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Simple Summary

Haploid embryos constitute a valuable model for genetic and epigenetic studies; however, their
developmental competence is reduced compared with diploid counterparts. This study evaluated
whether supplementation of the culture medium with specific small molecules could improve
developmental competence and outgrowth establishment of parthenogenetic haploid embryos. The
effects of TGF-{3 inhibition (A83-01), WNT pathway modulation (CHIR99021 and IWR-1), and activin
A (AA) supplementation were assessed from the morula stage onward under serum-free conditions.
A83-01 treatment did not improve blastocyst formation or morphology and was associated with
reduced total cell numbers. CHIR99021 supplementation increased the number of SOX2-positive cells
compared with IWR-1 and vehicle-treated embryos, suggesting partial support of pluripotency;
however, overall developmental progression remained inferior to diploid controls. In contrast,
activin A significantly increased the proportion of haploid morulae developing into blastocyst and
improved hatching rates. Nevertheless, AA supplementation did not restore cell counts to diploid
levels. Furthermore, neither CHIR99021 nor AA affect DNA fragmentation levels, although a
tendency toward increased levels was observed. Activin A treatment also failed to improve
embryonic outgrowth formation. Collectively, these findings demonstrate that although activin A
enhances blastocyst yield and hatching in bovine haploid embryos, modulation of TGF-f or WNT
signaling alone is insufficient to restore diploid-like proliferative developmental competence.

Abstract

Haploid embryos constitute a valuable model for genetic and epigenetic studies; however, their
developmental competence is reduced compared with diploid counterparts. This study evaluated
whether supplementation of the culture medium with specific small molecules could improve
developmental competence and outgrowth establishment of parthenogenetic haploid embryos. The
effects of TGF-{3 inhibition (A83-01), WNT pathway modulation (CHIR99021 and IWR-1), and activin
A (AA) supplementation were assessed from the morula stage onward under serum-free conditions.
A83-01 treatment did not improve blastocyst formation or morphology and was associated with
reduced total cell numbers relative to IVF controls. CHIR99021 supplementation increased the
number of SOX2-positive cells compared with IWR-1 and vehicle-treated embryos, suggesting partial
support of pluripotency; however, overall developmental progression remained inferior to diploid
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controls. In contrast, activin A significantly increased the proportion of haploid morulae developing
into blastocyst and improved hatching rates. Nevertheless, AA supplementation did not restore
CDX2-positive cell numbers or total cell counts to diploid levels. Furthermore, neither CHIR99021
nor AA affect DNA fragmentation levels, although a tendency toward increased TUNEL-positive
cells was observed. Activin A treatment also failed to improve embryonic outgrowth formation.
Collectively, these findings demonstrate that although activin A enhances blastocyst yield and
hatching in bovine haploid embryos, modulation of TGF- or WNT signaling alone is insufficient to
restore diploid-like proliferative developmental competence.

Keywords: uniparental embryos; haploidy; bovine IVF; embryonic outgrowths; serum-free culture

1. Introduction

Biparental embryonic development in mammals requires contributions from both the
maternally and paternally inherited haploid genomes. However, early development can be achieved
from uniparental embryos in mammals using artificial oocyte activation and/or micromanipulation
techniques, and these have been extremely useful in delineating genomic function, imprinting status
and parental-specific roles in ontogenesis [1,2]

Uniparental embryos contain exclusively maternal or paternal genomes. These embryos can be
classified according to their genomic origin as well as their ploidy. Parthenogenetic embryos contain
only oocyte-derived (maternal) chromosomes and their counterpart androgenetic only sperm-
derived (paternal) chromosomes. According to their ploidy, they can be diploid (2 sets of
chromosomes), haploid (1 set of chromosomes) or polyploid (>2 sets of chromosomes).

Haploid embryos are efficient models for genome imprinting research and allow studies on the
contribution of the paternal and maternal genomes to early embryonic development [3]. Moreover,
haploid embryos have been used to derive embryonic stem cells and hold great promise for
functional genetic studies and animal biotechnology [4,5].

Although haploid embryonic stem cells (hESCs) have been obtained in several mammals [6-8],
most reports have indicated poor rates of blastocyst formation, indicating constraints at early stages
of embryonic development. In mice, studies have revealed that the preimplantation developmental
potential of haploids is significantly impaired relative to diploid embryos, due mainly to the
disruption of gene regulatory mechanisms [9,10] and abnormal imprinted gene expression [11-13].
However, studies investigating these limitations in bovine uniparental embryos remain scarce.

Therefore, the objective of the present study was to evaluate the effect of the supplementation with
small molecules in the embryo culture medium on developmental competence and the establishment
of outgrowths from morula stage bovine parthenogenetic haploid embryos. The findings indicate that
while pathway modulation may influence lineage allocation dynamics, it is insufficient to overcome the
broader developmental constraints associated with uniparental haploidy in bovine species.

2. Materials and Methods

Oocyte Collection and In Vitro Maturation

Bovine ovaries were obtained from cows and heifers at a local slaughterhouse and transported
to the laboratory in sterile 0.9% NaCl maintained at 25-30°C in a thermos bottle. Cumulus-oocyte
complexes (COCs) were aspirated from 2-8 mm antral follicles using an 18-gauge disposable needle
and pooled in a 50 mL conical tube. For in vitro maturation (IVM), COCs with multiple layers of
cumulus cells were selected, washed, and transferred in groups of 50 complexes to a 4-well culture
plate containing 500 pL of maturation medium per well. Maturation medium consisted of TCM199
(Invitrogen Life Technologies), supplemented with 10% fetal bovine serum (Invitrogen Life
Technologies), 0.2 mM pyruvate (Sigma-Aldrich), 25 mg/mL gentamicin (Sigma-Aldrich), 6 pug/mL
luteinizing hormone (Sioux Biochemical), 6 ug/mL follicle-stimulating hormone (Bioniche Life
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Science), and 1 pg/mL estradiol (Sigma-Aldrich). In vitro oocyte maturation was carried out for 22—
24 h at 38.5°C in a humidified atmosphere at 5% COs..

In vitro Fertilization

In vitro fertilization (IVF): After 22-24 h of IVM, COCs were washed twice in IVF medium before
being transferred in groups of 50 to a 4-well culture plate containing 350 uL of medium per well. The
IVF medium consisted of modified Tyrode’s lactate medium supplemented with fatty-acid-free BSA
(0.6% w/v), pyruvate (0.2 mM), heparin (2 pug/mL), and gentamicin (50 mg/mL). COCs were
transferred to a 4-well culture plate 15 min prior to adding the spermatozoa. To stimulate sperm
motility, penicillamine (2 mM; Sigma-Aldrich), hypotaurine (1 mM; Sigma-Aldrich), and epinephrine
(250 mM; Sigma-Aldrich) were added to each well. Motile spermatozoa were diluted with IVF
medium to a final concentration of 1 x 10¢ sperm/mL, and 16 pL of the suspension was added to each
well containing the matured COCs. Fertilization was conducted at 38.5°C for 18 h under 5% COzin a
humidified atmosphere. Presumptive zygotes were denuded by vortexing.

Production of Parthenogenetic Embryos

Bovine haploid (hPE) and diploid (dPE) embryos were produced according to Valencia et al.
[10.1093/biolre/ioab019]. Briefly, chemical oocyte activation was performed between 22 and 24 h after
IVM by 5 min exposure to 5 uM ionomicyn (Calbiochem, San Diego, CA, USA). To generate haploid
parthenotes, oocytes were first treated with ionomycin and then incubated for 5 h in potassium
simplex optimization medium (KSOM; EmbryoMax®, Millipore Corp., Billerica, MA, USA)
supplemented with 10 mg/mL of cycloheximide (CHX; Sigma-Aldrich). For diploid parthenote
production, 6-dimethylaminopurine (DMAP) was added at a concentration of 1.9 mM in place of
CHX. Following parthenogenetic activation, the presumptive zygotes were washed in HECM-HEPES
(HH) medium and transferred into in vitro culture droplets.

In Vitro Culture

Groups of 20-25 zygotes were cultured in 40 pL droplets of EmbryoMax® KSOM (Merck, USA)
supplemented with 1% (v/v) Basal Medium Eagle (BME) essential amino acids (Gibco, Douglas
County, IL, USA) and 1% (v/v) Minimum Essential Medium (MEM) non-essential amino acids
(Gibco) and covered with embryo-tested mineral oil. In some experiments, the culture medium was
supplemented either with fetal bovine serum (FBS) or insulin—transferrin—selenium (ITS; Sigma-
Aldrich). Cultures were maintained at 38.5 °C under a gas atmosphere of 5% CO,, 5% O,, and 90%
N, at 100% humidity.

At day 5, morula-stage embryos were selected and transferred to culture medium supplemented
with different small molecules: A83-01 (10 uM; Tocris Bioscience), CHIR99021 (3 uM; Sigma-Aldrich),
IWR1 (2.5 pM; Sigma-Aldrich), or activin A (AA; 20 ng/mL; R&D Systems) for 72 h, until day 8 post-
activation/insemination. The concentrations used were selected based on previous studies reporting
effective modulation of the corresponding signaling pathways during early embryonic development
[14-18]. Embryonic development was assessed at the cleavage stage on day 2 (48 h), morula on day
5 (120 h) and at the blastocyst stage on day 8 (192 h) post-activation/insemination.

Derivation and Culture of Bovine Embryonic Outgrowths

Bovine blastocysts at Day 8 were used to derive embryonic outgrowths. Unhatched blastocysts
were treated with 2 mg/mL pronase (Merck Millipore, 10165921001) at 38.5°C for 5 min to remove
the zona pellucida (ZP), followed by three washes in TCM-Hepes medium. ZP-free blastocysts were
transferred to a 4-well plate previously precoated with 0.5 pg/cm?2 Vitronectin (Gibco, Douglas
County, IL, USA), which was then replaced with mTeSR-plus media (STEMCELL Technologies, 100-
0276) supplemented with 2.5 uM IWR1 (AOBIOUS, AOB33702), 2.0 uM iDOT1L (AOBIOUS,
AOB1922), 1.0 uM PD184352 (ApexBio, A1792), 2.0 uM SU5402 (ApexBio, A3843), 1.5 uM CHIR99021
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(AOBIOUS, AOB3866), 5 uM Forskolin (AOBIOUS, AOB6380), and 20 ng/mL human LIF (R&D
Systems, 7734LF025), incubated at 37°C and 5% CO2 for 24h without disruption [19].

Immunostaining

Immunostaining was performed as described previously [20]. Three to eight day-8 blastocyst-
stage embryos (biological replicates) per group were collected, washed in PBS with PVA, fixed with
4% paraformaldehyde for 15 min, and permeabilized with D-PBS with 1% Triton X-100 for 30 min.
After blocking for 2 h in D-PBS with 0.1% Triton X-100, 1% BSA, and 5% goat serum (Gibco, New
Zealand), the embryos were placed in a primary antibody solution composed of blocking buffer. Anti-
Sox2 (Cell Signaling L1D6A2) and anti-NANOG (Cell Signaling 1E6C4) mouse antibodies, and anti-
Cdx2 (Abcam ab227201) and anti-GATA3 (Cell Signaling D13C9) rabbit antibodies were used at a
1:300 dilution overnight at 4°C.  After washing 3 x for 10 min and 3 x for 20 min each, embryos were
incubated with secondary antibodies (1:300) Alexa Fluor 633-conjugated goat anti-rabbit IgG
(Invitrogen A-21070) and Alexa Fluor 488-conjugate goat anti-mouse IgG (Invitrogen A-11001) both
at RT for 1 h. Finally, embryos were washed 3x for 10 min, and mounted on slides with Prolong Gold
Antifade with DAPI (Life Tech, cat. # P36935) and evaluated using confocal microscopy.

TUNEL Assay

Embryos were incubated with labeling reagents according to the manufacturer’s instructions (In
Situ Cell Death Detection Kit, Fluorescein, Roche Applied Science, Indianapolis, IN, USA). A positive
control for TUNEL was carried out by treating embryos with 75.4 U DNase I for 15 min at 37 °C before
the TUNEL assay, and a negative control was attained by incubating embryos with the fluorescent
labeling reagent in the absence of the terminal transferase dUTP enzyme. Finally, embryos were
mounted onto a glass slide with Prolong Gold Antifade with DAPI (Life Technologies, Eugene, OR,
USA, cat. # P36935) and evaluated using confocal microscopy.

Image Acquisition and Analysis

Image acquisition and analysis were performed as previously described. Briefly, five confocal
optical sections were acquired from the nucleus of each cell and processed using maximum-intensity
projection of the Z-stack. Imaging was conducted with an Olympus FV1000 laser-scanning confocal
microscope at the Scientific and Technological Bioresource Nucleus, Universidad de La Frontera
(UFRO), Temuco, Chile. Image analysis was carried out using Image] software (v1.48; National
Institutes of Health, NIH, USA) (https://imagej.nih.gov/ij/download.html).

Cell quantification was performed using Image] software (NIH, USA). Digital images were first
converted into an RGB stack to separate the color channels, and the channel providing the highest
contrast between cells and background was selected for analysis. A threshold was then applied to
segment the cells from the background. Particle detection was carried out using the “Analyze
Particles” function, with size and circularity parameters adjusted to exclude background noise and
debris. Detected objects were visualized using the “Outlines” option, and the total number of cells
per image was automatically recorded. All images were analyzed under identical threshold and
particle analysis settings to ensure consistency across samples.

RNA Extraction and RT-PCR

For analysis of gene expression, Days 6 and 7 morula-stage embryos were pooled in groups of
five embryos. Blastocysts were analyzed individually. Analysis of each group was carried out in at
least three biological replicates, and each replicate was run in duplicate. Total RNA was extracted
using the Arcturus PicoPure RNA Isolation kit (Life Technologies) and reverse transcribed into cDNA
using SuperScript Vilo (Invitrogen). Semi-quantitative RT-PCR was performed using the RotorGene
SyBr Green PCR kit (Qiagen) in a Rotorgene Q PCR cycler under the following amplification
conditions: 95°C for 5 min, followed by 40 cycles at 95°C for 5 s and at 60°C for 10 s. Primers were
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designed using Oligo6 software and the geometric means of three reference genes (GAPDH, ACTB,
and SF3A) were used for normalization. The stability of the reference genes across our samples was
confirmed using Bestkeeper [10.1023/b:bile.0000019559.84305.47].

Statistical Analysis

Quantitative data sets are presented as means and standard deviation (+SD) and analyzed using
Student’s t-test, followed by Fisher’s least significant difference (LSD) post hoc test or one-way ANOVA,
followed by Tukey post hoc test when appropriate. Binomial data sets, such as pronuclear formation, were
analyzed by using Fisher’s exact test. Differences were considered significant at p < 0.05.

3. Results

To establish a serum-free culture system, we evaluated the effects of replacing FBS by insulin-
transferrin—selenium (ITS) supplementation on the developmental competence of IVF-derived and
diploid parthenogenetic embryos. No significant differences were observed between groups (p > 0.05)
in cleavage rate, blastocyst formation, blastocyst morphology, total cell number, or the expression of
pluripotency-associated transcription factors (Table 1, Figure 1). Based on these findings, the ITS-
supplemented medium was selected as the basal culture system for subsequent experiments aimed
at assessing the effects of small-molecule modulators on embryonic competence.

IVF
C
@

[ éee + skc
[ ek + rus
[ v ske

I vreres

Number of cells.

N

SOX2 CDX2 TOTAL MERGE

dPE + SFC

dPE + FBS

IVF + SFC

IVF + FBS

Figure 1. Morphological and pluripotency characteristics in blastocyst. A: Representative image of bovine in
vitro fertilized (IVF) and diploid parthenogenetic (dPE) blastocyst-stage embryos cultured in serum-free (SFC)
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or in the presence of bovine fetal serum (FBS). B: barplot of quantification of pluripotency markers in blastocyst
according to cell allocation and total cell number. C: Representative fluorescent images of bovine embryos
cultured in serum free (SFC) or in presence of bovine fetal serum (FBS). dPE: diploid parthenogenetic embryos;

IVEF: in vitro fertilized embryos.

Table 1. Effects of serum-free culture medium on developmental competence, cell number and expression of

transcription factors associated with pluripotency of bovine embryos.

Embryo development

Embryo morphology Immunostaining (mean + s.d)
Group Cleaved Blastocyst
Oocytes n  embryos (No. N dyo/ Early % Expanded % Hatch‘ed/ % SOX2 CDX2 Totalcell n No. of
and %) (No.and %) hatching Embryos

SFC 118 4 82 69% 44 37% 25 57% 18 41% 1 2% 34+11 81+17 120+20 3 12
dPE

FBS 150 5 114 76% 48 32% 29  60% 15 31% 4 8% 25+13 93+32 121+36 3 10

SFC 166 5 130 78% 40 24% 28 70% 9 23% 3 8% 46+10 97+11 142+18 3 10
IVF

FBS 202 6 154 76% 44 22% 32 73% 6 14% 6 14% 43+8 108+16 15142 3 9

dPE: diploid parthenogenetic embryo; IVF: in vitro fertilization; SFC: serum-free culture; FBS: fetal bovine serum

culture; SOX2: SRY-box transcription factor 2; CDX2: Caudal-type homeobox 2; (n): biological replicates.

Given previous reports indicating that inhibition of TGF-f signaling enhances pluripotency [21],
we next investigated the effects of A83-01, a selective SMAD-dependent TGF- pathway inhibitor,
when applied on day 5 from the morula stage onward on the developmental competence of haploid
parthenogenetic embryos. In line with earlier observations, A83-01 treatment did not alter the
proportion of morulae developing to the blastocyst stage or blastocyst morphology compared with
the vehicle control (DMSO) (Table 2, Figure 2). However, when pluripotency markers and cell
numbers were analyzed relative to an IVF control group, haploid parthenogenetic embryos displayed
a reduced number of SOX2-positive cells under both treatment conditions (p <0.05), as well as a lower
total cell number in A83-01-treated embryos (p =0.04) compared with IVF-derived blastocysts (Table
3, Figure 2). Taken together, these results indicate that exposure to A83-01 from the morula to the
blastocyst stage does not improve developmental competence or cell allocation in bovine hPE.

Table 2. Effects of A83-01 supplementation of the culture medium from the morula stage onward on the

developmental competence of haploid parthenogenetic embryos.

Embryo development Blastocyst morphology
Group Cleaved  Morulas (No. Blastocyst ~ Blasotcyst/m o o o Blastos
Oocytes  (n) embryos and %) (No.and %)  orulas (%) Early % Expanded % Hatched % (No.)
(No. and %)
hPE 435 6 373 86% 99 23% 71 16% 72% 54 76% 14 20% 3 4% 12 71
+DMSO 50 na 35 na 70% 27 77% 7 20% 1 3% 6 35
+A83 49 na 36 na 73% 27 75% 7 19% 2 6% 6 36

Embryonic development was assessed at the cleavage stage on day 2 (48 h), morula at day 5 (120 h) and at the
blastocyst stage on day 8 (192 h) post-fertilization. hPE: haploid parthenogenetic embryo; DMSO:
dimetilsulfoxide; A83: A83-01 ALK inhibitor; (n): biological replicates. Blastocyst/morula: proportion of morulae

developing into blastocysts.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202603.0776.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 10 March 2026 d0i:10.20944/preprints202603.0776.v1

7 of 17

Table 3. Effects of A83-01 supplementation on the number of cells and pluripotency markers of parthenogenetic

haploid blastocysts.
Group S0X2 CDX2 Total n No. of Embryos
IVF 39+9 86+21 140 £ 24 4 11
hPE
+DMSO 21 +19* 66 =25 99 +42 4 9
+A83 16 + 13%** 62+ 27 99 + 45* 4 12

IVE: in vitro fertilized embryos; hPE: haploid parthenogenetic embryos; DMSO: dimetilsulfoxide; A83: A83-01
ALK inhibitor; (n): biological replicates. *Indicates statistically significant differences (P < 0.05).

A IVF hPE + DMSO hPE + A83
@) .‘.“ &
y\\_/,‘ i t\ ‘Jt
. & \.’ Qf..
B o, SOX o, DXz, TOTAL
—_—
2 150 150-] 150 CJwr
"?5 [ weE + DMSO
% 100 100 100 I heE + sz
2 50 50

CDX2 TOTAL MERGE

SOX

IVF

hPE + DMSO

hPE + A83

Figure 2. Effect of TGF-8 pathway inhibition on pluripotency markers. (A) Representative images of bovine in
vitro fertilized (IVF) and haploid parthenogenetic blastocyst (hPE) cultured in the presence of the A-83-01 (A83)
inhibitor or vehicle control (DMSO) from the morula stage onward. (B) Bar plot showing the quantification of
pluripotency marker—positive cells in blastocysts, expressed according to cell lineage allocation and total cell
number. (C) Representative fluorescent images of bovine IVF and hPE embryos at the blastocyst stage. IVF: in
vitro fertilized embryos; hPE: haploid parthenogenetic embryos; DMSO: dimethyl sulfoxide; A83: A-83-01 (ALK
inhibitor).
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Next, we evaluated supplementation with two modulators of the WNT signaling pathway:
CHIR99021, a GSK3p inhibitor that functions as a pathway agonist, and IWR-1, a Tankyrase-1/2
inhibitor that acts as a pathway antagonist. Cleavage rates were comparable between IVF-derived
and parthenogenetic embryos (approximately 80%). However, development to the morula and
blastocyst stages was significantly higher (P < 0.05) in IVF embryos (33% and 27%, respectively) than
in parthenogenetically activated embryos (23% and 15%, respectively) (Table 4, Figure 3A). In
addition, the proportion of morulae progressing to the blastocyst stage was higher in the IVF group
than in haploid embryos, with the exception of haploid morulae supplemented with IWR-1 (Table 4).
With respect to cell allocation and lineage specification, embryos supplemented with CHIR99021
exhibited a similar number of SOX2-positive cells compared with IVF embryos, and significantly
higher levels than those observed in the IWR-1 and vehicle control (DMSO) groups (Table 5, Figure
3B), suggesting a beneficial effect of CHIR99021 on pluripotency in haploid parthenogenetic embryos.

hPE + DMSO hPE + CHIR hPE + IWR1
- ; :
B oy ®
s @0 ends
hod #5% %
o SyRS @A e a?
¢ ° T ad® ®. *

200

150 CJwr
[ hPE + DMsO
[ heE + CHIR

Il hPE + IWR1

100

Number of cells

hPE + DMSO IVF

hPE + CHIR

hPE + IWR1

Figure 3. Effects of WNT pathway modulators on pluripotency markers. (A) Representative images of bovine in
vitro fertilized (IVF) and haploid parthenogenetic blastocyst (hPE) cultured in the presence of CHIR99021, IWR-
1, or vehicle control (DMSQO) from the morula stage onward. (B) Bar plot showing the quantification of
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pluripotency marker—positive cells in blastocysts, expressed according to cell lineage allocation and total cell
number. (C) Representative fluorescent images of bovine IVF and hPE embryos at the blastocyst stage. IVF: in
vitro fertilized embryos; hPE: haploid parthenogenetic embryos; DMSO: dimethyl sulfoxide; CHIR: CHIR99021
(GSK-3 inhibitor); IWR-1: WNT signaling inhibitor.

Table 4. Effects of CHIR99021 or IWR1 supplementation of the culture medium from the morula stage onward

on the developmental competence of haploid parthenogenetic embryos.

Embryo development Blastocyst morphology
Group Cleaved  Morulas (No. Blastocyst (No. Blasotcyst/m o o o Blastos
Oocytes  (n) embryos (No. and %) and %) orulas (%) Early % Expanded % Hatched % n (No.)
and %)

hPEs 1091 9 904 83% 246 23% 167 15% 68%"° 136 81% 27 16%™ 4 2% 9 167
+DMSO 85 na 59 na 69%" 46 78% 11 19%® 0 0% 9 59
+CHIR 77 na 48 na 62%"° 37 7% 12 25%° 1 2% 9 48
+IWR1 84  na 60 na 71%® 53  88% 4 7%"° 3 5% 9 60
IVF 296 8 244 82% 99  33%*** 80  27%*** 81%" 60 75% 12 15%® 8 10% 8 80

Embryonic development was assessed at cleavage (day 2, 48 h), morula (day 5, 120 h), and blastocyst (day 8, 192
h) of embryo culture. hPE: haploid parthenogenetic embryo;, DMSO: dimethyl sulfoxide; CHIR: CHIR99021
(GSK-3 inhibitor); IWR1: IWR-1-endo WNT pathway inhibitor; n: biological replicates. Blastocyst/morula
indicates the proportion of morulae progressing to the blastocyst stage. Different superscripts within the same

column indicate statistically significant differences (p<0.05) (***p<0.001).

Table 5. Effects of CHIR99021 or IWR1 supplementation of the culture medium from the morula stage onward

on number of cell and pluripotency markers of parthenogenetic haploid morulae.

Group SOX2 CDX2 Total n  No. of Embryos
IVF 37+14 a 106 + 32 156 + 42 6 22
hPE
+DMSO 19+16 b 92+39 127 +42 5 19
+CHIR 33+16 ac 93 +28 135+ 34 5 18
+IWR1 18 +13 b 105 + 37 125 + 41 5 13

IVE: in vitro fertilized embryos; hPE: haploid parthenogenetic embryo; DMSO: dimethyl sulfoxide; CHIR:
CHIR99021 (GSK-3 inhibitor); IWR1: IWR-1-endo WNT pathway inhibitor; n: biological replicates. Different

superscripts within the same column indicate statistically significant differences (p<0.05).

Activin A (AA) has also been reported as an embryokine that enhances bovine embryo
development to the blastocyst stage [22]. Therefore, the effects of CHIR99021 were directly compared
with those of activin A using diploid parthenogenetic embryos as a control group. Activin A
significantly increased the proportion of haploid parthenogenetic morulae progressing to the
blastocyst stage, as well as the hatching rate, to levels comparable with diploid embryos and higher
than those observed in the CHIR99021 and DMSO groups (Table 6). Despite this positive effect on
development, no differences were detected in the number of SOX2-positive cells among IVF, diploid
parthenogenetic, and haploid parthenogenetic embryos, as assessed by immunofluorescence. In
contrast, the number of CDX2-positive cells and the total cell number were higher in diploid
parthenogenetic and IVF embryos (Table 7, Figure 4).

Furthermore, morula-stage supplementation with CHIR99021 or activin A did not result in
statistically significant differences in DNA fragmentation among groups (p = 0.07). Nevertheless, a
clear tendency toward a higher proportion of cells with fragmented DNA was observed in the treated
groups compared with diploid parthenogenetic embryos (dPE) and vehicle-treated haploid controls
(hPE) (Figure 5), suggesting that pathway modulation may not fully mitigate apoptotic susceptibility
in haploid embryos.
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Figure 4. Effect of CHIR99021 and AA on the pluripotency markers in blastocysts. (A) Representative images of
bovine in vitro fertilized (IVF), diploid parthenogenetic embryos (dPE) and haploid parthenogenetic embryos
(hPE) cultured from morula stage onward in the presence of CHIR99021, activin A (AA), or vehicle control
(DMSO). (B) Bar plot showing the quantification of pluripotency marker—positive cells in blastocysts, expressed
according to cell lineage allocation and total cell number. (C) Representative fluorescent images of bovine of in
vitro fertilized (IVF), diploid parthenogenetic embryos (dPE) and haploid parthenogenetic embryos (hPE)
cultured from morula stage onward in the presence of CHIR99021, activin A (AA), or vehicle control (DMSO).
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Table 6. Effects of CHIR99021 and Activin A supplementation of the culture medium from the morula stage
onward on the developmental competence of haploid parthenogenetic embryos.

Embryo development Blastocyst morphology
Cleaved
Group Qocytes  (n) eml;;ydoos/o()r\lo. MO:::SO/‘E;\‘O' Blas:;ijos/:)(No. B:_jg:y(,s,z;n Early % Expanded %  Hatched % BE’a\‘sotjs
hPEs 633 6 490 77% 118 19% 76 12% 64%" 50 66% 21 28% 5 7% 6 76
+DMSO 38 na 22 na 58%" 16 73% 6 27% 0 0% 6 22
+CHIR 39 na 23 n.a 59%° 14 61% 8 35% 1 4% 6 23
+AA 41 na 31 na 76%* 20 65% 7 23% 4 13% 6 31
dPE 136 4 115 85% 53 39%*** 44 32%** 83%% 14 32%* 23 52%* 7 16% 4 44

Embryonic development was assessed at cleavage (day 2, 48 h), morula (day 5, 120 h), and blastocyst (day 8, 192
h) stages post-fertilization. hPE: haploid parthenogenetic embryo; DMSO: dimethyl sulfoxide; CHIR: CHIR99021
(GSK-3 inhibitor); AA: activin A; n: biological replicates. Blastocyst/morula indicates the proportion of morulae

progressing to the blastocyst stage. (*< 0.05; ***<0.001).

[Jere
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Figure 5. Quantification of TUNEL-positive cells in blastocysts. (A) Bar graph showing the quantification of
TUNEL-positive cells in blastocysts, expressed as the absolute number of TUNEL-positive cells (TUNEL+), the
proportion of TUNEL-positive cells relative to the total cell number (RATIO), and the total cell number per

hPE + DMSO

hPE + CHIR

hPE + AA

CONTROL(+)

blastocyst (TOTAL). (B) Representative fluorescence images of bovine diploid parthenogenetic embryos (dPE)
and haploid parthenogenetic embryos (hPE) cultured from the morula stage onward in the presence of
CHIR99021, activin A (AA), or vehicle control (DMSO).
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Given that activin A (AA) supplementation enhanced progression to the blastocyst stage and
achieved hatching rates comparable to diploid controls, its post-blastocyst developmental potential
was further investigated by culturing blastocysts on vitronectin-coated wells to assess embryonic
outgrowth formation in the presence of small molecules associated with embryonic stem cell
derivation. This analysis revealed substantial variability in outgrowth development potential among
replicates and detected no significant differences (p > 0.05) between AA-treated and untreated
haploid parthenogenetic embryos, suggesting that AA supplementation does not confer additional
advantages for post-blastocyst outgrowth formation under the conditions evaluated (Figure 6).

s [] dPE
A 6x10 hPE + DMSO
. Bl hPE + AA

n
8 4x103 *
ks .
3
0
£ 3
3 2x10 .

0 I:E HO

dPE hPE + DMSO hPE + AA

DAPI

Cell count

Figure 6. Quantification of cell number in embryonic outgrowths. (A) Bar graph showing the quantification of
total cell number in embryonic outgrowths derived from diploid parthenogenetic embryos (dPE) and haploid
parthenogenetic embryos (hPE) cultured from the morula stage (day 5) to the blastocyst stage (day 8) in the
presence of activin A (AA) or vehicle control (DMSO). (B) Representative fluorescence (DAPI) images and
corresponding outlines visualization (Cell count) used for cell counting in bovine embryonic outgrowths derived
from diploid parthenogenetic embryos (dPE) and haploid parthenogenetic embryos (hPE) cultured from the

morula stage onward in the presence of activin A (AA) or vehicle control (DMSO).
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Table 7. Effects of CHIR99021 or Activin A supplementation of the culture medium from the morula stage
onward on the number of cells and pluripotency markers of parthenogenetic haploid morulas.

Group SOX2 CDX2 Total No. of Embryos
IVF 50+21 114 + 37** 158 + 40* 3 6
dPE 34+16 101 + 35* 151 £ 26* 4 11
hPE
+DMSO 27 +15 51+15 79+23 4 10
+CHIR 46 £20 56 +17 96 + 26 4 9
+AA 35+ 20 59 + 14 94 + 17 3 7

IVE: in vitro fertilized embryos; hPE: haploid parthenogenetic embryo; DMSO: dimethyl sulfoxide; CHIR:
CHIR99021 (GSK-3 inhibitor); AA: Activin A; n: biological replicates. Different superscripts within the same
column indicate statistically significant differences (p<0.05) (*p< 0.05; **p<0.01).

4. Discussion

The present study aimed to determine whether modulation of key signaling pathways could
improve the developmental competence and lineage specification of bovine haploid parthenogenetic
embryos (bhPE) under serum-free conditions. Overall, our findings indicate that although specific
small molecules can enhance certain developmental parameters, none of the treatments tested were
sufficient to overcome the intrinsic limitations imposed by haploid genome constitution.

As an initial step, we evaluated the replacement of fetal calf serum (FCS) with insulin-
transferrin—selenium (ITS) to establish a chemically defined culture system. The use of fetal bovine
serum (FBS) in embryo culture is known to introduce batch-to-batch variability due to its undefined
and complex composition. In contrast, ITS is a well-characterized supplement that has been widely
used as a serum substitute in cell and embryo culture systems. ITS supports cell proliferation,
metabolism, and survival while reducing reliance on undefined serum components [23,24].

Pioneering studies have demonstrated that defined culture media supplemented with ITS can
support in vitro development of bovine embryos produced by somatic cell nuclear transfer [25] and
IVF [26]. Moreover, ITS supplementation has been successfully applied in various mammalian
embryonic models [27-29], supporting its suitability as a serum-free alternative. In the present study,
ITS supplementation supported normal developmental progression and pluripotency-associated
marker expression in both IVF-derived and diploid parthenogenetic embryos. These findings indicate
that ITS provides adequate trophic support in the absence of serum, without introducing detectable
bias in developmental outcomes or lineage specification. Importantly, the establishment of this
defined culture system enabled subsequent evaluation of signaling pathway modulators under
controlled conditions, minimizing potential confounding effects associated with serum-derived
factors.

The initial analysis of small molecules to identify factors capable to boost either competence or
pluripotency of parthenogenetic haploid embryos showed that inhibition of SMAD-dependent TGF-
[ signaling using A83-01 from the morula stage onward did not improve blastocyst formation or
morphology in bhPE. Although TGF- pathway inhibition has been associated with enhanced
pluripotency maintenance in stem cell systems [21,30] , its modulation at post-compaction stages was
insufficient to enhance lineage allocation in haploid embryos.

Next, modulation of the WNT pathway revealed a more nuanced response. CHIR99021, a
GSK3p inhibitor and WNT agonist, increased the number of SOX2-positive cells in bhPE to levels
comparable to IVF embryos, indicating a beneficial effect on pluripotency-associated lineage
allocation in this model. Early studies found that the inhibition of GSK3 in conjunction with MEK
from zygote stage onward offered enhanced blastocyst development and expression of epiblast
NANOG and SOX2 of bovine IVF embryos [31,32]. Similarly, inhibition of GSK3 and MAP2K
improved blastocyst morphology and expression of pluripotency associated genes (FGF4 and
NANOG) [33]. In contrast, IWNR-1, a WNT pathway antagonist, did not produce similar effects.
Although the proportion of morulae progressing to the blastocyst stage was comparable to that of
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the IVF group, no improvements were observed in total cell number or lineage allocation. Tankyrase
inhibitors, including IWR-1, have been reported as essential components for the derivation and
maintenance of livestock embryonic stem cells (ESCs) [34]. However, in a subsequent study, the same
group demonstrated that bovine ESCs exposed to IWR-1 exhibited reduced protein abundance of key
HIPPO pathway components, including TEAD4 and YAP1, along with decreased expression of
canonical YAP/TEAD target genes such as CYR61. These findings suggest that while IWR-1 may
support ESC stabilization under specific culture conditions, its modulation of WNT and HIPPO
signaling does not necessarily enhance lineage allocation in haploid embryos at the preimplantation
stage.

We next evaluated the effects of Activin A supplementation in comparison with CHIR99021. The
developmental progression of CHIR99021-treated haploid embryos remained inferior to diploid
parthenogenetic control. Thus, while WNT activation may enhance aspects of inner cell mass
specification, it does not restore global developmental competence. On the other hand, activin A
(AA), a member of the TGF-f superfamily, has previously been described as an embryokine that
enhances bovine embryo development to the blastocyst stage [22]. In the present study, AA
supplementation significantly improved blastocyst formation and hatching rates in haploid
parthenogenetic embryos, demonstrating that its beneficial effects extend to uniparental embryos.
Interestingly, despite the clear improvement in developmental progression, AA supplementation did
not alter the number of SOX2-positive cells in haploid embryos compared with control groups. This
suggests that AA does not directly enhance SOX2-associated lineage specification within the inner
cell mass (ICM), but rather promotes developmental competence through alternative mechanisms,
potentially related to improved cell survival or developmental kinetics. In contrast, both the number
of CDX2-positive cells and the total cell number remained higher in diploid parthenogenetic and IVF
embryos compared with haploid embryos. These findings indicate that although AA improves
blastocyst yield in haploid parthenotes, it does not restore proliferative capacity or lineage allocation
to diploid levels, which agrees a previous report indicating that AA improved blastocyst
development of IVF embryos after supplementation at morula stage [35]. The reduced total cell
number observed in haploid parthenotes likely reflects intrinsic gene dosage limitations and
epigenetic imbalances associated with uniparental genome constitution [10-12]. Taken together,
these results suggest that Activin A enhances developmental efficiency without fundamentally
correcting the intrinsic cellular and genomic constraints of haploid parthenogenetic embryos.

The analysis of DNA fragmentation revealed that the number of TUNEL-positive cells tended
to be higher in both AA- and CHIR99021-treated haploid embryos compared with vehicle and diploid
controls, suggesting that modulation of these signaling pathways does not mitigate the intrinsic
susceptibility of haploid embryos to apoptotic stress. Rather, this trend may reflect persistent
genomic instability and altered cell cycle regulation associated with haploidy, which cannot be fully
compensated by activation of TGF-f3 or WNT signaling. Similar findings were reported by Madeja et
al., [36], who observed increased apoptosis in 2i-treated blastocysts without concomitant changes in
the transcript abundance of canonical apoptosis-related genes (BAX, BCL2, BAK, and the BAX/BCL2
ratio). Similarly, Trigaletal., [35] indicated that when added AA at shorter periods activin increased
apoptotic rates. These results suggest that elevated DNA fragmentation may occur independently of
transcriptional regulation of classical apoptotic markers, potentially involving post-transcriptional
mechanisms, mitochondrial dysfunction, replication stress, or alternative cell death pathways.
Therefore, the possibility that non-canonical or transcriptionally uncoupled apoptotic pathways
contribute to the increased DNA fragmentation observed in treated haploid embryos cannot be
excluded.

Although Activin A (AA) improved blastocyst formation and hatching rates in haploid
parthenogenetic embryos, this benefit did not translate into enhanced outgrowth derivation,
indicating that AA treatment during blastocyst formation, does not confer sustained advantages
beyond the blastocyst stage. The high variability and absence of improved outgrowth formation
further supports the notion that intrinsic limitations associated with haploid genome constitution,
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including embryonic quality, gene dosage imbalance and epigenetic dysregulation, remain
uncorrected despite modulation of TGF-f3 signaling [9,13,37].

5. Conclusions

Collectively, these data reinforce the concept that improvements in blastocyst yield do not
necessarily reflect restoration of intrinsic developmental competence. Importantly, we are showing
by first time outgrowth derivation of bovine parthenogenetic embryos in vitronectin-coated wells.
Further research will be focused on the use of combination of small molecules to modulate embryonic
pluripotency as well as derivation of bovine uniparental ESCs under feeder-free conditions. These
findings suggest that pathway modulation can influence lineage allocation dynamics but does not
compensate for the broader genomic constraints imposed by haploidy.
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