility was evaluated with respect to the conception rate after artificial insemination (AI)
106  and by the survival and size of ET embryo recovered on day 14.
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2. Materials and methods

2.1. Recombinant OPN preparation

A gene-encoding bovine OPN (Uniprot ID: P31096) was synthesized by GeneArt (Thermo Fischer
Scientific, Waltham, MA, USA) with codon optimization for E. coli expression. The DNA
encoding was performed to predict the mature region of OPN (Leul7-Asn278) and amplified by

PCR using primers [5'-GCCGCGCGGCAGCCATATGCTGCCGGTTAAACCGACCAG-3' (sense;

Ndel-site underlined) and 5'-CGAGTGCGGCCGCAAGCTTTTAATTCACTTCACTGCTTG-3’

(antisense; Hindlll-site underlined)]. PCR was performed using KOD Plus Neo™ DNA
polymerase (Toyobo, Osaka, Japan), purified with QIAEX II Gel Extraction kit (Qiagen, Hilden,
Germany), and inserted into Ndel-Hindlll sites of pET-28a (Merck Millipore, Darmstadt,
Germany) using the seamless ligation cloning extract [54]. The resultant plasmid vector was
designated as SPP1/pET-28a.

The E. coli Rosetta (DE3) (Merck Millipore) cells harboring SPP1/pET-28a were
cultured overnight on LB agar plates containing 50 pg/mL kanamycin and 30 pg/mL
chloramphenicol at 37°C. A single colony was inoculated into 150 ml LB medium containing 50
pug/ml kanamycin and 30 pg/ml chloramphenicol, and to grow the cells, a seed culture was agitated
overnight at 37°C and inoculated into 3000 mL LB medium containing 50 pg/mL kanamycin.
When ODeoo of the culture medium reached to between 0.4 and 0.8, the culture medium was
cooled in ice for 10 min, and to induce protein expression, 0.1 mM isopropyl B-D-
thiogalactopyranoside was added. Then, the cells were cultured at 30°C for 2022 h, harvested by
centrifugation (10,000 x g at 25°C for 5 min), and frozen at —80°C until rOPN was purified
according to a previous report [55]. Briefly, the cells were resuspended in Buffer-A (20 mM
sodium phosphate buffer, pH 7.0 and 0.3 M NaCl) at 4°C and disrupted by sonication. Cell-free
lysate was obtained by centrifugation (6,000 x g at 4°C for 20 min) and applied to a Ni**-charged

Chelating Sepharose Fast Flow column (Cytiva, Marlborough, MA, USA), which was washed with
7
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20 mM imidazole in Buffer-A. Then, rOPN was eluted with a 20—500 mM imidazole linear
gradient in Buffer-A. Purified rOPN was dialyzed against the phosphate-buffered saline (PBS)
(Takara Bio, Kusatsu, Japan) with cellulose membrane [cellulose tubing (30/32), Viskase
Companies, Illinois, USA]. The purification and dialysis of rOPN were performed at 4°C. The
dialyzed proteins containing rOPN and 1% (w/v) trehalose as a cryoprotectant was filtrated (pore
size of the filter: 0.22 um), and the solution containing 0.3 mg rOPN was aliquoted in 10 mL vials
and lyophilized. The lyophilized rOPN were stored at 4°C until infusion into repeat breeder cows.

Concentrations of rOPN in final preparation were calculated based on total protein
concentrations and purities of rOPN. The total protein concentration was measured based on the
absorbance at 280 nm (E2180/ 0nm, 1cm = 10) [56], and the purity of rOPN calculated by the
densitometry using the gel image of sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) by Imagel (https://imagej.net/ij/index.html).

The identity of rOPN was confirmed by western blotting according to previous
methods [22], with slight modification. Briefly, in the western blotting, the purified rOPN was
subjected to SDS-PAGE, and the proteins were transferred to polyvinylidene difluoride membrane
(Immun-Blot PVDF Membrane, Bio-Rad Laboratories, Inc., Berkeley, California, USA). The
membrane was blocked by incubating it in PBS with 5% bovine serum albumin at room
temperature for 1 h. The membrane was washed with Tris-buffered saline with Tween 20 (TBS-T)
(pH 7.5) and then incubated in the TBS-T with the anti-OPN polyclonal antibody (LB-4225,
Cosmo bio, Cambridge, UK) at a 1:1,000 dilution for 3 h at room temperature. The unbound
primary antibody was washed out using TBS-T, and the membrane was incubated in the TBS-T
with the secondary antibody (anti-IgG-horseradish peroxidase: 4050-05, SouthernBiotech,
Birmingham, AL) at a 1:4,000 dilution for 2 h at room temperature. The unbound secondary
antibody was washed using TBS-T, and the peroxidase was detected using 50 mM Tris (pH7.0)

dissolved DAB tablet (Fujifilm Wako Pure Chemical Industries Ltd., Japan).
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2.2. SP preparation

SP was prepared as reported previously [20]. Briefly, semen was collected from seven fertile
Holstein bulls using an artificial vagina at a commercial Al center (Genetics Hokkaido, Tokachi
Shimizu, Hokkaido, Japan). Two ejaculates were collected on the same day twice a week. SP was
separated from the semen by centrifugation (1000 x g for 10 min), stored at —20°C, and
transported to Hokkaido University. Frozen SP was thawed and centrifuged (5,000 x g at 4°C for
20 min). The resulting supernatant from SP collected from seven bulls were pooled and used as the
SP sample, which was aliquoted in 0.5 mL and stored at —30°C until infusion into repeat breeder

COWS.

2.3. In vitro embryo production and freezing for direct transfer

In the present study, ovaries were obtained from Japanese black or F1 crossbred (Japanese black x
Holstein) cattle slaughtered at a local abattoir located within 1 h from the laboratory and
transported to the laboratory within 4 h after collection. All media (BO-IVM, BO-IVF, BO-
SemenPrep, and BO-IVC) used in these experiments were purchased from IVF Bioscience
(Cornwall, UK).

Cumulus-oocyte complexes (COCs) were aspirated from follicles (2 to —8 mm in
diameter) of slaughterhouse-derived ovaries were submitted to in vitro maturation (IVM), in vitro
fertilization (IVF) and in vitro culture (IVC) as described previously [57]. For IVM, COCs were
washed twice in TCM199 (Invitrogen; Grand Island, NY, USA) supplemented with 0.1% polyvinyl
alcohol, 25 mM HEPES, 10 mM sodium bicarbonate, and 50 pg/mL gentamicin sulfate (isolation
medium, pH 7.4 at 37°C), as described elsewhere [58], and once in BO-IVM media before culture
in 50 uL BO-IVM droplets (approximately 10 COCs/50 uL droplets) covered with paraffin oil at

39°C for 20-24 h in 5% CO2 in humidified air. After IVM, COCs were subjected to IVF and IVC.
9
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Commercial frozen semen (Genetics Hokkaido) derived from a Holstein bull was used for IVF.
The sperms were washed twice by centrifugation (300 x g for 5 min) in BO-SemenPrep media, and
2 x 10° cells/mL sperm was coincubated with oocytes in 500 uL of BO-IVF medium (day 0) in a
4-well dish without an oil overlay at 39°C for 18-24 h in 5% CO2 humidified air for IVF. After
IVF, inseminated oocytes were denuded of the surrounding cumulus cells and excess spermatozoa
by vortexing. For IVC, presumptive zygotes were washed three times in BO-IVC media and then
cultured in a 30 uL BO-IVC droplet (approximately 10-25 zygotes/droplet) with an overlay of
paraffin oil at 39°C for 144-150 h in 5% O2, 5% COz2, and 90% Na. An inverted microscope was
used to examine the development of the embryos at days 6 and 7. Grade 1 blastocysts according to
the International Embryo Technology Society classifications [59] were then frozen in 1.5 M
ethylene glycol in Dulbecco’s PBS (DPBS) supplemented with 0.1 M sucrose and 20% calf serum
(freezing medium) in a program freezer (ET-1, Fujihira, Tokyo). The embryos were directly
transferred into the freezing medium and then loaded into a 0.25 mL straw to equilibrate for 15-20
min. The straws were then placed in a methanol bath of a programmable freezer at —7°C for 1 min,
seeded at —7°C, maintained at —7°C for 9 min, cooled to —30°C at the rate of 0.3°C/min, and

plunged into liquid nitrogen [60].

2.4. Animals

All animal experiments were performed in accordance with the Japanese Act on Welfare and
Management of Animals and approved by the Institutional Animal Care and Use Committee of
Hokkaido University (Approval No. 16-0071 and 19-0030). In the present study, 269 lactating
Holstein cows were used and housed in 16 commercial farms in Hokkaido, Japan. They were
multiparous lactating cows (>9500 kg of 305-day fat-corrected milk) and between two and six in
parity. We excluded cows with problems at calving and during the postpartum period requiring

three or more veterinary visits.

10



208 Repeat breeder cows (n =251) were selected by local veterinarians according to the
209  criteria for failure to conceive after three or more Als without a detectable abnormality during an
210  estrous cycle, clinical signs and genital organs by rectum palpation, vaginal examination, and

211  ultrasonography [20,22]. The absence of any abnormality in the uterine morphology was

212  confirmed by transrectal ultrasonography [61] and the uterine cytology by cytobrush [62] before
213  the enrollment in the study.

214 Fertile controls (n = 18) were cows 120 days postpartum on the day of ET and

215  Dbetween two and six in parity before the first service after parturition. They were also confirmed to
216  have no detectable abnormality in the estrous cycle, clinical signs and genital organs by rectum
217  palpation, vaginal examination, ultrasonography, and uterine cytology before the enrollment of the
218  study. They became pregnant within two inseminations after the study period.

219

220  2.5. Synchronization of estrus and ovulation

221  Estrus was synchronized by giving a single administration of prostaglandin Faa (PGF24) (20 or 25
222 mg of dinoprost tromethamine im, Pronalgon F, Zoetis Japan, Tokyo, Japan) or an Selectsynch
223  protocol [63] in cows. In the Selectsynch protocol, gonadotropin-releasing hormone (GnRH) (100
224  png fertirelin acetate im, Conceral, MSD Animal Health, Tokyo, Japan) was treated between day 7
225  and day 9 of the estrous cycle, and PGF2, (25 mg of dinoprost tromethamine im) was administrated
226 7 days after the GnRH treatment. All cows synchronized by a single administration of PGF2q and
227  the Selectsynch protocol showed estrus within 5 and 4 days after PGF2q treatment, respectively,
228  detected either by observation twice daily after the PGF2, treatment or by using an automated

229  activity monitor. The day of estrus was defined as day 0.

230 Ovulation was synchronized by an Ovsynch protocol [64], in which the cows were
231  treated with the first GnRH (100 mg of fertirelin acetate im) followed by PGF2, (25 mg dinoprost

232  tromethamine im) 7 days later and the second GnRH (100 mg fertirelin acetate im) 55 £ 2 h after
11
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PGF2q treatment. The next day of the second GnRH treatment was considered as day 0.

2.6. Endometrial tissue collection, EGF assay, and the analysis of the endometrial EGF profile
Endometrial tissues were collected for the EGF assay as described previously [15]. Tissues were
weighed and frozen in liquid nitrogen within 10 min and then stored at —20°C until the EGF assay.

Endometrium tissue samples were processed, and the tissue extracts were used for the
EGF assay [16,20]. An antihuman EGF mouse monoclonal antibody (MAB636, R & D Systems,
Minneapolis, MN, USA) and antihuman EGF rabbit antiserum (5022-100, Biogenesis, Poole, UK)
were used as the solid-phase antibody and detection antibody, respectively. The assay system was
verified for the measurement of bovine EGF using recombinant bovine EGF [20]. Assay sensitivity
was 10 pg/well. The intra and interassay coefficients of variation at 50 pg/well were 4.2% and
6.8%, respectively.

In the present study, endometrial EGF concentrations were measured on day 3, and a
normal endometrial EGF profile was defined by concentrations within the normal range for day 3

(4.70-13.50 ng/g tissue weight) [16,17].

2.8. Al and ET

Al was performed with commercial frozen-thawed Holstein semen by professional Al technicians
within 4-12 h after estrus detection. For ET, commercial, in vivo derived, frozen-thawed Japanese
black embryos or in vitro derived, frozen-thawed embryos were transferred on day 7 into the
uterine horn ipsilateral to the side of the ovaries with a CL by transcervical method using a flexible

transfer catheter (Mo—-NO.4; Misawa Medical Industry, Kasama, Japan).

2.9 Infusion of samples into the vagina
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All samples were prepared in 10 mL PBS, loaded into a 10 mL syringe, and infused into the vagina
as previously described [20,22]. Briefly, the tip of a disposable plastic catheter for Al, which was
attached to the syringe loaded with an infusion sample, was introduced into the vagina and guided
deep into the vagina adjacent to the external orifice of the cervix. The plunger was pushed to

deposit the samples.

2.10. Embryo collection and measurement of embryo length

Transferred embryos were collected on day 14 (i.e., 7 days after ET) via the balloon catheter either
18 Fr, two eyes (01209300, Nipro, Osaka, Japan) or 20 Fr, two eyes (0120752520, Nipro) flushing
the uterus nonsurgically with a commercial medium for embryo collection (Embryotech; Zenoaq,
Fukushima, Japan). Side holes of the balloon catheter were enlarged by removing the rubber
between two side holes next to each other. Embryo length was determined as the length of the long
axis of collected embryos, or twice the length of fragmented filamentous embryos with embryonic

disc that were recovered.

2.11. Study design

2.11.1. Study 1: The effect of rOPN on the restoration of the endometrial EGF profile and fertility
After the screening the repeat breeder cows for any detectable abnormality in the uterine
morphology and cytology, estrus or ovulation was synchronized by a single administration of
PGF2q or the Ovsynch protocol. The endometrial EGF concentration was determined on day 3. The
cows with an altered EGF profile were used for the study (Fig. 1A). Repeat breeder cows were
synchronized for estrus according to the Selectsynch protocol and infused with 10 mL PBS
(negative control, n = 74), 0.5 mL frozen-thawed SP (positive control, n = 37), or 0.3 mg rOPN (n
= 105) into the vagina within 4—12 h after estrus detection, corresponding to the timing of Al. To

examine the effects of the treatments on the endometrial EGF profile, the endometrial EGF
13
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concentration was measured on day 3 for the second time. Some cows infused with PBS (n = 58),
SP (n = 20), or rOPN (n = 83) were subjected to Al immediately before the samples were infused.

Pregnancy was confirmed by transrectal ultrasonography between days 30 and 35 after Al

2.11.2. Study 2: The effect of the rOPN on the embryo survival and elongation

After the screening for any detectable abnormality in the uterine morphology and cytology in
repeat breeder cows and fertile control cows, the endometrial EGF concentration was measured on
day 3 on the same schedule as in study 1 (Fig. 1B). Repeat breeder cows with an altered EGF
profile (n = 35) and fertile controls with normal EGF profile (n = 18) were synchronized for estrus
and infused with rOPN or PBS, as in study 1. Repeat breeder cows were infused with PBS (n = 18,
PBS group) or rOPN (n =17, rOPN group), while fertile controls were infused with PBS (n = 18,
fertile control group). To examine the endometrial EGF profile, the endometrial EGF concentration
was measured on day 3 for the second time. On day 7, the cows were transferred either in vivo
derived embryos or in vitro derived embryos (two embryos in each cow: PBS group, n = 4; rOPN
group, n = 5; fertile control group, n = 6; three embryos in each cow: PBS group, n = 14; rOPN
group, n = 12; fertile control group, n = 12). In total, 50, 46, and 48 embryos were transferred in
the PBS, rOPN, and fertile control group, respectively. On day 14, the embryos were recovered,

and the embryo lengths were measured.

2.12. Data analyses

Data were analyzed using the computer software JMP Pro 16 (SAS Institute Inc., Tokyo,
Japan). Fisher’s exact test with the Benjamini-Hochberg method was performed to compare the
normalization rates of the endometrial EGF profile, conception rates, the proportion of cows from
which embryos were collected, and embryo recovery rates between groups. The Steel-Dwass test

was used to compare endometrial EGF concentrations between groups. The Wilcoxon signed-rank
14
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test was conducted to compare endometrial EGF concentrations before and after treatment.

Embryo lengths were denoted by the sinh-arcsinh normal distribution, and the transformed data
were evaluated by a two-way analysis of variance (ANOVA) with groups and embryo types as
factors. Tukey’s test was used to compare embryo lengths transformed into the sinh-arcsinh normal
distribution between groups. The Pearson’s rank correlation coefficient was used to determine the
correlation between the endometrial EGF concentration and the embryo length transformed into
the sinh-arcsinh normal distribution. P values less than 0.05 were considered for statistical

significance.
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3. Results

3.1. Preparation of rOPN

The predicted mature OPN, where a predicted signal peptide was truncated, was produced in E.
coli as N-terminally His6-tagged recombinant protein. By western blotting, OPN was confirmed as
the band with the apparent molecular mass of approximately 45,000 on the SDS-PAGE gel (Fig.
2). In eight batches of rOPN preparations, the bands of rOPN accounted for 49.0% =+ 11.8% (range:
from 34.6% to 65.3%) of the total protein content in the final preparation. The yields of rOPN

were 1.9 = 1.0 mg/L of culture.

3.2. Study 1: The effect of rOPN on the restoration of the endometrial EGF profile and fertility
Endometrial EGF concentrations before treatment were comparable in all groups (P > 0.1) (Fig. 3).
After treatment, endometrial EGF concentrations in the rOPN and SP groups were comparable but
higher than those in the PBS group (P < 0.05). The normalization rates of the endometrial EGF
profile of the rOPN and SP groups were comparable (58.1% vs. 62.2%) but higher than that of the
PBS group (29.7%) (P <0.05, Table 1).

The conception rate of inseminated cows with normalized endometrial EGF profile after
treatment with rOPN and PBS infusion was higher than that of inseminated cows with
unnormalized endometrial EGF profile (P < 0.05, Table 1), while the conception rate of cows after
SP infusion was not different between cows with normalized and unnormalized endometrial EGF
profile. The overall conception rate of the rOPN group was higher than that of the PBS group
(47.0% vs. 28.1%) (P <0.05). The conception rate of the SP group was intermediate between PBS

and rOPN groups.

3.3. Study 2: The effect of the rOPN on the embryo survival and elongation
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The proportion of cows with a normal endometrial EGF profile after treatment of PBS and rOPN
groups were 44.4% (8/18) and 58.8% (10/17), respectively. The fertile control group has the
highest proportion of cows with a normal endometrial EGF profile after treatment (94.4%, 17/18),
which was higher than those of the PBS (44.4%) and rOPN groups (58.8%) (P < 0.05). One cow in
the fertile control group had an altered endometrial EGF profile after treatment (endometrial EGF
concentration: 4.39 ng/g tissue). Endometrial EGF concentrations after treatment of the PBS and
rOPN groups were similar but lower than those of the fertile control group (P < 0.05, Fig. 4).

The number of filamentous embryos that lost one of the distal ends and the number of
distal end fragments without embryo discs were equal. Therefore, the number of embryo discs
represented the number of embryos. The proportion of cows from which embryos were collected
and embryo recovery rates were similar between in vitro and in vivo derived embryos within
groups (Table 2, P> 0.1). Embryo recovery rates of the rOPN and fertile control groups were
comparable (58.7% vs. 58.3%) and higher than that of the PBS group (32.0%) (P <0.05). The
proportion of cows from which embryos were collected and embryo recovery rates in cows with a
normal endometrial EGF profile after treatment were higher than those in cows with an altered
endometrial EGF profile after treatment (P < 0.05, Table 3). In most of cows from which embryos
were collected, multiple embryos were recovered.

The two-way ANOVA revealed the effect of treatments but not embryo types, without
correlation (P > 0.1). Embryo lengths of all recovered embryos and the largest embryos in each
cow from the fertile control and rOPN groups were comparable and greater than those from the
PBS group (P < 0.05, Table 2). Endometrial EGF concentrations was not correlated to the embryo
lengths of all recovered embryos (r =—0.01) or the largest embryos in each cow (r = —0.09) (Fig.

5,P>0.1).
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4. Discussion
In the present study, rOPN affected the normalization of the endometrial EGF profile and recovery
of fertility in repeat breeder cows with an altered EGF profile. Despite the role of posttranslational
modifications in some activities of OPN [49-51], these modifications were not essential and the
peptide or protein moiety without the modifications can restore the normal endometrial EGF
profile and fertility in repeat breeder cows. In study 1, rOPN normalized the endometrial EGF
profile to a similar extent as SP in repeat breeder cows. Furthermore, the effect of normalizing the
endometrial EGF profile by rOPN (58.1%) was similar to that of milk OPN (56.1%) [22]. The
present results also showed that the normalization of the endometrial EGF profile after rOPN
infusion resulted in the recovery of fertility in repeat breeder cows. The conception rate of cows
infused with rOPN (47.0%) was similar to those that underwent hormone therapy (40.0%) [18], SP
(44.4%) [20] and mOPN (43.5%) [22]. However, further study including a larger number of
animals is needed to confirm the effect of rOPN on fertility.

It remains unknown how OPN infused into the vagina restores the normal endometrial
EGF profile. However, it is unlikely that SP (i.e., OPN) ejaculated into the vagina reaches the
uterus [65] because of the low volume of semen ejaculated from bull (around 5 ml) [66], the length
of the cervix [67] and the high viscosity of cervical mucus [68] although sperm have the potential
to act as a vehicle of SP factors into the uterus [65,69]. Accordingly, our previous report showed
that SP restored the normal endometrial EGF profile and fertility by infusion into the vagina, but
not into the uterus, in repeat breeder cows [20]. Furthermore, intrauterine infusion of SP at the
time of Al had no effect on pregnancy rates in cows [70,71]. These reports indicate that the site of
action of SP and OPN to restore the normal endometrial EGF profile and fertility in repeat breeder
cows is the vagina.

Hypothetically, OPN activates the immune cells in the vagina, causing uterus-targeted or

systemic changes by the activation of immune cells in the adjacent lymph nodes [22]. These
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activated immune cells in the vagina and lymph nodes may recirculate and infiltrate into the
uterus, causing the normalization of the endometrial EGF profile in repeat breeder cows. OPN
causes proinflammatory response in the immune cells and activate them, including macrophages,
dendritic cells, and lymphocytes [34]. Proinflammatory cytokines, such as interleukin-6 (IL-6)
[72] and TNFa [73], play roles in the regulation of endometrial functions. In proinflammatory
cytokines, TNFa has been hypothesized to be involved in the normalization of the EGF profile by
OPN infusion [22] since EGF synthesis is primary regulated by estrogen in the endometrium [8,74]
and TNFa activates estrogen receptor signaling pathways in endometrial epithelial cells [73]. The
role of immune cells and the proinflammatory cytokines (e.g., IL-6 and TNFa) in normalizing the
endometrial EGF profile after intravaginal OPN infusion is needed to be investigated. In addition,
the active site of OPN to normalize the endometrial EGF profile and receptive mechanism of OPN
in the vagina also need to be studied to understand the mechanism of this function of OPN.
Although the normalization of the endometrial EGF profile in repeat breeder cows
increases embryo survival or promotes embryo development, thereby recovering the conception
rate [7,16], this hypothesis had not been tested. The proportion of cows from which embryos were
collected and embryo recovery rate by day 14 of pregnancy reflects the embryo survival in the
uterus [75-78]. In the present study, the normalization of the endometrial EGF profile after OPN
infusion increased the embryo survival to day 14 in the uterus in repeat breeder cows. Since EGF
controls the endometrium function [8,10-12], EGF secreted by the endometrium on days 2—4
would regulate the uterine environment to suit embryo development in cattle [15]. Furthermore,
the recovery of the endometrial EGF peak on day 3 of the estrous cycle is accompanied by that on
day 14 in most cases [18]. Bovine elongating embryos (days 13—16 of pregnancy) express EGF
receptors, but not ligand [79], thus EGF secreted by the endometrium on days 13—14 may act on

the embryo and stimulate embryo development [15,79].
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Alternatively, we could not find the relationship between embryo size and the
endometrial EGF concentration on day 3. Endometrial EGF concentrations on days 3 and 14 have
been correlated to embryo length on day 16 of pregnancy [80]. Thus, embryo elongation might
become apparent after the exposure of the EGF peak on days 13—14. The elongation of a bovine
embryo begins between days 12 and 14 [81], and mean values of embryo length indicated
logarithmic growth between day 10 and 16 [82]. To confirm that the normalization of the
endometrial EGF profile may promote embryo elongation in repeat breeder cows, further
investigation should evaluate embryo lengths later than day 14 (i.e., day 16).

Interestingly, the present results suggest that in addition to the normalization of the
endometrial EGF profile in repeat breeder cows, OPN infusion into the vagina might enhance
embryo development in the uterus by an unknown mechanism independent of the endometrial EGF
concentration on day 3. The embryo recovery rate was comparable between the rOPN group and
the fertile control group despite lower proportion of cows with a normal endometrial EGF profile
and endometrial EGF concentrations on day 3 after treatment of rOPN group than those of the
fertile control group. Furthermore, although the embryo length was not correlated to the
endometrial EGF concentration on day 3 after treatment, embryo lengths on day 14 were
comparable between the rOPN group and the fertile control group but higher than those of the PBS
group. Although OPN has been shown to directly promote adhesion, migration and cytoskeletal
remodeling of trophectoderm cells that is essential for elongation and attachment of trophectoderm
cells to uterine luminal epithelium for implantation in sheep [41] and pigs [40], as discussed
above, it seems unlikely that rOPN infused into the vagina directly enhance the development of
transferred embryos in the uterus in repeat breeder cows. OPN infusion into the vagina may help in
controlling the endometrial function by activating immune cells in the vagina and adjacent lymph
nodes [22], which in repeat breeder cows, may regulate the uterine environment via a pathway

independently on the endometrial EGF concentration on day 3. Furthermore, the formation of CL
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has been described as an inflammation involving various immune cells [83,84]. In cattle, P4
secreted from CL enhances embryo elongation in the uterus by regulating the secretion of
histotrophic substances and growth factors from the endometrium [85-88]. Thus, immune cells
activated by OPN infusion into the vagina might support CL formation and enhance progesterone
secretion from a CL, thus independently promoting embryo development in the uterus with

endometrial EGF concentration on day 3.

21



445

446

447

448

449

450

451

5. Conclusion

In this study, rOPN infused into the vagina restored the normal endometrial EGF profile and
fertility in repeat breeder cows without posttranslational modifications. The normalization of the
endometrial EGF profile by OPN infusion improved embryo survival in the uterus. However,
whether the endometrial EGF concentration on day 3 is directly correlated to the embryo size on
day 14 remains unclear. Further study must confirm the relationship between the normalization of

the endometrial EGF profile and embryo elongation.
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Figure captions.

Fig.1. The outline of activities during study 1 (A) and study 2 (B). (A) Repeat breeder cows, which
failed to conceive after three or more artificial inseminations (AI) without a detectable abnormality
in the estrous cycle, clinical signs and genital organs, were subjected to the examination of uterine
ultrasonography and cytology (Screening). The cows showing no abnormality at screening were
synchronized estrus or ovulation, and the endometrial EGF concentration was determined on day 3
(day 0 =the day of estrus or the next day of the second GnRH treatment of Ovsynch program) and
cows with an abnormal EGF profile were used for the further study. Cows were synchronized
estrus and infused with samples into the vagina 4 to 12 h after estrus detection. The endometrial
EGF concentration was determined on day 3 for the second time. Some cows were subjected to Al
immediately before the infusion with samples. Pregnancy was diagnosed between day 30 and 35
after Al. (B) Repeat breeder cows and fertile control cows were subjected to the screening and the
endometrial EGF concentration was determined on day 3 same as study 1. Repeat breeder cows
with an altered EGF profile and fertile control cows with a normal EGF profile were synchronized
estrus and infused with samples into the vagina 4 to 12 h after estrus detection. The endometrial
EGF concentration was determined on day 3 for the second time. Thereafter, cows were transferred

embryos on day 7. Embryos were recovered on day 14 and embryo lengths were measured.

Fig.2. Verification of recombinant osteopontin (rOPN) by Western blotting. The band with the
apparent molecular mass of approximately 45,000 on the SDS-PAGE gel (lane 2) was identified as
OPN by Western blotting (2.4 ug of total protein per lane). Lane 1: molecular mass marker, lane 2:

final preparation.

Fig.3. The effect of recombinant osteopontin (rOPN) on endometrial epidermal growth factor

(EGF) concentrations in repeat breeder dairy cows in study 1. Repeat breeder cows with an altered
36
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EGF profile were infused with PBS (n = 74), seminal plasma (SP, n = 37) or rOPN (n = 105) into
the vagina at the estrus. Endometrial EGF profiles of 22, 23 and 61 cows were normalized in PBS,
SP and rOPN groups, respectively. Endometrial EGF profiles of 52, 14 and 44 cows were
unnormalized in PBS, SP and rOPN groups, respectively. a, b Values with different letters between
before and after treatment within the same group differ significantly (P < 0.05). A, B Values with
different letters between groups within all cows before treatment or all, normalized or

unnormalized cows after treatment differ significantly (P < 0.05).

Fig.4. The effect of recombinant osteopontin (rOPN) on endometrial epidermal growth factor
(EGF) concentrations in repeat breeder dairy cows in study 2. Repeat breeder cows with an altered
EGF profile were infused with PBS (PBS group, n = 18) or rOPN (rOPN group, n = 17) into the
vagina at the estrus. Fertile cows with a normal EGF profile (Fertile control group, n = 18) were
infused with PBS into the vagina at the estrus. a, b Values with different letters between before and
after treatment within the same group differ significantly (P <0.05). A, B Values with different

letters between groups within cows before or after treatment differ significantly (P < 0.05).

Fig.5. The relationship between the endometrial epidermal growth factor (EGF) concentration and
the embryo length. Embryos were transferred to repeat breeder cows infused with PBS (white
squares) or recombinant OPN (gray triangles) or to fertile cows infused with PBS (black circles).
There were no correlations between the endometrial EGF concentration and the embryo length of
all recovered embryos (r = —0.01) or that of the largest embryos per cows (r = —0.09), respectively
(P> 0.1. The correlation was evaluated between the data of endometrial EGF concentrations and

that of embryo lengths transformed into the sinh-arcsinh normal distribution).
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Table 1. The effect of recombinant osteopontin (rOPN) on the endometrial epidermal growth factor

(EGF) profile and fertility in repeat breeder cows.

No. (%) of cows

. Endometrial EGF No. of No. (%) of
with a normal EGF . . .
Groups (n) profile after inseminated  conceived
profile after
treatment COWS COws
treatment
PBS (74) 22 (29.7) A Normalized 19 9@474)c¢
Unnormalized 39 7(18.4) D
Total 58 16 (28.1) A
SP (37) 23 (62.2) B Normalized 9 6(66.7)
Unnormalized 11 3(27.3)
Total 20 9 (45.0) AB
rOPN (105) 61 (58.1)B Normalized 47 32 (68.1)C
Unnormalized 36  7(19.4)P
Total 83 39 (47.0)B
Total (216) 106 (49.1) Normalized 75 47 (62.7) €
Unnormalized 86 17 (19.8) P
Total 161 64 (39.8)

SP: Seminal plasma.

A, B Normalization rates of the endometrial EGF profile and conception rates with different letters
in the same column differ significantly (P < 0.05).

C, D Conception rates with different letters between different endometrial EGF profiles within the

same group differ significantly (P < 0.05).
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Table 2. The effect of recombinant osteopontin (rOPN) on the embryo survival and elongation

No. (%) of cows No. of No. (%) of Embryo lengths of all Embryo lengths of the
Embryo No. of . )
Groups from which embryos transferred  recovered recovered embryos largest embryos in
type COWS *
were collected embryos embryos (mm) each cow (mm)
PBS In vitro 10 4 (40.0) 26 9 (34.6) 9.6 = 114 175 = 13.5
In vivo 8 3 (37.5) 24 7(29.2) 14.8 = 17.0 16.5 = 21.5
Total 18 7 (38.9) 50 16 (32.0)~ 119 £ 13.84 17.1 £ 1574
rOPN In vitro 10 7 (70.0) 25 16 (59.5) 31.6 = 259 46.7 = 26.9
In vivo 7 4(57.1) 21 11 (52.3) 27.1 = 27.1 57.0 = 16.4
Total 17 11 (64.7) 46 27 (58.7) B 29.7 £ 26.08 50.4 = 23.38B
Fertile control  In vitro 10 7 (70.0) 24 13 (54.2) 533 * 26.8 70.3 = 18.2
In vivo 8 6 (75.0) 24 15 (62.5) 309 = 23.8 484 + 22.4
Total 18 13 (72.2) 48 28 (58.3) B 413 £ 2728 60.1 = 2248

Embryo lengths are described as means + standard deviations.

* Two or three embryos were transferred into the uterus in each cow.

A, B Embryo lengths and embryo recovery rates with different letters in the same column differ significantly (P < 0.05).
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812  Table 3. The relationship between the endometrial EGF profile after treatment and the embryo survival

813
o
Endometrial No. (%) of No. of No. (%) of No. of cows transferred No. of cows transferred
No. of cows from three embryos and two embryos and
EGF profile Groups . transferred  recovered T oL
COwWs which embryos . recovered indicated recovered indicated
after treatment embryos embryos
were collected number of embryos number of embryos
Three Two One Two One
Normal PBS 8 6 (75.0)4 23 14 (60.9) 4 3 0 1 0
rOPN 10 9 (90.0) A 27 21 (77.8) A 4 2 0 2 1
Fertile control 17 12 (70.6) 46 27 (58.7) 3 4 1 4 0
Total 35 27 (77.1) A 96 62 (64.6) A 9 9 1 7 1
Altered PBS 10 1(10.0)B 27 1(3.7)8 0 0 0 0 1
rOPN 7 2(28.6) B 19 6 (31.6)8 2 0 0 0 0
Fertile control 1 1 (100.0) 2 1 (50.0) 0 0 0 0 1
Total 17 4(22.2)8 48 8(16.7) B 2 0 0 0 2
814

815  * Three or two embryos were transferred into the uterus per cows.

816 A, B The proportion of cows from which embryos were collected and embryo recovery rates with different letters within the same group in the same
817  column differ significantly (P < 0.05).

818

819
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Fig. 5
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